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RESUMEN (en español) 

En esta Tesis se ha estudiado la reactividad y fotoactividad de una serie de complejos 
carbonílicos de renio(I) con ligandos diimina (N-N). En menor medida, también se ha 
investigado la reactividad de complejos carbonílicos de molibdeno(II) con ligandos N-N y de 
metalocenos de molibdeno(IV). Para ello, se han empleado métodos de la teoría del funcional 
de la densidad (DFT) y su variante dependiente del tiempo (TD-DFT) y de clústers acoplados 
(CC) combinados con diferentes bases de cálculo y métodos de simulación de Dinámica
Molecular. Los efectos del disolvente se tuvieron en cuenta mediante modelos de solvatación
continuos, explícitos o mixtos dependiendo de los objetivos marcados en cada problema
químico investigado. Además, con el objeto de interpretar los resultados obtenidos en términos
químicos más intuitivos, se han utilizado diferentes tipos de análisis teóricos.

En concreto, se ha investigado la reactividad de complejos tricarbonílicos de renio(I) con una 
selección de ligandos monodentados nucleofílicos y varios bidentados N-N frente a acetilenos 
activados, racionalizando los diferentes productos obtenidos experimentalmente y analizando la 
influencia de dichos ligandos. Se han estudiado las reacciones frente a bases fuertes de 
complejos de renio(I) y molibdeno(II) con ligandos bipiridina/fenantrolina sustituidos y ligandos 
monodentados de tipo imidazol. En este caso, además de esclarecer la selectividad 
experimentalmente observada, se han hecho predicciones teóricas de los efectos de nuevos 
sustituyentes que se han confirmado posteriormente de forma experimental. También se ha 
investigado la reactividad de complejos de renio(I), ahora con un ligando aqua, frente a dianas 
biológicas de tipo guanina e histidina para adquirir un conocimiento más profundo de la 
actividad citotóxica de este tipo de complejos y comprender la influencia del ligando bidentado 
en dicha actividad. Así, se ha descrito teóricamente un nuevo mecanismo de acción compatible 
con observaciones experimentales. Por último, los resultados alcanzados en nuestro estudio 
mecanístico sobre la hidrólisis de éteres catalizada por molibdocenos, han permitido 
racionalizar con éxito la diferente reactividad de éteres mono- y difuncionales encontrada 
experimentalmente. 

En el marco de fotoactividad, se han diseñado y caracterizado una serie de compuestos de 
Re(I) de diferente naturaleza con el fin de poder ser usados como fotosensibilizadores en 
terapia fotodinámica o en celdas solares. Por un lado, se han realizado modificaciones en un 
complejo piridil tricarbonílico de renio(I) con un ligando piridocarbazol consistentes en alterar 
dicho ligando y/o en reemplazar uno de los ligandos carbonilo por fosfinas, con el fin de 
desplazar la absorción de dicho complejo a la conocida como ventana terapéutica de interés en 
terapia fotodinámica contra el cáncer y otras enfermedades. Por otro lado, se han analizado las 
propiedades estructurales, electrónicas y espectroscópicas de un conjunto de diadas formadas 
por BODIPY y oxasmaragdirina unidos por diferentes puentes, lo que ha permitido elegir los 
tipos de puentes óptimos para la aplicación de estas diadas en celdas solares. Después, se 
han intentado mejorar las propiedades de la BODIPY al unirlas al ligando bipiridina de un 
complejo tricarbonílico de renio(I). En este estudio, se han investigado paso a paso los cambios 
producidos al unir una o dos de estas moléculas a la bipiridina, y las consecuencias de 
coordinar dichos aductos al centro metálico.  



                                                                

 
 

 

 
RESUMEN (en Inglés) 

 

In this PhD thesis we have studied the reactivity and photoactivity of a series of rhenium(I) 
carbonyl complexes bearing diimine ligands (N-N). To a lesser extent, we have also 
investigated the reactivity of molybdenum(II) carbonyl complexes with N-N ligands and 
metallocenes of molybdenum(IV). For that purpose, we have employed density functional theory 
(DFT) methods, its time-dependent variant (TD-DFT), and the coupled clusters method (CC), 
combined with different basis sets, as well as molecular dynamics simulations. The solvent 
effects have been considered through implicit, explicit or hybrid models depending on the 
objectives of each chemical problem investigated. On top of that, with the aim of converting our 
results into more intuitive chemical terms, several methods of analysis have been employed. 
 
Specifically, the reactivity of rhenium(I) tricarbonyl complexes bearing various nucleophilic 
monodentate ligands and bidentate N-N ligands towards activated alkynes has been 
investigated, rationalizing the different products obtained experimentally and analysing the 
influence of such ligands. Furthermore, we have theoretically studied of reaction between 
rhenium(I) and molybdenum(II) complexes bearing bipyridine/phenantroline substituted ligands 
and imidazole monodentate ligands with strong bases. In this case, in addition to clarify the 
reported experimental selectivity, we have made some theoretical predictions for the effect of 
new substituents at the bidentate ligand that have been later confirmed by the experimentalists. 
Moreover, we have also investigated the reactivity of rhenium(I) complexes with an aquo ligand 
towards guanine and histidine biological targets with the goal of acquiring a deeper knowledge 
of the cytotoxic activity of these complexes and to understand the influence of the bidentate 
ligand in such an activity. Hence, a new mechanism of action in accordance with the 
experimental findings has been described. Finally, the results from our mechanistic study on the 
hydrolysis of ethers catalysed by molybdocenes have shed light on the divergent reactivity of 
mono- and bifunctional ethers experimentally found.  
 
Concerning the photoactivity field, a series of rhenium(I) complexes of different nature have 
been designed and assessed for their use as photosensitisers in photodynamic therapy or solar 
cells. On the one hand, we have made different modifications to a tricarbonyl pyridyl rhenium(I) 
complex bearing a pyridocarbazole ligand consisting in altering such a ligand and/or replacing 
one of the carbonyl ligands by phosphines. The goal of such changes is to shift the absorption 
of the complex to the so-called therapeutic window, which is important in the photodynamic 
therapy against cancer and other diseases. On the other hand, we have analysed the structural, 
electronic, and spectroscopic properties of a set of BODIPY-oxasmaragdyrin dyads linked by 
different bridges. This investigation has allowed us to choose the optimal bridges for the 
application of these dyads in dye-sensitized solar cells. Then, we have focused on improving 
the properties of the BODIPY by attaching it to the bipyridine ligand of a rhenium(I) tricarbonyl 
complex. In this theoretical study, we have explored step by step the changes produced by 
linking one or two of these molecules to the bipyridine as well as the consequences of 
coordinating those adducts to the metal center. 
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1 INTRODUCTION

1 Introduction
Transition metal complexes are cationic, neutral or anionic species in which
a transition metal center is coordinated by molecules and/or ions called lig-
ands. The properties of these compounds can be altered drastically or fine-
tuned depending on the metal center and its oxidation state, the geometry and
coordination number, and the nature of the ligands. Hence, tuning the colour,
magnetism, reactivity, light absorption or catalytic activity, among other prop-
erties, of the transition metal complexes provide a wide range of options to
make them potential candidates in countless diverse fields such as catalysis,1–4
materials science,5,6 photophysics and photochemistry,7 biological systems,8,9
medicine,10–12 etc. Consequently, many families of transition metal complexes
are being actively investigated. Among them, rhenium(I) complexes bearing
three carbonyl ligands in facial (fac) disposition, one diimine (N–N) biden-
tate ligand, such as 2,2′-bipyridine (bpy), 1,10-phenanthroline (phen) or deriva-
tives, and another neutral (n = +1) or anionic (n = 0) monodentate (L) lig-
and (see [Re(CO)3(N–N)L]n in Scheme 1.1) have attracted significant attention
since 1983, when it was discovered that complexes [Re(CO)3(N–N)L] (L = Cl,
Br) are capable of reducing CO2 to CO by either visible light irradiation13 or
electrocatalysis.14 Many groups have worked in altering these compounds to
enhance their catalytic activity, mainly changing the bidentate ligand and/or
the ligand L. Apart from the numerous catalytic applications,15 this type of
Re(I) complexes are of interest in organic light-emitting diodes16–18 and materi-
als,19 dye-sensitized solar cells,20,21 sensors,22 biological applications,23,24 bio-
imaging,25–27 chemotherapy and photodynamic therapy against cancer,23,27–30
etc. The possibility of modifying the N–N and/or L ligands in order to syn-
thesize new Re(I) tricarbonyl complexes with specific or improved properties
has also aroused interest in investigating the reactivity of [Re(CO)3(N–N)L]n
complexes as well as that of the analogous molybdenum(II) complexes (see
[Mo(η3 –allyl)(CO)2(N–N)(L)]n in Scheme 1.1) towards different organic sub-
strates.31,32

Metallocenes are another important family of transition metal compounds
wherein the metal center (M) is bonded to two aromatic rings, typically two
cyclopentadienyl anions (Cp) or derivatives.33 The general formula for these
compounds with M in the oxidation state +2 is Cp2M, whereas for the ones
in the oxidation state +4 is Cp2MX2 (Scheme 1.2), where X is a halide or a
pseudo-halide, such as carboxylates. Metallocenes have been employed as chem-
ical intermediates, antiknock additives to gasoline, lubricants, etc.,33 but their
main current applications are as anticancer agents34–37 and homogeneous cat-
alysts in plastics industry, especially in olefin polymerization.33 Among them,
molybdocene dihalides of the general formula Cp2MoX2 have received a lot of
attention in homogeneous catalysis.37,38 This is mainly due to their potential
in green chemistry as water-soluble catalysts, minimizing the pollution from the
use of organic solvents.

In this PhD Thesis we have focused mostly on the reactivity and photoac-
tivity of rhenium(I) tricarbonyl diimine complexes and, to a lesser extent, on
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Scheme 1.1. General structure of the Re(I) complex [Re(CO)3(N–N)L]n and
the Mo(II) complex [Mo(η3 –allyl)(CO)2(N–N)(L)]n (N–N = bpy, phen; L =
monodentate ligand; n = 0, +1). The numbering of the diimine ligands is also
included.
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Scheme 1.2. General structure of metallocenes, with M being the metal center,
Cp the cyclopentadienyl and X a halide or a pseudo-halide.

the reactivity of molybdenum(II) allyl dicarbonyl diimine complexes and met-
allocenes of molybdenum(IV).

1.1 Reactivity
Rhenium has a number of advantages over other metals, including diverse oxida-
tion states, from -1 to +7,39 and air and moisture tolerance.40 In addition, being
in the group 7, just in between early and late transition metals, it has a versatile
hard and soft Lewis acidity.41 In this context, it has lower electronegativity than
the late transition metals, so it forms polarized metal-ligand bonds that favor the
nucleophilic addition to polar organic substrates. This aspect has been widely
exploited to investigate the reactivity of complexes [ReX(CO)3(N–N)] and the
analogous ones [MoX(η3 –allyl)(CO)2(N–N)] (N–N = bpy, phen or derivatives;
X = OH, PPh2,...) towards a variety of neutral organic electrophiles (esters,
ketenes, isocyanates, carbon disulfide, activated alkynes, etc.).31 The possibility
of tuning the L and the N–N ligands has allowed to explore other reactivities
and applications mostly of Re(I) tricarbonyl complexes. Thus, it has been found
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1 INTRODUCTION

a rich reactivity when Re(I)/Mo(II) carbonyl diimine complexes bearing neu-
tral ligands such as imidazoles, phosphines or dimethyl sulphide react towards
strong bases.31 In addition, the reactivity of Re(I) tricarbonyl complexes against
biological targets has awakened interest in their acticancer activities.23,42

On the other hand, the study on the aqueous chemistry of molybdocene
dichlorides, Cp2MoCl2, has shown that the chloro ligands are exchanged by
water molecules, forming the diaquo complex [Cp2Mo(OH2)2]2+ in unbuffered
pH solution and instantaneously when the pH is brought to 7.4.38 Then,
it occurs a two-step deprotonation of [Cp2Mo(H2O)2]2+ with pKa values of
5.5 and 8.5 ascribed to the generation of the cationic monoaquated molyb-
docene [Cp2Mo(OH)(H2O)]+ and the neutral molybdocene [Cp2Mo(OH)2], re-
spectively. Therefore, [Cp2Mo(OH)(H2O)]+ is the predominant species at neu-
tral pH, but this species can lose its aquo ligand to form [Cp2Mo(OH)]+, as
confirmed by a theoretical study from our group.43 [Cp2Mo(OH)]+ is espe-
cially active due to an empty coordination site and the presence of a hydroxo
ligand, explaining thus the interest in investigating the reactivity of aqueous
molybdocenes towards a variety of organic substrates.37,38,44–46

1.1.1 Reactivity of Re(I) and Mo(II) Carbonyl Complexes towards
Organic Electrophiles

The synthesis of transition metal complexes bearing a hydroxo ligand is im-
portant due to their rich OH-centered reactivity, which is dominated by the
nucleophilic character of the hydroxo ligand.47 The chemistry of hydroxo com-
plexes of middle (groups 6 and 7) transition metal fragments began to be ex-
plored mainly at the beginning of the 21st century.44–52 Pérez and co-workers
have investigated the reactivity of the complexes [Re(OH)(CO)3(Me2 –bpy)]
and [Mo(OH)(η3 –C4H7)(CO)2(phen)] towards a variety of organic substrates,
including esters, carbon disulfide, ketenes, activated alkynes, etc.,44–46,49 Then,
this group explored the influence of replacing the hydroxo ligand by other an-
ionic ligands such as alkoxo, amido, and phosphanido at the Re(I) and Mo(II)
carbonyl diimine complexes when reacted with activated alkynes.53–57 To illus-
trate this, herein we will focus on the case of the results obtained for the Re(I)
complexes, although similar trends were found for the analogous Mo(II) ones.

Pérez and co-workers proposed that the reaction between the complexes
[ReX(CO)3(N–N)] (X = OH, OMe, NHpTol, PPh2; N–N = bpy, phen) and ac-
tivated alkynes, such as methyl propiolate (HMAD) or dimethylacetylenedicar-
boxylate (DMAD), starts with an initial nucleophilic attack from the heteroatom
of the ligand X to one of the acetylenic carbon atoms (to the non-substituted
one in the case of HMAD).31 However, the subsequent steps change for each
complex (see Scheme 1.3). If the nucleophilic ligand contains a hydrogen atom,
which is the case of the OH and NHpTol ligands, the other acetylenic carbon of
the alkyne binds to a CO ligand in cis disposition, forming a stable zwitterionic
five-membered metallacycle, denoted as Pcoo, that transforms into a stable and
neutral complex by migration of the hydrogen to the oxygen atom of the car-
bonyl, Pcooh.45,55 The outcome of the reaction changes to an insertion of the
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alkyne into the Re-X bond, forming a new Re-C bond, if the nucleophilic ligand
is OMe, Pins.53,54 Finally, the diphenylphosphanido complex forms instead a
coupling product with the bidentate ligand, in which a new bond between a ex-
ternal ortho carbon of the bidentate ligand and the acetylenic carbon is formed,
Pccb.56,57 Nevertheless, the diverging reactivity of these complexes could not
been rationalized just with experimental evidences.
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Scheme 1.3. Kinds of products obtained for the reaction of [ReX(CO)3(N–N)]
(X = OH, OMe, NHpTol, PPh2; N–N = bpy, phen) complexes with HMAD.

The Pccb type of product is especially remarkable because of the usual
inertness of the bpy and phen ligands. Such type of coupling had not been
reported in analogous reactions of complexes with Fe,58 Mo, W,59 and Ir60
containing a PPh2 ligand and activated alkynes, which resulted in a product
similar to Pcoo (see a, b and c in Scheme 1.4), or in the same reaction with a
diphenylphosphanido Nb complex,61 which formed an insertion product instead
(see d in Scheme 1.4).

Indeed, the good σ donor and π acceptor properties, along with their ten-
dency to form five-membered metallacycles, make the aromatic diimine ligands,
bpy and phen, capable of stabilizing complexes of metals in every oxidation
state. These properties explain the fact that this type of ligands is one of the
most used in transition metal chemistry.62 Despite this, the reports of reactiv-
ity towards coordinated bpy/phen are very scarce. In 1973, Gillard and Lyons
suggested a nucleophilic attack from a hydroxide anion in water to the exter-
nal ortho carbon of bpy and phen.63,64 Although the nucleophilic addition to
the same position of an isolated pyridine is well-known, Gillard’s hypothesis
produced a lot of controversy.65–67 It was not until 2002 that Zhang et al.
demonstrated the feasibility of such attack, but in hydrothermal conditions.68
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Apart from this example, there were only some reports of alkylation to bpy
and phen.69–72 In Section 1.1.3 we will present other examples of coupling to
the diimine ligands in reactions of rhenium(I) and molybdenum(II) complexes
towards strong bases.

1.1.2 Reactivity of Molybdocenes towards Organic Electrophiles

The aqueous molybdocenes Cp2MoCl2 and derivatives have been proven as
efficient catalysts of several important organic reactions, including H/D ex-
change in alcohols,73–75 hydrogenation of olefins,76 nitrile hydration,38,52,77–80
carbon monoxide oxidation,52 and hydrolysis of ethers,52 esters of carboxylic
acids,52,76,77 and various organophosphates.52,77,80–85 According to the experi-
mental results, it has been proposed that the general operative mechanism (see
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Scheme 1.5) starts with the coordination of the organic substrate to the metal,
followed by an intramolecular nucleophilic attack from the hydroxo ligand to the
corresponding organic electrophile. The four-membered metallacycle formed by
this attack is readily opened by adding water from the medium. In the final
step, the organic substrate is displaced by another water molecule, forming
the final product and recovering thus the initial catalyst. This mechanism has
been corroborated by theoretical studies on the hydrolysis of ethyl acetate,86
the acrylonitrile hydration,87 and the carbon monoxide oxidation88 catalyzed
by [Cp2Mo(OH)(OH2)]+. These studies have shown that the rate-determining
step of these processes depend on the corresponding organic substrate. For in-
stance, the intramolecular nucleophilic attack from the hydroxo ligand presents
the largest energy barrier in the case of the acrylonitrile hydration and the CO
oxidation, whereas the release of ethanol after the formation of the metallacycle
in the hydrolysis of ethyl acetate competes with the acetic acid formation step
to be the rate-determining one.
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Scheme 1.5. General mechanism proposed for the intramolecular nucleophilic
attack of the hydroxo ligand in the reaction of [Cp2Mo(OH)(OH2)]+ towards
different organic substrates (X–Y).

The reaction of aqueous molybdocenes towards ethers is particularly relevant
due to the high availability and low preparation cost of such substrates. Apart
from the interest in carrying out ether hydrolysis in environmentally benign
conditions, the study of this reaction in the presence of aqueous molybdocenes
is also interesting because it can provide information on the mechanisms of
biomass decomposition into fuels and chemicals. Breno and co-workers have
reported the hydrolysis of ethyl vinyl ether and 2-methoxyacetonitrile in water
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catalyzed by [(MeCp)2Mo(OH)(OH2)]+ (MeCp = η5-C5H4CH3).52 However,
they have found that such a reaction does not occur with monofunctional ethers,
like diethyl ether. They explained this divergent reactivity owing to the weak
and hindered character of the ether functionality, which would prevent the co-
ordination of the ether to the metal center through the oxygen atom. As a
consequence, the coordination must take place via other functionalities of the
ether substrate, like the alkenyl or the nitrile functionalities of vinyl ethyl ether
and 2-methoxyacetonitrile, respectively, which are not present in the monofunc-
tional ether. However, it remains unclear if a monofunctional ether with such
functionalities, like divinyl ether, would hydrolyze in the same conditions. In
this PhD Thesis this issue will be investigated.

1.1.3 Reactivity of Re(I) and Mo(II) Carbonyl Complexes towards
Bases

Besides the coupling of activated alkynes to a Re-coordinated phen mentioned
in Section 1.1.1, Pérez and co-workers have also found other reactions wherein
the bidentate ligands bpy and phen are not inert, specifically when different
Re(I) and Mo(II) carbonyl diimine complexes react towards strong bases. For
instance, they have shown that the reaction between [Re(CO)3(bpy)(SMe2)]OTf
and KN(SiMe3)2 deprotonates one of the methyl groups of SMe2, which then
couples to the C2 atom of the bpy (see a in Scheme 1.6).89 In contrast, the
same reaction with a trimethylphosphane ligand yields a coupling between a
P-bonded CH2 group and the C6 position of bpy as one of the products (see
b in Scheme 1.6).90 In 2016, they have also reported an addition of MeLi to
the trimethylphosphane complex, which occurs in the C2 and C4 positions of
the phen ligand, and only in the C2 position with the bpy ligand (see c in
Scheme 1.6).91 In the same paper, they have described a reversible addition
of KN(SiMe3)2 (the N(SiMe3)2 moiety) to the C4 position of phen, which then
evolve through PMe3 deprotonation to yield an intramolecular addition of the
deprotonated methyl group to the C2 position of phen (see b in Scheme 1.6).
Very recently, they have also investigated the addition of tBuLi to the same
complex bearing bpy and phen (see d in Scheme 1.6). In the case of the bpy
complex, it underwent an unprecedented addition to the C5 position. In con-
trast, the addition took place in the C2 and C4 positions when the bidentate
ligand was phen.92

In 2008, they have reported couplings with the bidentate ligand when treat-
ing [Re(CO)3(N–N)(RIm)]OTf (N–N = bpy, phen; RIm = N -methylimidazole
(MeIm), N -mesitylimidazole (MesIm)), with KN(SiMe3)2 (see Scheme 1.7).93
This reaction starts with a deprotonation of the C2 carbon of the imidazole,
which then attacks to the external ortho carbon of the bidentate ligand. It is
also remarkable that when they treated the product that contains bpy and MeIm
with MeOTf, one of the pyridine rings of the bpy ligand underwent nitrogen ex-
clusion, forming a 2,4-cyclopentadienyldimethylamine unit. Such a product has
been observed as well for the reaction of similar complexes with bpy ligands bear-
ing substituents in the C4 and C4′ positions, [Re(CO)3(4,4 ′ –R′2bpy)(RIm)]OTf
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(R′ =OMe, tBu; R =Me, Mes) and [Re(CO)3(4,4 ′ –(NMe2)2bpy)(MesIm)]OTf,
under the same conditions.94,95

They have also described the deprotonation of an α-methyl group of 1,2-
dimethylimidazole, 2-methyloxazoline or 2-methylpyridine by KN(SiMe3)2 in
Re(I) tricarbonyl complexes with bpy/phen, which in all cases resulted in a C–C
coupling with the external ortho carbon of the bidentate ligand (see Scheme
1.8).96

Interestingly, the reaction of [Re(CO)3(bpy)(RIm)]OTf with KN(SiMe3)2
ends up with a C–C coupling with bpy, as seen in Scheme 1.7, but the de-
protonation with the same base of the analogous Mo(II) allyl carbonyl com-
plex, [Mo(η3 –C4H7)(CO)2(bpy)(RIm)]OTf (R = Me, Mes), transforms the
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N -alkylimidazole to a NHC ligand (see a in Scheme 1.9).97 A similar out-
come had been previously observed in a comparable manganese(I) complex,
[Mn(CO)3(bpy)(PhIm)]+, in a deprotonation/protonation sequence (see b in
Scheme 1.9).98 These differences were rationalized, along with their correspond-
ing reaction mechanisms, by DFT calculations carried out in our group, which
showed that the formation of the NHC-type product was more kinetically ac-
cessible in the Mo and Mn complexes.97 Nevertheless, when the bpy ligand of
the Mo(II) complex is replaced by py-2-CH=NR, with R = C6H5, C6H4-4-Me,
C6H3-3,5-Me2, iPr, tBu, the deprotonation affords a C–C coupling product be-
tween the central carbon atom of the imidazole (C2) and the imine carbon atom
of the pyridylimino bidentante ligand (C1) instead (see c in Scheme 1.9).99 In
addition, if the imidazole ligand is changed by 1-methyl-1,2,3-triazole, the re-
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action towards KN(SiMe3)2 produces a deprotonation in the C5 carbon of the
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triazole, followed by an intermolecular C–C coupling with the ortho carbon of
either bpy or phen, forming a bimetallic compound with dearomatized bidentate
ligands (see d in Scheme 1.9).100

In subsequent works, Julio Pérez and co-workers also investigated the effect
of adding certain electron donors and acceptors to the 4,4′ positions of bpy
and the 4,7 positions of phen in the reaction of [Re(CO)3(N–N)(RIm)]OTf and
[Mo(η3 –C4H7)(CO)2(N–N)(RIm)]OTf with KN(SiMe3)2 (Scheme 1.10).94,95
As a result, they corroborated that the outcome of the reaction greatly depends
on the bidentate ligand as well as in the presence of a methyl or a mesithyl
group in the imidazole. In this sense, three types of products were reported
depending on those for both metals: the formation of a NHC-type product, a
C–C coupling between the C2 atom of imidazole and the C2 carbon of bpy (the
internal ortho carbon), and the coupling with the C2 carbon of phen or the C6
carbon of bpy (the external ortho carbons). A theoretical investigation of these
reactions could shed light on the effect of the substituents in the formation of
the different types of products, and it will be done in the present Thesis.
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1.1.4 Reactivity of Re(I) Carbonyl Complexes towards Biological
Targets Related to Cancer

Despite the huge research effort of all the scientific world, cancer remains as one
of the leading causes of death in the world, especially in high-income countries.
For instance, according to “Instituto Nacional de Estadística (INE)”, cancer is
the second leading cause of death in 2018 in Spain, very close to the circulatory
system diseases. Therefore, the development of new treatments is vital.

Nowadays, most cancer patients receive a chemotherapy treatment either as
main treatment or in combination with surgery and/or radiotherapy. One of the
first metal-based chemotherapeutic agents is cis-diaminodichloroplatinum (II),
commonly known as cisplatin (see Scheme 1.11).101,102 Since it was approved
for the treatment of testicular and ovarian cancer by the US Food and Drug
Administration (FDA) in 1978, it remains as the most popular chemotherapeutic
agent, being employed in about 50 % of all cancer patients, including testicular,
ovarian, bladder, lung, cervical, head and neck, and other types of cancer.103
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Scheme 1.11. Pt(II) anticancer drugs and some biological targets.

Cisplatin is inoculated intravenously to the patients, keeping all its struc-
ture intact within the bloodstream due to the high concentration of chloride in
blood. However, once it enters the cell, the low concentration of chloride in the
cytoplasm activates the drug by replacing one of its chloro ligands by water.
Water is a good leaving group and, hence, cisplatin can react with nucleophiles
within the cell, especially with nitrogen donor atoms of nucleic acids.104 It has
been reported that the preference binding site of cisplatin is the N7 position
of the imidazole ring of guanine in DNA (see Scheme 1.11), followed by the
analogous nitrogen atom of adenine (Scheme 1.11). The preference of binding
to guanine over adenine is due to the formation of a hydrogen bond between
one of the amine groups bonded to Pt and the oxo group of guanine.105 The
monofunctional DNA adduct formed by this binding may evolve to a bifunc-
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tional adduct by ring closure, either directly from the monoadduct or just after
replacing the other chloro ligand by water. Most of the bifunctional adducts are
a consequence of intrastand binding with two adjacent guanine bases (around
65 %), although other adducts, especially adenine-guanine (approximately 25
%) are also formed.106 It is thought that 1,2-intrastand adducts produce cell
death more efficiently than 1,3-intrastand adducts. This distortion of DNA is
recognized by DNA binding proteins, which can either initiate the DNA damage
repair or signal for apoptosis (controlled cell death).

After the success of cisplatin, a large number of Pt(II) anticancer drugs have
been synthesized and tested, but only a few of them have been approved for com-
mercialization, such as carboplatin and oxaliplatin (Scheme 1.11). All Pt based
drugs are based on the same mechanism of action as cisplatin. There are two
major drawbacks in this type of drugs: the side effects (nephrotoxicity, ototoxic-
ity, hepatotoxicity, gastrointestinal toxicity,. . . ), and the drug resistance, which
limit their application and effectiveness.101 The main causes of resistance are
inactivation of the drug by binding to glutathione and metallothioneins, and
faster DNA repair. These drawbacks have prompted the search for other metal
based anticancer drugs with less side effects and different mechanisms of action
than cisplatin. Many metals have been investigated as new candidates, includ-
ing Ag, Au, Ir, Pd, Os, Ru, Rh, Re and even Ti, some of them entering clinical
trials.107–110 Among them, rhenium(I) tricarbonyl complexes are catching a lot
of attention in recent years due to their interesting properties, easily tuned by
altering their ligands.23,111

The excellent review by Gasser et al. from 2014 covers all the cytotoxic
examples in the literature to that date.23 In general, the cytotoxicity of these
complexes increases with their lipophilicity, due to an improved capacity for
entering the cells. This is seen, for example, in the recent work by Wilson and
co-workers.112 They reported the synthesis and cytotoxic activity of a series
of [ReCl(CO)3(N–N)] complexes, where (N–N) are pyridyl imine ligands with
different lengths of alkyl chains, from two to twelve carbons. Their results
show that the complexes with longer chains, which are the most lipophilic,
produce in vitro cell death at a much faster rate. Despite the huge number
of Re(I) tricarbonyl complexes with cytotoxic activity, there are few examples
with reported antitumor activity in vivo.

The first anticancer in vivo testing of a Re(I) tricarbonyl complex was made
by d’Angelo’s group, and it remains as the most extensively studied.42 In 2011,
they synthesized four complexes of the formula [ReCl(CO)3(Se–Se)] (see 1-4 in
Scheme 1.12), where Se–Se is a diseleno bidentate ligand with different func-
tionalities, and tested their antiproliferative activity against human tumor cells
(i.e., the ability to inhibit cellular growth), aiming at combining the cytotoxic
ability of Re with the apoptotic modulator properties of Se.113 The water solu-
ble disodium salts of the complexes with carboxylic acids in the bidentate ligand
(5 and 6 in Scheme 1.12) showed marked activity against breast cancer cells,
especially 6 due to the longest alkyl chain between the Se atoms. Then, they in-
vestigated the cellular uptake of 6 and its tissue distribution in mice, reporting
that the complex was incorporated into the nucleus of malignant cells, allegedly
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forming adducts with DNA.114 After that, in 2015, they tested the activity of
6 in tumors transplanted in mice, showing a reduction in the tumor growth.115
In this work, they also confirmed the effects on DNA due to the Re atom by
describing its interaction with 9-methylguanine (9-MeG), a popular molecule
used as a model for guanine.
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Scheme 1.12. Schematic representation of Re(I) cytotoxic complexes 1-6 bear-
ing diseleno ligands.

As another example, the group of Mao and Tan synthesized and tested the
cytotoxic activity of two phosphorescent Re(I) tricarbonyl complexes bearing
pyridine and a bidentate β-carboline derivative ligand (7 and 8 in Scheme
1.13).116 Both complexes displayed better anticancer activity than cisplatin
for several cell lines, in particular against cisplatin-resistant human lung car-
cinoma cells. Since 8 showed higher activity it was selected for further test-
ing in vivo. The mice treated with this complex presented a 60 % tumor
growth inhibition compared to the untreated group, with low systemic toxicity.
They also reported that the cell death occurs through lysosomal disfunction
that causes autophagy, being the first time that this mechanism is found for
a Re(I) complex. The same group synthesized and investigated the anticancer
activity, both in vitro and in vivo, of two binuclear rhenium(I) complexes of
the formula [Re2(CO)6(dip)2L](PF6)2 (dip = 4,7-diphenyl-1,10-phenantroline;
L = 4,4′-azopyridine, 4,4′-dithiodipyridine) (9 and 10 in Scheme 1.13, respec-
tively).117 When tested against various cell lines, both complexes showed more
anticancer activity than cisplatin, especially the complex with sulphur atoms
(10). They are able to inhibit tumor growth in vivo, but their activity was not
higher than cisplatin, although they did not produce any side effects. It was re-
ported that both complexes accumulate in the mitochondria, causing oxidative
stress and mitochondrial disfunction, and induce cell death via necroptosis and
caspase-dependent apoptosis.

In 2017, Wilson et al. reported the synthesis and cytotoxic activity of vari-
ous Re(I) tricarbonyl complexes of the formula [Re(CO)3(N–N)(OH2)]+, where
(N–N) is either a bpy or a phen ligand with different substituents (11-17 in
Scheme 1.14).118 After testing their antiproliferative activity against HeLA cells
in vitro, they found that the complex 17, with methyl groups in the C2 and
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C9 positions of phen, was the most potent, even more than cisplatin. They
also tested this complex in other cancer cell lines, showing cytotoxic activity
in all of them, including the ones that were cisplatin-resistant, which indicates
that it is able to overcome cisplatin resistance. To elucidate the action mecha-
nism, they studied the reaction of 17 with several biomolecules. They reported
the formation of adducts with 9-EtG, N -acetylhistidine, and N -acetylcysteine
(see Scheme 1.11), being the reaction with 9-EtG faster than with the other
compounds. This indicates the potential interaction of 17 with DNA and/or
proteins, although the specific biological target remains unclear. On the other
hand, it did not interact with methionine, serine, and glycine. After that, they
described the in vivo antitumor properties of 17 in mice bearing patient-derived
ovarian cancer tumor xenografts.119 In this study, 17 was able to inhibit the
tumor growth efficiently without adverse side effects. They also identified that
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the complex accumulated in the mitochondria rather than in the nucleus, but
the mechanism of action is still unknown.
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Scheme 1.14. Cytotoxic Re(I) tricarbonyl aqua complexes 11-17.

In a subsequent work, Wilson’s group described the anticancer activity of
[Re(CO)3(dmphen)(p-tol-ICN)]+, where the bidentate ligand dmphen is the
same as the one in 17, 2,9-dimethyl-1,10-phenanthroline, and p-tol-ICN is para-
tolyl isonitrile (see 18 in Scheme 1.15).120 They evaluated its cytotoxicity
against a series of cancer cell lines in vitro, finding that 18 had similar or greater
toxicity than cisplatin and 17. They also concluded that this complex produces
cell death by causing an accumulation of misfolded proteins, which induces endo-
plasmic reticulum stress and activates the unfolded protein response. To ratio-
nalize the structure-activity relationship, they varied the bidentate and isonitrile
ligands by adding different substituents (see 19-28 in Scheme 1.15).121 As a re-
sult, they reported that the more lipophilic and electron-rich complexes display
the higher cytotoxicities, being the more active ones 18 and the complex with
tBu substituents in C4 and C4′ positions of bpy (24). In this study, they also
investigated the in vivo antitumor activity of 18, which was able to slow tumor
growth, but caused severe local inflammations. To analyse its axial ligand sta-
bility, they synthesized [Re(CO)3(dmphen)(para– iodobenzeneisonitrile)]+ (29
in Scheme 1.15) and followed its biodistribution by using X-ray fluorescence
microscopy.122 As a conclusion, they verified that the axial ligand does not act
as a leaving group in these complexes, remaining intact within the cells.

These are the only examples of Re(I) tricarbonyl complexes with reported
tumor growth inhibition in vivo to date. Although scarce, they show the po-
tential of this type of complexes as chemotherapeutic agents. Currently, many
efforts are underway to try to elucidate their action mechanisms and biological
targets and to optimize their ligands to maximize the cytotoxic properties.

In this Thesis, we will investigate the cytotoxic properties of the complex
bearing an aqua ligand reported by Wilson and co-workers.118,119 This complex
has antiprofilerative activity both in vitro and in vivo and it is able to overcome
cisplatin resistance, although its mechanism of action remains unknown. Our
main goal will be unraveling this mechanism.
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1.2 Photoactivity
Photoactivity is the effect produced when a substance or system is exposed
to light. The complexes [ReI(CO)3(N–N)L]n (N–N = bpy, phen, or deriva-
tives) possess interesting photophysical and photochemical properties, including
high quantum yields for the formation of triplet metal-to-ligand charge transfer
(3MLCT) excited states, phosphorescence in solution, long-lived excited states,
and strong reactivity of the 3MLCT states.123 As a consequence, they have been
investigated in many diverse fields and applications, for example as labeling
and imaging agents of biomolecules,27,124 as photocatalysts for the reduction
of CO2,125 as emitting centers in organic light-emitting diodes (OLED),16,18
as dyes for dye-sensitized solar cells (DSSC),20,21 or as photodynamic therapy
(PDT) and photoactivated chemotherapy (PACT) agents.28,30 In the present
work, we have focused on the use of Re(I) tricarbonyl diimine complexes in PDT
and DSSC.

1.2.1 Re(I) Carbonyl Complexes as Phosensitisers in Photodynamic
Therapy

PDT is a treatment that uses light to activate non-toxic molecules, commonly
known as photosensitizers (PSs), to induce the generation of cytotoxic reactive
oxygen species (ROS) and/or singlet oxygen, producing the cell death. In PDT,
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the patient is treated with the PS, which is allowed to accumulate through all
parts of the body, although, ideally, it would have higher selectivity for the tar-
get cells. Then, the patient is irradiated with light of the proper wavelength,
depending on the absorption profile of the PS and the depth of tissue penetra-
tion. The light absorption promotes the PS from its ground singlet state (S0)
to an excited singlet state (S1), which is an unstable and short-lived state. As a
consequence, the excited PS (S1) can return to its ground state (S0) by convert-
ing its energy into heat or fluorescence. Alternatively, the PS can evolve from
the S1 state through an intersystem crossing (ISC) to its first triplet excited
state (T1) that can transfer its energy by phosphorescence or colliding with
other molecules to generate chemically reactive species (CRS), which kill cells.
The mechanisms for CRS formation in PDT are generally classified into two
types. In the so-called type I mechanism the PS in its T1 state reacts with 3O2
to generate reactive oxygen species (O−2 , H2O2, etc.), whereas in the mechanism
known as type II it produces 1O2. The latter is supposed to be the predomi-
nant process.126 Additionally, there is another oxygen-independent mechanism
where a cytotoxic chemical compound is released upon irradiation, this is known
as photoactivated chemotherapy (PACT).127 As type I and II mechanisms lead
to cell death, PDT is mainly employed to combat a variety of cancers, but it
has also been used against wars, acne, or psoriasis. PDT can only be applied
efficiently in superficial regions of the body, where the light can penetrate easily.
The main advantage of PDT is that its use is local, which means that the PS
only acts where it is required to, minimizing the side effects and maximizing
the selectivity. In addition, it does not cause resistance or hypersensitivity, so
it can be applied many times in the same area. Currently, there is a number of
PSs with approval from the Food and Drug Administration (FDA) for its use in
the treatment of many types of cancer (lung, skin, bladder, breast,...). Most of
them are porphyrin derivatives, such as Verteporfin,128 Temoporfin,129 Padeli-
porfin,130 or Photofrin,131 among others. The main disadvantages of these PSs
is their water insolubility and their lack of efficacy in hypoxic tumors, where
there is a low concentration of oxygen.

Apart from the non-toxicity in absence of light and other common character-
istics of drugs such as solubility and stability in physiological environments, an
ideal PS must also fulfill other requirements.30 It should absorb in the so-called
therapeutic window, which falls into the near-infrared (NIR) region of the spec-
trum at, approximately, 620-850 nm.132–134 This is important because the light
at the therapeutic window has its maximum depth of penetration in the tissue.
Shorter wavelengths could also increase the possibility of damage from the light
in the body of the patient. Since molecular oxygen interacts with the PS in
T1, this excited state must have long lifetimes and high yields, which implies
that the ISC between the singlet and triplet states must be efficient. Finally, in
order to produce cytotoxic oxygen, the energy of the triplet state of the PS is
transferred to 3O2. This requires that the energy gap between the singlet and
triplet states of the PS must be at least 0.98 eV to have a good singlet oxygen
quantum yield.126,135

The complexes [Re(CO)3(N–N)L]n (N–N = bpy, phen, or derivatives) have

18



1 INTRODUCTION

properties that fulfill most of these requirements, including stability and bio-
compatibility, due to their d6 electron configuration. However, their absorption
bands are not located in the therapeutic window, so the wavelength required
to activate these complexes is too short, with low tissue penetration. In re-
cent years, many efforts have been put in tuning these complexes to enhance
their absorption profiles and phototoxicity as well as other properties, such as
selectivity or solubility.
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Scheme 1.16. Re(I) tricarbonyl complexes with different tridentate nitrogen
ligands designed by Gasser and co-workers.

The work of Gasser et al. included examples of structural modifications
to improve the characteristics of these complexes without aiming for a red-
shifted absorption profile.23 First, they reported Re(I) tricarbonyl complexes
with bisquinoline (BQ) (30 and 31 in Scheme 1.16), a tridentate nitrogen ligand,
which showed phototoxicity in cancer cells upon irradiation at 350 nm.136 Their
selectivity was improved by coupling two different targeting peptides: a short
nuclear localization signal (NLS) to target the nucleus (32 in Scheme 1.16), and
a derivative of the neuropeptide bombesin to enhance the selectivity towards
cancer cells over the healthy ones (33). The cytotoxicity of these complexes
upon 10 min irradiation with 350 nm light is greater than the one of cisplatin.
Even better cytotoxicities were achieved by coupling similar Re(I) complexes
to Pt(II) cytotoxic complexes (34 in Scheme 1.16), hence mixing the intrinsic
cytotoxic nature of Pt with the photoproperties of Re.137

In a different direction, a series of porphyrin-Re(I) conjugates have been syn-
thesised,138 with the goal of combining the properties of porphyrins, especially
the absorption at the visible region, with those of the rhenium(I) tricarbonyl
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complexes (see Scheme 1.17). These conjugates showed cytotoxicity upon irra-
diation at 590-700 nm. However, the phototoxicity of these compounds is only
due to the porphyrin moiety, as explained by the fact that the singlet oxygen
quantum yields with red light irradiation in the Re(I) conjugate are similar to
those in the corresponding parent porphyrin.

+

Re

CO

CO

CO

N

N

N

37

Re

CO

CO

CO

N

N

38

N

Re

CO

CO

CO

N

N

39

N

Re

CO

CO

CO

N

N

40

N

HN

O

O

Re

CO

CO

CO

N

N

HN

O

O

R1

R2

HN

N

41 R1 = H, R2 = H

42 R1 = OH, R2 = H

43 R1 = NMe2, R
2 = H

44 R1 = H, R2 = F

45 R1 = H, R2 = CF3

46 R1 = OMe, R2 = F
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their use in PDT.

The first examples of Re(I) tricarbonyl complexes with anticancer activity
triggered by visible light were reported by Meggers and co-workers.139 In their
work, they replaced the bpy ligand from [Re(CO)3(bpy)py]+ (py = pyridine)
(37 in Scheme 1.18) by some derivatives of 2-(2′-pyridyl)indolato (38-40 in
Scheme 1.18). Remarkably, these neutral complexes showed no cytotoxic activ-
ity in the dark but, when irradiated with visible light (λ ≥ 505 nm), the cell
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survival decreased dramatically. They have also shown that complex 40 is able
to produce singlet oxygen with λ ≥ 505 nm irradiation, whereas compound 37
requires UV light.

The same group has been able to improve the properties of 40 even further
by incorporating substituents in the bidentate ligand (41-46 in Scheme 1.18).140
To achieve a red shift of the lowest-lying absorption band, they incorporated
π-donating substituents (OH, NMe2, OMe) in the indole and σ-accepting sub-
stituents in the pyridine ring of the bidentate ligand (F, CF3). All complexes
suffered a bathochromic shift in their absorption bands, although the π-donating
substituents completely suppress (OH, NMe2) or diminish (OMe) the formation
of singlet oxygen upon irradiation with visible light. However, the complexes
bearing a σ-accepting substituent, even the one with OMe in the indole (46),
displayed cytotoxicity upon irradiation with red light (λ ≥ 620 nm), which
makes them great candidates for their use in PDT, especially complex 44 (with
a F substituent).
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Scheme 1.19. General structure of a BODIPY and Re(I)-BODIPY conjugates
designed by Zhong (47) and Rosenthal (48-50).

Boron dipyrromethenes (BODIPYs) (see Scheme 1.19) are compounds known
for their interesting luminiscent properties, including high fluorescence quan-
tum yields, photostability and, especially, strong visible light absorption.141–143
However, the population of their triplet states is practically negligible, which
avoids their application as PSs in PDT. These properties along with the ease
to modify these compounds have prompted many groups to couple BODIPY
moieties to heavy metal complexes, including Re(I) complexes, in order to ben-
efit from the heavy atom effect that promotes the ISC. In this context, Zhong
et al. reported a rhenium(I) tricarbonyl complex with a bpy ligand bonded
to a carbazole-styrylBODIPY (47 in Scheme 1.19), increasing the lowest-lying
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absorption band from 399 nm without the BODIPY moiety to 624 nm with it,
as well as producing a triplet state with longer lifetime. Nevertheless, complex
47 did not show significant phototoxicity upon 625 nm irradiation against lung
cancer cells.144

Rosenthal and co-workers have synthesized a series of [ReCl(CO)3(N–N)]
complexes where N–N is a bpy ligand with BODIPY moieties (48-50 in Scheme
1.19) attached to the 4,4′ (48), 5,5′ (49), or 6,6′ (50) positions.20 They paid
special attention to the influence of the distance between BODIPY and the metal
center in the production of singlet oxygen. As expected, they have reported
that complex 50, which has the shortest BODIPY-Re distance, is the one that
exhibits the highest quantum yield for 1O2 production due to an enhanced ISC.
In addition, this complex absorbs light at a maximum wavelength of 585 nm,
close to the therapeutic window.

Since the lowest-lying absorption band of the complexes [ReI(CO)3(bpy/phen)L]n
has a 1MLCT character, mainly due to a transition from the Re occupied d or-
bitals to the π∗ antibonding orbitals of the bidentate ligand, it has also been
sought to stabilize the bidentate π∗ orbitals to induce a bathochromic shift.
This can be done by either increasing its conjugation or coupling electron-
withdrawing groups, but this also have the side effect of stabilizing the 3MLCT
excited state. Therefore, other groups have focused on the opposite task: adding
electron-donating groups to the bidentate ligand to enhance the reactivity and
lifetime of the triplet state.145

In 1991, Meyer’s group reported the synthesis and photoproperties of a se-
ries of [ReCl(CO)3(4,4 ′ –R2bpy)] complexes, with electron-donating R =NEt2,
NH2, NHCOCH3, OMe, CH3 (51-55 in Scheme 1.20) and electron-withdrawing
groups (R = Ph, Cl, CO2Et, NO2) (57-60 in Scheme 1.20).146 Unsurprisingly,
compared to the [ReCl(CO)3(bpy)] complex (56 in Scheme 1.20), which has
the lowest energy absorption maximum at 370 nm, the electron-donating sub-
stituents produced a hypsochromic shift whereas the complexes with electron-
withdrawing substituents underwent a bathochromic one. Accordingly, they
found that both the emission quantum yields and the excited state lifetimes
are larger with the electron-donating groups. Their results show that the
bathochromic shift induced by the introduction of electron-withdrawing groups
is moderate, with a maximum of 78 nm (NO2) in a bpy ligand. Furthermore,
if the π∗ orbitals of the diimine ligand suffer too much stabilization, this ligand
may dissociate from the complex.
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A less explored alternative consists of destabilizing the Re d orbitals, which
mostly form the HOMO of these complexes, to reduce the HOMO-LUMO gap
and hence produce a red shift in the lowest-lying absorption band. With this
in mind, Kurtz et al. varied the carbonyl and acetonitrile ligands in cis dis-
position to the bidentate ligand of [Re(CO)3(deeb)(NCCH3)]+ (deeb = 4,4′-
diethylesterbpy) (61 in Scheme 1.21) to examine its influence on the absorption
spectra.147 First, they replaced the acetonitrile ligand by Cl– to form a neutral
complex (62). The π donation by the Cl– ligand gives rise to a destabilization of
the occupied frontier orbitals, shifting the main absorption band from 365 to 410
nm. In addition, the CO ligand in cis disposition to the diimine was substituted
by PMe3 (63). Carbonyl ligands are known for stabilizing the occupied d or-
bitals of the metal center due to their π-accepting properties. Therefore, chang-
ing this ligand by PMe3, a strong σ-donor and a weak π-acceptor, causes a large
destabilization of the d orbitals. This is reflected in the absorption spectrum,
with a lowest energy absorption maximum of 465 nm in the complex with the
phosphine ligand. The complex with both ligands, [ReCl(CO)2(PMe3)(deeb)]
(64), combines the two destabilizing effects to achieve a bathochromic shift of
168 nm compared to the original complex.
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Scheme 1.21. Re(I) complexes 61-64 and schematic representation of the
phosphine ligands PTA and CAP.

Since an ideal PS must also be soluble in water, the use of a phosphine ligand
that, apart from destabilizing the d orbitals of the metal center, increases the
solubility of the complex, should be desirable. There are some examples of this
type of ligands in the literature. PTA (1,3,5-Triaza-7-phosphaadamantane) is
a ligand known for its high water solubility (see Scheme 1.21), and has already
been incorporated in Re(I) tricarbonyl complexes.28,148 Another phosphine
ligand (1,4,7-triaza-9-phosphatricyclo [5.3.2.14,9]tridecane), known as CAP for
the cap-like characteristic shape of its cage (Scheme 1.21), seems also promising.
This ligand combines the stability and water solubility of PTA with the electron
donating power of the strongest phosphines.149

In this Thesis, we will focus on the effects of changing and tuning the biden-
tate ligand to produce bathochromic shifts. In addition, and aiming at improv-
ing even further the absorption profile of these compounds, we will take the idea
of Kurtz et al. of replacing the carbonyl ligand in cis disposition to the biden-
tate ligand by a phosphine. In this sense, we will employ the trimethylphosphine
and the more water soluble and electron-donating ligand CAP.
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1.2.2 Re(I) Carbonyl Complexes as Dyes in Dye-Sensitized Solar
Cells

Renewable energies, including solar energy (photovoltaic and thermic), wind
energy, and hydroelectric energy, provide a good alternative for the production
of energy based on burning fossil fuels, such as oil, coal, and gas. In addition to
the contamination and climate change problems associated with these resources,
they will be eventually drained. The production of energy from renewable re-
sources does not emit greenhouse effect gases or pollutants, and represents a
secure supply of energy. Despite these advantages, in January 2021, according
to “Red Eléctrica Española (REE)”, only 47.7 % of the electricity generated in
Spain came from renewable sources, and hardly a 4 % from solar energy. This
fact can be explained by the relative large costs of photovoltaic cells and their
low efficiency, aggravated by the variability of solar light, which depends on the
atmospheric conditions as well as the hour of the day. As a consequence, the
search for a cheap and efficient way of converting solar energy into electricity
has been a goal of the scientific world for decades.

So far, three generations of solar cells have been developed.150 The first
generation, which accounts for the vast majority of solar cells in the market,
encompasses a series of silicon solar cells (monocristalline silicon, polycristalline
silicon, ribbon silicon, . . . ). These cells are formed by two layers of silicon,
one with extra holes (p-type), and another one with extra electrons (n-type),
forming a p − n junction. When photons with energy greater than the band
gap of silicon hit the cell, a electron-hole pair is formed. Therefore, it starts
generating electricity. The efficiency of this generation of cells is limited, with
a theoretical maximum of 31 %, and their costs are relatively large.

The second generation is formed by thin film solar cells, whose main appeal
is the lower cost compared to the first generation, reducing the active material in
a cell. There are three main types of cells in this generation: amorphous silicon,
copper indium galium diselenide (CIGS), and cadmium telluride. However,
these cells are not very efficient and use toxic (Cd) or scarce materials (In),
which limit their mass production.

The third generation of solar cells differ from the others in that they are
not based on p−n junctions for generating electricity. This generation includes
perovskite solar cells, organic solar cells, quantum dot solar cells, and Dye-
Sensitized Solar Cells (DSSCs), among others. DSSCs were invented by O’Regan
and Grätzel in 1991151 and have attracted a lot of attention in recent years in
view of their low costs, a simple and flexible fabrication process, high efficiencies,
and the possibility of using them as building integrated photovoltaics (BIPV).152
The main difference between DSSCs and silicon solar cells is that in the latter the
silicon is responsible for both the generation of photoelectrons and the charge
transport, whereas in the former a dye absorbs light and injects an electron into
the conduction band of a semiconductor, transferring it to an electrode.

A DSSC consists of a monolayer of dye adsorbed to a semiconductor oxide
film over a conductive glass, in contact with a redox electrolyte, and a counter
electrode.152,153 Although other oxides, such as ZnO and Nb2O5, have been
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investigated, TiO2 remains as the material of choice for the semiconductor,
which must have a wide band gap. The process of converting solar energy
into electricity in a DSSC starts with the photoexcitation of the dye by solar
light. Then, the excited electrons of the dye are injected into the conduction
band of the TiO2 semiconductor. The oxidized dye recovers its ground state
by taking electrons from the electrolyte, which is, typically, the I–/ I3 – redox
couple dissolved in an organic electrolyte. The electrolyte is readily reduced by
accepting electrons from the counter electrode, recovering also its initial state.
Analogously, the dye and the electrolyte could be regenerated from the electrons
injected in the semiconductor, although these side reactions must be avoided.
In the final step, the conduction band of TiO2 transfers the electrons to the
conductive glass, which is normally fluorine-doped tin dioxide (FTO) or tin-
doped indium oxide (ITO), and the electrons reach the external circuit. The
voltage of this cell corresponds to the difference between the Fermi level of the
electron in the solid and the redox potential of the electrolyte.

The key component in a DSSC is the dye, since it is responsible for absorbing
the incoming photons as well as injecting the electrons into the semiconductor.
Therefore, the dye must meet some requirements:153–155 (1) its HOMO must
lie below the energy level of the redox couple, so that the oxidized dye can
accept the electrons from the electrolyte, (2) the energy level of its LUMO
must be above the conduction band of the semiconductor to permit the electron
injection in the latter after excitation, (3) the adsorption on the surface of the
semiconductor must be strong, which is usually achieved by adding anchoring
groups, such as carboxylic acids, into the structure of the dye, (4) the absorption
profile of the dye should cover as much visible and IR region as possible for
an efficient light harvesting, (5) to increase the useful lifetime of the cell, the
dye must be non-corrosive and non-toxic, and should also be stable in both
its ground and excited states, (6) aggregation on the semiconductor surface
must be avoided. There are other characteristics that improve even further the
performance of the dye. For example, the LUMO of the PS should involve the
anchoring groups for an optimal injection process into the conduction band of
the semiconductor. In addition, the hole on the dye after the injection should
locate as far as possible from the surface of the semiconductor to minimize the
recombination between the oxidized dye and the injected electrons. Nowadays,
there are two main groups of dyes, metal and non-metal based compounds.

The properties of d6 transition metal complexes make them interesting can-
didates for their use as dyes. In fact, the first device operating as a DSSC used a
Ru(II) complex with three 4,4′-dicarboxylate-2,2′-bipyridyl ligands (dcbpy) (see
[Ru(dcbpy)3]2+ Scheme 1.22).156 Ru(II) complexes with pyridines or bipyridines
remain as the prime choice for conventional dyes, with different modifications
in their ligands to adjust the HOMO and LUMO energy levels and to enhance
the absorption at the visible region.157 For example, one of the most popular
dyes is a cis-di(thiocyanato)bis(dcbpy) Ru(II) complex, N3 in Scheme 1.22.158
It was the first dye to achieve a power conversion efficiency (PCE) of 10 %.
Recently, a dye coded as RC-62 (see Scheme 1.22), similar to N3 but replac-
ing the carboxylic groups of one of the bpy ligands by thiophene substituents

25



1.2 Photoactivity

with acetyl groups, outperformed the PCE of N3.159 This improvement was
attributed to the π-acceptor properties and extended π-conjugation with the
new substituents, stabilizing both the HOMO and the LUMO, and producing a
30-50 nm red shift in the absorption spectrum.
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Scheme 1.22. Examples of Ru(II) complexes used as dyes in DSSCs.

Despite the interesting photoproperties of Re(I) complexes, there are very
few examples of their use as dyes in DSSCs, and all of them are still less ef-
ficient than the more popular Ru(II) PSs. Hasselmann and Meyer were the
first to explore the performance of these complexes in DSSCs, motivated by the
Re(I/II) reduction potential and the facial geometry, which favours the control
of the sensitiser orientation.160 They anchored two Re(I) tricarbonyl complexes
to TiO2, [Re(CO)3(deeb)py]+ (deeb = 4,4′-(CO2Et)2-bpy; py = pyridine) (65
in Scheme 1.23) and [Re(CO)3(bpy)ina]+ (ina = isonicotinic acid) (66). The
former complex was adsorbed on TiO2 through the deeb ligand whereas the
latter was anchored to the semiconductor through the ina ligand. Their inci-
dent photon-to-current efficiency (IPCE) was low due to their poor harvesting
of photons, although the absorbed photon-to-current efficiency was larger. The
same group also tested a series of [ReX(CO)3(deeb)] complexes (X = I, Br, Cl,
CN) (67-70 in Scheme 1.23), with efficient conversion of absorbed protons to
electrons.161 Recently, Komreddy and co-workers studied the analogous com-
plexes bearing dcbpy instead of deeb (adding also X = SCN) (71-75) in acidic
and basic media to find that complex [Re(I)(CO)3(dcbpy)] (71) is the most
red-shifted in absorption and presents the largest IPCE.21 The relative poor
performance of these complexes compared to N3 was attributed to the lower
absorption in the red region of the spectrum.

In 2009, Chen et al. investigated the performance as dyes of Re(I) tricar-
bonyl complexes with bidentate ligands containing COOMe or COOH moieties
in sulphur-rich pendants (76-83 in Scheme 1.24).162 The lower performance of
these complexes compared to N3 was ascribed again to their poor efficiency of
light-harvesting. In relation to that work, Zhang and co-workers carried out a
theoretical study on two of these complexes (78 and 82) to elucidate the influ-
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Scheme 1.23. Schematic structure of complexes 65-75.

ence of the COOH groups in their absorption profiles, electronic structure, and
performance as a dye.163 Furthermore, they also reported two new complexes
with additional COOH groups attached to the diimine ligand (84 and 85), these
modifications induce a red-shift in the absorption spectrum and could enhance
their performance in DSSCs.
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Scheme 1.24. Re(I) tricarbonyl complexes 76-85 bearing sulphur-rich moieties
attached to the diimine ligand.

To this date, the last example in the literature is the work of Veronese
and co-workers. In 2016, they investigated the possible use of some dinuclear
Re(I) carbonyl complexes as dyes in DSSCs (86-88 in Scheme 1.25).164 These
complexes present two Re(CO)3 units connected by different bridging ligands
and a pyridazine-4-COOH moiety. They observed conversion to electricity, but
with a PCE lower than 1 %, mainly due to poor injection of electrons into TiO2.
In a subsequent work, they improved the performance of these complexes by
introducing an organic dye (DN-F04 in Scheme 1.25) to extend their photon
harvesting capacity, and an alkyl chain in the pyridazine moiety to raise the
LUMO level of the dye (89 and 90).165 Thus, the PCE raised from less than 1
% to 3.5 % with the best dye.
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The high cost, poor light harvesting, and limited availability of dyes based
on metal complexes have motivated the search for metal-free organic dyes.153
These sensitisers are normally designed with a D-π-A structure. In this sense,
an electron-accepting group (A) is connected to an electron-donating group
(D) through a π-conjugated linker. This facilitates the overlap between the π
orbitals and, hence, produces a bathochromic shift in the absorption spectrum.
It also minimizes the recombination between the electron and the hole within the
sensitiser.155 The operating principle of these dyes is to induce an intramolecular
charge transfer (ICT) from the donor to the acceptor moieties through the π
bridge upon irradiation. That is, the HOMO must be located on the D and the
linker, while the LUMO must be centered on the A moiety. Then, the acceptor,
which should be anchored to the semiconductor, transfers the electrons to TiO2.
Among them, porphyrin based D-π-A dyes have shown the greatest efficiencies.
For instance, a PCE of 12.3 % was achieved with a porphyrin dye supplemented
by an organic co-sensitiser, developed by Grätzel and co-workers.166 The highest
PCE reported for a DSSC (13 %) with no co-sensitiser has been achieved using
a porphyrin dye, coded as SM315.167 Although it is not a metal-free dye, since
it contains a Zn atom, it is a great example of the potential of D-π-A porphyrins
as dyes in DSSCs. Nowadays, the best PCE (14.2 %) has been obtained in a
co-sensitized DSSC based on an organic and a porphyrin dye, with a D-π-A
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BODIPYs are another family of metal-free compounds with growing interest
in their use as dyes in DSSCs due to their spectroscopic properties. As already
mentioned, BODIPYs have strong light absorption, versatile structural modi-
fication capability, high fluorescence quantum yields, and photostability.141–143
However, their PCEs are still far below the ones reported in porphyrin dyes, with
a maximum of 6.43 %.169 The main reason for that general poor performance
is a narrow absorption profile, that is, BODIPYs exhibit strong absorption but
not in a broad range of the spectrum, so most of the incident photons are
not captured. There are some strategies that are being used to improve the
light harvesting of these compounds.141 These include modifying their struc-
ture by adding electron acceptor and/or donor groups,143,170,171 or employing
dyes with an increasing number of BODIPY moieties.142 In another direction,
the coupling of BODIPY with porphyrins have shown promising results. For
example, Kalita et al. have synthesized a dyad consisting in a BODIPY moiety
covalently linked to oxasmaragdyrin through a phenylethynyl bridge (see 91
in Scheme 1.26).172 Oxasmaragdyrin is a porphyrin-like compound with a π-
extended system, which produces a red-shift in the absorption bands compared
to regular porphyrins. This dyad presents broad and strong absorption in the
visible region, in the range of 449-706 nm.

In this PhD Thesis we will explore the properties of a series of dyads formed
by a oxasmaragdyrin molecule and a BODIPY moiety, linked through different
bridges. Our goal is to examine the potential use of the dyads as dyes in DSSCs,
paying special attention to the influence of the bridges and the relation between
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the geometrical and electronic features, such as planarity and ring currents, with
the spectroscopic properties.

The lack of rhenium(I) carbonyl complexes as dyes in DSSCs has prompted
us to contribute to this field. According to the literature, the main drawback of
these complexes as dyes is the poor absorption in the visible region. Note that
the tuning of the HOMO and LUMO levels described in their use for PDT is not
suitable here, since, as mentioned before, they have to meet some requirements.
If the HOMO is too much destabilized or the LUMO too much stabilized, the
reduction of the oxidized dye by the electrolyte or the injection of the electrons
to the semiconductor could be seriously affected. A clever solution may consist
of coupling a rhenium(I) tricarbonyl complex with a diimine ligand to BODIPY
units, as in complexes 48-50, synthesized by Rosenthal and co-workers.20 In this
way, the BODIPY can help to improve the light harvesting in the visible region
without an excessive adjustment of the energy levels of the complex. With that
purpose in mind, BODIPY molecules with some structural modifications will be
coupled in different positions to the bpy ligand of a Re(I) tricarbonyl complex.
We will carry out a computational study on the properties of these compounds
and their potential use in DSSCs. Additionally, we will also test their possible
use as PS in PDT.

1.3 Objectives of the Present Study
Having seen the context of various fields in which Re(I) and Mo(II) carbonyl
complexes and molybdocenes play an important role, the objectives covered in
this PhD Thesis are detailed herein.

• The reactions of [ReX(CO)3(N–N)] (N–N = bpy and phen; X = OH,
OMe, OPh, NH2, NHMe, NHpTol, SH, SMe, SPh, PH2, PHMe, PMe2,
PHPh, PPh2, and PMePh) complexes with methyl propiolate (HMAD)
render different products coming from the coupling of activated HMAD
to the CO ligand, the bidentate ligand or from its insertion into the Re-X
bond. In this work we aim to elucidate the general reaction mechanisms
and the influence of such ligands that explains the product obtained in
each system.

• Mono- and difunctional ethers present different behavior in their hydrolisis
catalyzed by the aqueous molybdocene [Cp2Mo(OH)(OH2)]+. Through
the theoretical analysis of the reaction between [Cp2Mo(OH)(OH2)]+ and
ethyl vinyl ether, diethyl ether, and divinyl ether we aim to unveil the
hydrolysis mechanism and the role played by the unsaturated moieties of
the ethers

• The reactions between [Re(CO)3(4,4 ′ –R′2bpy)(RIm)]OTf (R′ = tBu, NMe2,
Br; R =Me, Mes) and KN(SiMe3)2, and that of the analogous Mo(II) com-
plex [Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(RIm)]OTf (R = Me, Mes) with
the same base may yield three different products, two derived from the
coupling of the imidazole ligand to two different positions of the bidentate
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ligand and a third one where the imidazole ligand rearranges to form an
imidazol-2-yl complex. In this Thesis we focus on understanding the effect
of donor/acceptor substituents in the bidentate ligand and of those in the
imidazole ligand on the selectivity of the reaction.

• The Re(I) tricarbonyl complex bearing an aqua ligand and a dimethylphen
bidentate ligand reported by Wilson and co-workers shows cytotoxic prop-
erties. Since it may interact with DNA bases or with some amino acids, we
model its reaction towards guanine and histidine to elucidate its preferred
biological target.

• Re(I) carbonyl complexes are potential candidates to be used in the PDT
against cancer. Among the required features, these complexes should ab-
sorb light in therapeutic window, which is located in the visible and the
near-infrarred regions of the electromagnetic spectrum, and present high
solubility in water. Herein, we seek to understand the main features of
a variety of ligands that are able to produce bathochromic shifts and in-
crease the water solubility of the complexes.

• Re(I) carbonyl complexes could be used in DSSC to transform sunlight
into electricity. To obtain the desired features of an ideal dye, the ligands
of the complex must fulfill several requirements. As an initial step in the
study of a Re(I) complex in this field, we aim to study the spectroscopic,
geometrical, and electronic properties of dyads formed by oxasmaragdyrin
and a BODIPY linked by different bridges as dyes in DSSCs.

• Finally, we select the same BODIPY as in the previous study to link to
different positions in the bpy ligand of the [ReCl(CO)3(R2bpy)] complex
with the aim of testing the potential use of these complexes in PDT as
well as in DSSCs.
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2 METHODS

2 Methods
2.1 Elementary Quantum Mechanics
2.1.1 The Schrödinger Equation

The movement of the electrons in matter cannot be described by Classical
Mechanics (Newton equations) and must be described instead by Quantum
Mechanics (QM), in which the dynamic state of an electronic system (atom,
molecule . . . ) is defined by a wave function, Ψ, which contains all its physical
information.

The time-dependent Schrödinger equation (TDSE)173,174 gives the descrip-
tion of the system evolving with time t

ih̄
∂

∂t
Ψ(r, t) = Ĥ(r, t)Ψ(r, t) (1)

where the other variable r represents the space coordinates, Ĥ(r, t) is the time-
dependent Hamiltonian operator, and h̄ is the Planck constant h divided by
2π. When Ĥ does not depend on time, it is possible to separate the time-
dependent part of the wave function as a phase factor wherein E is a constant
with dimensions of energy and the system is therefore in a stationary state, with
all its observable properties constant in time

Ψ(r, t) = Ψ(r)e−iEt/h̄ (2)

In this context, the combination of equations (1) and (2) leads to the time-
independent Schrödinger equation (3), whose resolution is the aim of most quan-
tum chemical methods

Ĥ(r)Ψ(r) = EΨ(r) (3)

In a system formed by N electrons andM nuclei, the non-relativistic Hamil-
tonian contains terms for the kinetic energy of the nuclei (T̂n) and the electrons
(T̂e), for the repulsion between nuclei (V̂nn) and between electrons (V̂ee), and
for the coulomb attraction between electrons and nuclei (V̂en)

Ĥ = T̂n + T̂e + V̂en + V̂ee + V̂nn (4)

where, in atomic units,

T̂n = −
M∑
A=1

1
2MA

∇2
A (5)

T̂e = −1
2

N∑
i=1
∇2
i (6)

V̂en = −
N∑
i=1

M∑
A=1

ZA
RiA

(7)
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V̂ee =
N∑
i=1

N∑
j>i

1
rij

(8)

V̂nn =
M∑
A=1

M∑
B>A

ZAZB
RAB

(9)

beingMA the ratio of the mass of nucleus A to the mass of an electron i, ZA the
atomic number of nucleus A, rij the distance between electrons i and j, RAB
the distance between nucleus A and B, RiA the distance between electron i and
nucleus A, and ∇2 the Laplacian of the coordinates of either the nuclei, ∇2

A, or
the electrons, ∇2

i

∇2
i =

(
∂2

∂x2
i

+ ∂2

∂y2
i

+ ∂2

∂z2
i

)
(10)

∇2
A =

(
∂2

∂x2
A

+ ∂2

∂y2
A

+ ∂2

∂z2
A

)
(11)

2.1.2 The Born-Oppenheimer Approximation

Normally, the non-relativistic Hamiltonian (see eq. (4)) is split into terms de-
pending on the nuclear coordinates R (the kinetic energy of the nuclei and the
repulsion between them) and the electronic coordinates r (the kinetic energy
of the electrons, their mutual repulsion, and the attraction between electrons
and nuclei). The electron-dependent terms are usually grouped in the so-called
electronic Hamiltonian, Ĥe

Ĥ(r,R) = T̂n(R) + V̂nn(R) + Ĥe(r;R) (12)

Ĥe = −1
2

N∑
i=1
∇2
i −

N∑
i=1

M∑
A=1

ZA
RiA

+
N∑
i=1

N∑
j>i

1
rij

(13)

The notation Ĥe(r;R) is used to indicate that the electronic Hamiltonian de-
pends explicitly on the coordinates of the electrons r, but only parametrically on
the coordinates of the nuclei R. The hermiticity of Ĥe(r;R) allows to express the
time-independent Schrödinger equation corresponding to the electronic problem
as

Ĥe(r;R)Ψe,k(r;R) = Ee,kΨe,k(r;R) k = 1, 2, . . . ,∞ (14)

where Ψe,k and Ee,k are the electronic wave function and energy for a given
electronic state k, respectively. Both of them depend parametrically on R in
the sense that altering the positions of the nuclei changes the dependence on
the electronic coordinates. This is due to the electron-nuclei potential, where R
is no longer a variable but a parameter.

Since the electronic wave functions form a complete and orthonormal set of
functions in the r space for any value of R, the total wave function Ψ(r,R) can
be written as a linear combination of them, taking as coefficients functions of
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the nuclear coordinates, Ξk(R), which describe the nuclear movement in the
electronic state k

Ψ(r,R) =
∞∑
i=1

Ψe,k(r;R)Ξk(R) (15)

thus, the Schrödinger equation (3) becomes
∞∑
k=1

(
T̂n + V̂nn + Ĥe

)
Ψe,k(r;R)Ξk(R) = E

∞∑
k=1

Ψe,k(r;R)Ξk(R) (16)

Multiplying this equation by an electronic wave function Ψ∗e,l and integrating
over the electron coordinates, a set of equations with coupling elements between
two electronic states is obtained

T̂nΞk+V̂nnΞk+Ee,lΞk+
∞∑
k=1

[
2〈Ψe,l|∇n|Ψe,k〉 (∇nΞk) + 〈Ψe,l|∇2

n|Ψe,k〉Ξk
]

= EΞl

(17)
where the electronic wave function has been removed from the first three terms
due to the orthonormality condition, whereas two different coupling terms ap-
pear, the first- and second-order non-adiabatic coupling terms.

In the adiabatic approximation,173 only the diagonal coupling terms (i.e.,
the ones corresponding to the same electronic state,¡) are not neglected. Unless
the wave function is spatially degenerated, the diagonal first-order non-adiabatic
coupling element is also set to zero and, consequently, only a coupling term is
preserved, which is called diagonal correction(

T̂n + V̂nn + Ee,l + 〈Ψe,l|∇2
n|Ψe,l〉

)
Ξl = EΞl (18)

In the Born-Oppenheimer (BO) approximation,175,176 the diagonal correc-
tion on the left-hand side of the above equation is also neglected(

T̂n + V̂nn + Ee,k

)
Ξk = EΞk (19)

The qualitative meaning of this assumption is that the variation of the electronic
wave functions with respect to the movement of the nuclei is negligible, separat-
ing the electronic and nuclear movements, and that the different electronic states
are distant in energy. Therefore, the BO approximation fails in systems with de-
generated or quasi-degenerated electronic states, where the term 〈Ψe,l|∇n|Ψe,k〉
acquires importance. Within the BO picture, the electronic energies Ee,l, which
depend parametrically on R, provide the potentials on which the nuclei move.

In this PhD Thesis the BO approximation is considered valid for all the stud-
ied molecular systems. Therefore, henceforth, the subscript e will be removed
from the electronic Hamiltonian, energy, and wave function.

2.1.3 Potential Energy Surface

An important consequence of the BO approximation is that the movement of the
nuclei is described by the coulomb repulsion between nuclei and the electronic
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energy. In this sense, they define a Potential Energy Surface (PES) for a given
electronic state that depends on the nuclear coordinates

E(R) = Vnn(R) + Ee,k(R) (20)

Therefore, the analysis of the PES gives qualitative and quantitative infor-
mation about all the chemical changes that may occur in the molecular system.
Since the PES depends on all the nuclear coordinates, its exploration for all
the possible nuclear configurations is only feasible in small systems. However,
from a chemical point of view, the most relevant information can be extracted
from the critical points (Rc) of the PES.177 These points are identified by the
following condition,

g(Rc) = ∇E(Rc) =
(
∂E

∂R1
,
∂E

∂R2
, . . . ,

∂E

∂R3M

)
= 0 (21)

which means that the gradient of the energy E at that point (Rc) must be null.
According to the Hellmann-Feynman theorem, the derivative of the energy

with respect to the nuclear coordinates can be interpreted as the force acting
upon that atom. As a consequence, the critical points, where all these derivatives
are zero, correspond to equilibrium geometries.

The second derivatives of the energy form a real and symmetric matrix
known as the Hessian matrix H. The elements of this matrix are defined as

Hij = ∂2E

∂Ri∂Rj
(22)

This matrix can be diagonalized and the number of negative eigenvalues at the
critical point λ(Rc) is used to classify them:

• If λ = 0, the critical point is a local minimum of the PES. Therefore, it
corresponds to a stable nuclear configuration, such as reactants, products,
and reaction intermediates.

• If λ = 1, the critical point is a first order saddle point, as it represents
a maximum in the direction defined by the eigenvector related to the
negative eigenvalue, the so-called transition vector, and a minimum in all
the other directions. This corresponds to a Transition State (TS), which
connects two minima of the PES through the transition vector.

• The critical points with λ > 1 do not correspond to significant chemical
points. However, they may have some importance in certain situations
(e.g. λ = 2 may be a bifurcation point in the PES).

2.1.4 Geometry Optimization

The search for critical points within the PES, called geometry optimization, can
not be performed analytically, since there is not an explicit expression for E(R).
However, there are many available numerical methods for this purpose. These
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methods are normally classified according to the information that they employ
to perform the optimization: some of them only use the energy function, others
also its gradients, and there are other methods that add the Hessian matrix as
well.

Most of the geometry optimization algorithms are based on the Newton-
Raphson method.178 This method starts with a Taylor series expansion of the
energy with respect to a initial nuclear configuration R0

E(R) = E(R0) + g(R0)(R−R0)t + 1
2(R−R0)H(R0)(R−R0)t (23)

where g(R0) and H(R0) are the gradient and the Hessian evaluated at the
reference geometry, respectively. Deriving the previous equation with respect
to R, the following expression is obtained

dE

dR
= g(R0) + H(R0)(R−R0)t (24)

As at a critical point dE/dR = 0, equation (25) provides the prescription
for the next geometry, R, from the gradient and the inverse of the Hessian

R = R0 −H−1(R0)g(R0) (25)

In principle, the new geometry R should be a critical point of the PES,
with g(R) = 0. However, since the Taylor expansion has been truncated at the
second order, these equations are only approximations. Thus, this procedure
must be repeated iteratively until convergence is achieved (i.e., the geometry of
the next point is similar enough to the previous one).

There are two major disadvantages in the Newton-Raphson method. The
first one is the use of the inverse Hessian for the computation of the next step.
This implies that, if one of the Hessian eigenvalues is close to zero, the size
of the step approaches infinity. There are some methods to control that the
step size remains in the region of the PES where the Taylor expansion is valid,
such as Rational Function Optimization (RFO)179–182 and Trust Radius Method
(TRM).183 Furthermore, the Newton-Raphson method involves the calculation
of the Hessian matrix in every step of the optimization, which must be stored and
diagonalized to calculate its inverse. This implies a large computational cost.
In general, the optimization algorithms based on the Newton-Raphson method
employ approximated Hessian matrices, in which case they are called pseudo-
Newton-Raphson methods. Typically, they use an updating scheme, starting
with an unit Hessian matrix that it is then refined during the optimization, using
the gradients from the previous points. As a consequence, the convergence of the
pseudo-Newton-Raphson methods is linear, whereas the true Newton-Raphson
methods converge quadratically.

In the Gaussian set of programs,184 the default method is called Berny op-
timization algorithm, which is based on the original algorithm proposed by H.
B. Schlegel in 1982.185 This method employs an updating scheme algorithm
for the computation of the Hessian matrix: Broyden-Fletcher-Goldfarb-Shanno
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(BFGS) for the minima, and an iterated Bofill for TS. The determination of the
step size uses the RFO approach. The convergence is achieved when the criteria
for the maximum force component, the root-mean square force, the maximum
step component, and the root-mean-square step are fulfilled. For the optimiza-
tion of TSs, this algorithm must check the presence of a negative eigenvalue in
the Hessian matrix for every step. The Hessian matrix for the search of a TS
should be calculated analytically at least in the first step.

2.1.5 Reaction Path

As already mentioned, any chemical process in a system can be described in the
PES through the change in nuclear coordinates associated with that process.
The trajectory of the PES that connects two minima, normally associated with
reactants and products, is called reaction path.

A reaction path could, in principle, be defined by a reaction coordinate or a
set of coordinates able to represent the change in the geometry of the reactive
system during the reaction. However, this coordinate/s is usually arbitrary
determined and may not be associated with the actual changes occurring in the
system. Therefore, the reaction paths are normally defined according to the
fulfillment of some properties.

The most popular choice for this path is called Mininum Energy Path (MEP),
which connects the two minima through their corresponding TS.186 The reac-
tion coordinate for this path is normally determined with the Steepest Descent
(SD) path, also called Intrinsic Reaction Coordinate (IRC) in mass weighted
coordinates.187 Hence, the reaction path is defined from the TS, following the
direction of its gradient towards the two minima. For that purpose, since the
gradient at the TS is null, the first point is determined using the transition
vector. Then, the tangent vector at each point of the path, v(R), is computed
as the normalized gradient vector at that point

v(R) = dR

ds
= − g(R)
|g(R)| (26)

where s is the arc length of the curve.
Euler’s method is the simplest choice for solving equation (26). However, it

is normally useless for this particular problem, since it gives points outside the
MEP due to its finite linear steps.173 The algorithm proposed by Schlegel and
González corrects this problem by forcing each step to remain in a hypersphere
of a given radius and correcting it through an energy minimization along the
transition vector in each point.188,189

2.1.6 The Slater Determinant

Coming back to the solution of the electronic Schrödinger equation (14), most
methodologies construct the ground state wave function as a Slater determi-
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nant190 for the most stable electron configuration (single-reference methods),

Ψ(x1, x2, . . . , xN ) = (N !)−1/2

∣∣∣∣∣∣∣∣∣
φ1(x1) φ2(x1) . . . φN (x1)
φ1(x2) φ2(x2) . . . φN (x2)

...
... . . . ...

φ1(xN ) φ2(xN ) . . . φN (xN )

∣∣∣∣∣∣∣∣∣
= (N !)−1/2

N−1∑
p=0

(−1)pP̂Π

(27)

where φi(xi) are the one-electron functions (or spinorbitals), given by the prod-
uct of spatial orbitals and spin (α or β), the variable xi contains information
about the position and the spin of an electron i, P̂ is the permutation operator
(to generate all possible permutations of the electrons), p is 0 or 1 depending
on the order of permutation (even or odd), and Π represents the diagonal prod-
uct of the Slater determinant. The most common representation of a Slater
determinant only includes the diagonal elements, as in the following expression

Ψ ≡ |Π〉 = |φ1(x1)φ2(x2)φ3(x3) . . . φN (xN )〉 (28)

The expectation value for the energy using the Slater determinant for the
wave function is then:

E = 〈Ψ|Ĥ|Ψ〉 =
N−1∑
p=0

(−1)p〈Π|Ĥ|P̂Π〉 (29)

The permutation operator P̂ only appears once since the presence at both sides
of the integral leads to a N ! counting, from which the prefactor (N !)−1 cancels
out. It contains sums over all electrons and pairs of electrons, but all the terms
with a permutation of more than two electrons are zero. Thus, the Hamiltonian
can be expressed as

Ĥ =
N∑
i=1

ĥi +
N∑
i=1

N∑
j>i

ĝij (30)

where ĥi is the set of one-electron operators, describing the movement of elec-
trons in the field created by the nuclei, and ĝij is the two-electron operator for
the electron-electron interaction

ĥi(ri;R) = T̂e(ri) + V̂en(ri;R) = −1
2∇

2
i −

M∑
A=1

ZA
RiA

(31)

ĝij(ri, rj) = V̂ee(ri, rj) = 1
rij

(32)

The integrals involving the one-electron operator, ĥi, only differ from zero
when there is no permutation, so there will be N of these terms, which are
denoted as hi

〈Ψ|ĥi|Ψ〉 = 〈Π|ĥi|Π〉 = 〈φi(xi)|ĥi|φi(xi)〉 = hi (33)
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On the other hand, there are two types of contributions resulting from the
two-electron operator, ĝij , with and without the permutation operator between
two electrons, P̂ij

〈Ψ|ĝij |Ψ〉 = 〈Π|ĝij |Π〉 − 〈Π|ĝij |P̂ijΠ〉 (34)

The first integral in equation (34) is called coulomb integral, denoted as Jij ,
and represents the classical repulsion between two charge distributions

〈Π|ĝij |Π〉 = 〈φi(xi)φj(xj)|ĝij |φi(xi)φj(xj)〉 = Jij (35)

The second integral in equation (34) is called exchange integral, represented as
Kij , and it has no classical analogy. The sign of this integral is negative due to
the (−1)p factor

〈Π|ĝij |P̂ijΠ〉 = 〈φi(xi)φj(xj)|ĝij |φj(xi)φi(xj)〉 = Kij (36)

Putting together equations (33), (35), and (36), and adding the contribu-
tions from all the N electrons, and the nuclei repulsion term (9), the following
expression for the total energy is obtained,

E =
N∑
i=1

hi +
N∑
i=i

N∑
j>i

(Jij −Kij) +
M∑
A=1

M∑
B>A

ZAZB
RAB

(37)

where the sum involving the two-electron contributions runs over unique pairs
of electrons.

Usually, for closed shell systems, the spinorbitals are grouped in pairs with
the same spatial wave function. ψi is the spatial orbital of an an electron with
α spin function and ψ̄i is the same spatial orbital of another electron with β
spin function

φ1(x1) = ψ1(r1)α(1) = ψ1(r1)
φ2(x2) = ψ1(r2)β(2) = ψ̄1(r2)

(38)

Each of these pairs would represent a doubly filled molecular orbital (MO). With
this notation, equation (28) transforms into the following one,

Ψ = |ψ1(r1)ψ̄1(r2)ψ2(r3)ψ̄2(r4) . . . ψN/2(rN−1)ψ̄N/2(rN )〉 (39)

As a consequence of the orthonormality of the spin functions, only the ex-
change integrals, Kij , involving two electrons with the same spin will be different
from zero. This is related to the Pauli principle, since the probability of finding
two electrons with the same spin close in space is reduced.178 Therefore, there
will be a (Jij −Kij) term for each pair of electrons having the same spin and a
Jij term for each pair of electrons with different spin. Hence, in terms of these
orbitals, the total energy can be written as

E = 2
N/2∑
i=1

hi +
N/2∑
i=i

N/2∑
j=1

(2Jij −Kij) +
M∑
A=1

M∑
B>A

ZAZB
RAB

(40)
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where the sum involving the two-electron integral now runs over all possible
pairs of spatial orbitals, including the ‘ii’, and the ‘ij’ and ‘ji’ pairs. Note that
Jii = Kii, so the only two-electron contribution for the pair of electrons with
the same spatial orbital is Jii.

The expression (40) is only valid for closed-shell systems with the same
number of α and β electrons. The energy in equation (40) is already corrected
to account for the double counting of the electron-electron interactions. As
already mentioned, each pair of different spatial orbitals is considered twice,
but there are eight pairs of electrons between every pair of spatial orbitals, so
half of the two-electron contributions are removed from the equation, exactly
the ones necessary to correct the double counting. From this point, all the
equations will be presented in terms of spatial orbitals, ψ(ri).

2.1.7 The Hartree-Fock Methodology

The Hartree-Fock (HF) methodology176 is based on the so-called Fock operator,
f̂i, which introduces an effective one-electron potential V̂eff simulating the be-
haviour of the two-electron operator defined in (32). Hence, each electron feels
an average field created by the other electrons and the nuclei. The HF method
applied to closed-shell systems with the same spatial function for two different
spins is called Restricted Hartree-Fock (RHF)

f̂i(ri, R) = T̂e(ri) + V̂en(ri, R) + V̂eff (ri) (41)

The effective potential groups the coulomb, Ĵi, and exchange, K̂i, one-electron
operators

Ĵi|ψj(rj)〉 = 〈ψi(ri)|ĝij |ψi(ri)〉|ψj(rj)〉 (42)
K̂i|ψj(rj)〉 = 〈ψi(ri)|ĝij |ψj(ri)〉|ψi(rj)〉 (43)

Therefore, the Fock operator for an electron i is

f̂i = ĥi +
N/2∑
j=1

(
2Ĵj − K̂j

)
(44)

which is normally written as

f̂i = ĥi + V̂ HFi (45)

V̂ HFi =
N/2∑
j=1

(
2Ĵj − K̂j

)
(46)

Using this Fock operator along with Lagrange multipliers under the or-
thonormality constraint, and considering the variational principle, a series of
eigenvalue equations are generated, the so-called Hartree-Fock equations. The
orthonormality constraint between the (spatial) orbitals is written as

〈ψi|ψj〉 − δij = 0 (47)
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where the first term is the overlap integral, Sij . Taking as the Lagrange multi-
pliers for this constraint the constants εij , the following functional of the orbitals
must be optimized,

L[{ψi}] = E[{ψi}]− 2
N/2∑
ij

εij (Sij − δij) (48)

where E is the expectation value of the energy for the total wave function, as
defined in equation (40).The variation of L with respect to the orbitals, which
must be zero, is

δL = δE[{ψi}]− 2
N∑
ij

εijδSij = 0 (49)

Inserting now the definition of E

δL = 2
N/2∑
i=1

δhi +
N/2∑
i=i

N/2∑
j=1

(2δJij − δKij)− 2
N∑
ij

εijδSij = 0 (50)

where the variation of the overlap integral is

δSij = 〈δψi|ψj〉+ 〈ψi|δψj〉 (51)

The variation of the other terms can be simplified due to the hermitian
nature of the operators. For instance, the variation of the one-electron part of
the energy is given by the expression

δhi = 〈δψi|ĥi|ψi〉+ 〈ψi|ĥi|δψi〉 = 〈δψi|ĥi|ψi〉+ 〈δψi|ĥi|ψi〉∗ (52)

where the last integral is the complex conjugate (c.g.) of the previous one.
Repeating the same procedure for the remaining terms of equation (50),

δJij = 〈δψiψj |ĝij |ψiψj〉+ 〈ψiδψj |ĝij |ψiψj〉+ c.g. (53)

δKij = 〈δψiψj |ĝij |ψjψi〉+ 〈ψiδψj |ĝij |ψjψi〉+ c.g. (54)

and using the notation from equations (42) and (43), with the coulomb and
exchange one-electron operators

δJij = 〈δψi|Ĵj |ψi〉+ 〈δψj |Ĵi|ψj〉+ c.g. (55)

δKij = 〈δψi|K̂j |ψi〉+ 〈δψj |K̂i|ψj〉+ c.g. (56)

Putting together all the previous equations

2
N/2∑
i=1
〈δψi|

ĥi|ψi〉+
N/2∑
j=1

(
2Ĵj − K̂j

)
|ψi〉 −

N/2∑
j=1

εij |ψj〉

+ c.g. = 0 (57)
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where all the complex conjugates have been grouped into the last term, along
with the second term of equation (51), due to the hermitian nature of the oper-
ators and the relation εij〈ψi|δψj〉 = εji〈ψj |δψi〉 = (εij〈δψi|ψj〉)∗ (the complex
conjugate for the variation of the overlap integral).

Since δψ∗i is arbitrary, the quantity in square brackets must be zero to fulfill
the equation (57),ĥi +

N/2∑
j=1

(
2Ĵj − K̂j

) |ψi〉 − N/2∑
j=1

εij |ψj〉 = 0 (58)

in which the term in parenthesis can be identified as the Fock operator (44), so
the previous equation can be rearranged to

f̂i|ψi〉 =
N/2∑
j=1

εij |ψj〉 (59)

which resembles an eigenvalue equation, but it is not. However, the orbitals from
this equation can be changed by means of unitary transformations to achieve an
eigenvalue equation, wherein the new set of N/2 orbitals {ψ′i} can be written as

ψ′i =
∑
j

ψjUji (60)

being Uji the unitary transformation that converts psij to ψ′i. In matrix nota-
tion,

ψ′ = Uψ (61)
where ψ′ and ψ represent the column vectors of the new and the old set of
orbitals, respectively, and U is the unitary transformation matrix of N/2 ×
N/2 dimensions, which fulfills UU† = U†U = 1.

Using this notation, equation (59) transforms into

F̂ψ = Eψ (62)

being E a non-diagonal N/2 × N/2 matrix. Multiplying this equation by U
from the left

F̂Uψ = UEψ (63)
inserting U†U between E and ψ,

F̂Uψ = UEU†Uψ (64)

and identifying Uψ as ψ′
F̂ψ′ = UEU†ψ′ (65)

Since E is a Hermitian matrix, it can be diagonalized (E′) using a unitary
transformation matrix. Choosing U as this matrix, an eigenvalue equation is
formed:

F̂ψ′ = E′ψ′ (66)
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The set of spatial orbitals {ψ′i} is called the set of canonical orbitals.
Dropping the primes from equation (66), the so-called Hartree-Fock equa-

tions (there are N/2 equations, N considering spin-orbitals instead of spatial
orbitals) are obtained

f̂i|ψi〉 = εi|ψi〉 (67)

To solve these equations, Roothaan proposed191 a basis set representation . If
the basis functions are centered on the atoms of the system, this approximation
is called Linear Combination of Atomic Orbitals (LCAO),

ψi =
k∑
µ=1

Cµiχµ (68)

where χµ are the atomic orbitals, which act as basis functions, Cµi are their
corresponding coefficients, and k is the size of the basis set (the number of basis
functions). Combining equations (67) and (68), and multiplying by χ∗ν ,

k∑
µ=1

Cµi〈χν(ri)|f̂i|χµ(ri)〉 = εi

k∑
µ=1

Cµi〈χν(ri)|χµ(ri)〉 (69)

These equations are called the Roothaan-Hall equations,192 which are normally
written with the notation Fνµ for the integral at the left-hand side and Sνµ for
the one at the right-hand side,176

k∑
µ=1

CµiFνµ = εi

k∑
µ=1

CµiSνµ (70)

or in matrix notation, where F is the matrix containing all the Fνµ integrals,
and S is the one formed by the Sνµ integrals. Both of them are k × k symmetric
matrices

FC = SCε (71)

If the basis set functions are orthonormalised, which is not the general case,
the overlap matrix S is reduced to the identity matrix and equation (71) is
transformed into an eigenvalue equation. Therefore, one of the first steps in the
solution of the Roothaan-Hall equations is usually to find the transformation
matrix that orthonormalises S.

However, the solution, either with orthonormal basis functions or not, cannot
be obtained as in a standard eigenvalue equation, since the Fock matrix, F,
depends on the coefficients of the orbitals and its diagonalization will lead to a
new set of coefficients. The following determinant must be solved∣∣∣∣∣∣∣∣∣

F11 − εS11 F12 − εS12 . . . F1k − εS1k
F21 − εS21 F22 − εS22 . . . F2k − εS2k

...
... . . . ...

Fk1 − εSk1 Fk2 − εSk2 . . . Fkk − εSkk

∣∣∣∣∣∣∣∣∣ = 0 (72)
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all the Fνµ and Sνµ elements in the secular matrix can be computed explicitly,
combining equations (44), (68), and (69), and expanding the φj orbitals. Each
of these matrix elements is calculated according to the following equations,

Fνµ =〈χν |ĥi|χµ〉+
N/2∑
j=1
〈χν |

(
2Ĵj − K̂j

)
|χµ〉

=〈χν |ĥi|χµ〉+
N/2∑
j=1

k∑
λσ

Pλσ

(
〈χλχν |ĝij |χµχσ〉 −

1
2 〈χλχν |ĝij |χσχµ〉

) (73)

Sνµ = 〈χν |χµ〉 (74)

The Pλσ elements act as a weight factor for the two-electron integrals and form
the so-called density matrix P. They are computed as

Pλσ = 2
N/2∑
i=1

CλiCσi (75)

being Cµi the coefficient representing the contribution of the basis function χµ
to the MO i. In the first step of every HF calculation, a guess for the density
matrix must be made.

Once the basis functions are orthonormalised, the solution of the secular
equation (71) consists of diagonalizing the Fock matrix (transformed to the new
orthonormal basis set)

F’C’ = C’ε (76)

As solution, a set of k energies, εi, will be obtained as eigenvalues, which cor-
respond to the energy of each MO of the system, along with their associated
eigenvectors as sets of coefficients.

Then, the total electronic energy of the system can be calculated as the
sum of energies for each occupied MO (77) multiplied by 2 due to the double
occupancy. Although this energy must be corrected to account for the double
counting of the electron-electron interactions, since the Fock operator for each
electron (44) takes into account its interaction with all the other electrons, even
if it has been already included. The total energy of the system will be the result
of also adding the nuclei repulsion term. In terms of spatial orbitals,

EHF = 2
N/2∑
i=1

εi −
N/2∑
ij

(2Jij −Kij) (77)

and in terms of spinorbitals

EHF =
N∑
i=1

εi −
1
2

N∑
ij

(Jij −Kij) (78)
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After solving equation (76), the set of eigenvectors are used to build up the
new density matrix. With the new P, the Fock matrix must be computed again,
leading to a new set of eigenvectors, and so on. This iterative procedure must
be repeated until self-consistency is achieved.

If a different spatial orbital is considered for each electron (changing the
number of occupied MOs from N/2 to N) the HF method is called Unrestricted
Hartree-Fock (UHF). UHF is specially useful for open-shell molecules, where
the number of α and β electrons (Nα and Nβ , respectively) differ. There will
be now two different sets of spatial orbitals, one for the electrons with α spin,
{φαi }, and another one for the β electrons, {φβi }

f̂i|ψαi 〉|α〉 = εαi |ψαi 〉|α〉

f̂i|ψβi 〉|β〉 = εβi |ψ
β
i 〉|β〉

(79)

Multiplying the previous equations by 〈α| and 〈β|, respectively

f̂αi |ψαi 〉 = εαi |ψαi 〉

f̂βi |ψ
β
i 〉 = εβi |ψ

β
i 〉

(80)

where f̂αi = 〈α|f̂i|α〉 is the operator used to obtain the kinetic energy, the
electron-nuclei attraction, and the effective potential of an electron of α spin.
The exchange integrals (Kαβ

ij ) with β electrons vanish. However, the coulomb
integrals (Jαβij ) do not.

f̂αi = ĥi +
Nα∑
j=1

(
Ĵαj − K̂α

j

)
+

Nβ∑
j=1

Ĵβj

f̂βi = ĥi +
Nβ∑
j=1

(
Ĵβj − K̂

β
j

)
+

Nα∑
j=1

Ĵαj

(81)

The total unrestricted electronic energy, EUHF , is the result of adding all the
terms, correcting for the double-counting of the electron-electron interactions
with a 1/2 factor,

EUHF =
Nα∑
i=1

ĥαi +
Nβ∑
i=1

ĥβi + 1
2

Nα∑
i=1

Nα∑
j=1

(
Jααij −Kαα

ij

)
+1

2

Nβ∑
i=1

Nβ∑
j=1

(
Jββij −K

ββ
ij

)
+

Nα∑
i=1

Nβ∑
j=1

Jαβij

(82)

wherein there is no double counting in the last term, since Jαβij 6= Jαβji , and
there is not self-interaction either (Jααii = Kαα

ii ).
The same applies for the Roothaan-Hall equations in the UHF case. There

will be two matrix equations, one for the α electrons and another one for the β
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electrons

FαCα = SCαεα

FβCβ = SCβεβ
(83)

2.1.8 Correlation Energy

HF energies, EHF , are usually quite good (around 99% of the exact energy in
the basis set limit),173 but the results are still above the exact energies Eexact
(always above because of the variational theorem used in the derivation of the
HF equations) due to the lack of correlation energy Ecorr, which is defined as176

Ecorr = Eexact − EHF (84)

There are two kinds of correlation effects (two contributions to the corre-
lation energy, the part of the energy that Hartree-Fock methodology does not
include), static and dynamic.

• The lack of static correlation comes from the error introduced for consid-
ering only one electronic configuration, since only one Slater determinant
is used for the construction of the wave function, as seen in equation (27),
regardless if there are other configurations necessary to describe the state
of the system.

• The dynamic correlation refers to the correlated movement of the elec-
trons, which is simplified at the moment of introducing the concept of
average field, Veff . Only the correlation between electrons with parallel
spin is considered in Hartree-Fock, since they cannot be found in the same
point of space due to the mathematical properties of the Slater determi-
nant.

The order of magnitude of the correlation energy is comparable with the
differences in energy in chemical problems, thus, it must be taken into account
for a proper description of the system.193

Some post HF methods (e.g. MP2, CISD, CCSD. . . ) include correlation
energy using different strategies, but their computational cost is large for big
systems. They are all based on the wave function, which depends on 4N co-
ordinates (spin and the 3 spatial coordinates of each electron). Some of these
methods will be covered in section 2.3.

2.2 Basis Sets
As already seen in section 2.1.7, the spinorbitals (or the spatial orbitals) that
form the wave function of the system are normally expanded in terms of basis
functions, in the so-called LCAO. In this section, a range of possible mathemat-
ical representations for these basis functions will be presented.
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2.2.1 Slater and Gaussian Type Orbitals

The most common basis functions (AOs) are Slater and Gaussian Type Orbitals
(STO and GTO, respectively), which are centered on the atoms.

The STOs,194 defined in equation (85), have an exponential dependence on
the distance between the electrons and the atomic nuclei (r), which mirrors
the exact orbitals from the solution of the hydrogen atom. To introduce nodes
in the radial part, STOs are put together in linear combinations. The major
problem of STOs is that the calculation of two-electron integrals with three and
four centers cannot be performed analytically

χSTOζ,n,l,m(r, θ, ϕ) = NYl,m(θ, ϕ)rn−1e−ζr (85)

where ζ is an exponent that is chosen according to a set of rules that depend on
the atomic number, N is a normalization constant, n is the principal quantum
number, and Yl,m(θ, ϕ) is the spherical harmonic function, which depends on
the angular quantum numbers l and m.

Therefore, the only practical use for STOs is in mono- and diatomic systems
and in semi-empirical methods, where the two-electron integrals with three our
four centers are neglected.

On the other hand, GTOs do not present this problem, since the dependence
on the electron-nuclei distance is r2 instead of r, allowing the analytical solution
of all the integrals.195 However, this change creates some disadvantages of GTOs
over STOs: GTOs don’t represent well the behaviour near the nuclei (absence
of cusps that are present with STOs), and the stronger dependence on r makes
GTOs to fall off too rapidly when the distance is large. The sum of lx, ly and
lz determines the type of orbital (0 in an s-orbital, 1 a p-orbital,. . . ).

χGTOζ,n,l,m(r, θ, ϕ) = NYl,m(θ, ϕ)r2n−2−le−ζr
2

(86)

χGTOζ,n,l,m(x, y, z) = Nxlxylyzlze−ζr
2

(87)

The intrinsic problems of GTOs can be attenuated making linear combina-
tions of L GTOs, which are named Primitive GTOs (PGTOs), to mimic STOs,
forming the so-called Contracted GTOs (CGTOs)

χCGTO(r, θ, ϕ) =
L∑
p=1

dpχ
PGTO
p (r, θ, ϕ) (88)

The total number of CGTOs and PGTOs employed in their expansions de-
pends on the balance between accuracy and computational cost

The so-called minimal basis sets only include one CGTO for each Atomic Or-
bital (AO). For example, carbon atom has the electron configuration 1s22s22p2,
so there will be 5 CGTOs with a minimal basis set, corresponding to the 1s, 2s,
2px, 2py, and 2pz AOs. An option to get more flexible basis sets is to increase
the number of CGTOs per AO. These basis sets are represented with notation
XZ, being X (D, T, Q . . . ) the number of CGTOs, each one ‘mimics’ a STO
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with a different ζ exponent, to describe an orbital. To lower the computational
cost, ‘split-valence’ basis sets differentiate between the core and the valence
orbitals. Each core orbital is described with minimal basis sets, whereas the
valence orbitals are formed by linear combination of CGTOs.

To improve the description of the system, some polarization functions can be
added, these functions correspond to unoccupied orbitals with higher angular
momentum than the occupied AOs (i.e. p functions are added to the s orbitals,
d to the p. . . ). This addition allows more flexibility on the atomic charge dis-
tribution, specially useful when describing bonds, where the electron density is
usually polarized.

Other improvement consists of adding diffuse functions, which are functions
with the same angular momentum as the valence AOs but with a lower exponent
(ζ). They help to describe molecules with weakly-bonded electrons, where the
MOs tend to be more diffuse. This is particularly crucial when studying anions,
excited states, or atoms with lone pairs.

2.2.2 Pople Basis Sets

Pople et al.196 were the first ones in optimizing the coefficients and exponents
for reproducing STOs using CGTOs. The result are the famous Pople minimal
basis sets, which are denoted as STO-nG, where n is the number of PGTOs
used in the expansion of each CGTO (typically between 2 and 6) to simulate
a STO. For example, with STO-3G, there are 3 PTGOs for each AO (CGTO),
this minimal basis set gives the best combination of computational cost and
accuracy of the STO-nG family.

Nevertheless, the most popular basis sets from Pople et al. are their split-
valence basis sets,196–198 which use the notation c−v1v2 . . . vNG(p1, p2), being c
the number of PGTOs in the contraction of each core AO (only one contraction
per core AO), N the number of CGTOs included in each valence orbital, vi the
number of PGTOs forming each of these CGTOs, p1 and p2 the polarization
functions (if present) for the heavy and hydrogen atoms, respectively. The
inclusion of diffuse functions in this type of basis sets199 is indicated by adding
before the ‘G’ the notation ‘+’ for the presence of diffuse s and p functions with
lower exponents on heavy atoms (non-hydrogen atoms), and ‘++’ for indicating
that diffuse s-functions are also added to hydrogen atoms.

The exponents and coefficients for the contracted functions were determined
using the variational principle, optimizing them to yield the minimum possible
HF energy over a set of molecules and atoms. The contraction scheme employed
in the Pople basis sets is called ‘segmented’, because the primitives used in each
CGTO are unique (i.e., they are not used in more than one expansion).178

2.2.3 Correlation-consistent basis sets

Dunning200 has proposed another popular family of basis sets, specifically de-
signed for post Hartree-Fock calculations. They are called correlation-consistent
(cc) basis sets. The name comes from the fact that the functions with similar
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contributions to the correlation energy are included at the same stage. They all
present polarization functions and use the following notation: cc-pVXZ (corre-
lation consistent polarized valence X zeta), where X is D (double), T (triple), Q
(quadruple) . . . . If there is interest in recovering the correlation from the core,
and not only from the valence electrons as in cc-pVXZ, the cc-pCVXZ basis sets
are able to do that (C stands for core).

As the Pople basis sets, the coefficients and exponents were obtained varia-
tionally but, in this case, they also employed calculations including the electron
correlation. The contraction scheme differs from the one used by Pople. It is
called ‘general’ contraction, because the PGTOs are shared in all the expansions,
appearing with different coefficients in each CGTO. This allows a more efficient
calculation of the integrals involving the same primitives, specially important
in the computationally demanding post Hartree-Fock calculations.

The addition of diffuse functions to the cc-pVXZ basis sets is indicated by
the ‘aug’ prefix (aug-cc-pVXZ). It includes diffuse functions for all the angular
momentum (s, p, d, f on heavy atoms, and s, p, d on hydrogen atoms).

Another important feature of this family of basis sets is the extrapolation to
the complete basis set (CBS) limit. Unlike the Pople basis sets, the cc-pVXZ
basis sets are specifically designed for this purpose. The procedure consists of
carrying out calculations with increasing number of CGTOs, like cc-pVDZ, cc-
pVTZ, cc-pVQZ,. . . and then, extrapolate the result to the one that would be
obtained with an infinite basis set, hence removing the error associated with the
LCAO approximation.

2.2.4 Pseudopotentials

Heavy atoms (third row or higher of the periodic table) have a large number
of core electrons that do not participate in breaking or forming bonds, but
make computations very demanding, both in time and storage capacity, since
it’s necessary to include them anyway in the expansion of the orbitals to have
a good description of the electron–electron repulsion.

One solution for considering core electrons with little computational cost
comes from representing all these electrons with an Effective Core Potential
(ECP), also called pseudopotential, modelling the core electrons with a suitable
function, whereas the treatment of the valence electrons remains explicit.201,202
In addition to the computational benefits of removing a huge amount of basis
functions, some relativistic effects, present in heavy transition metal atoms, can
be included through ECPs.

In an ECP basis set, the valence orbitals from an all-electron wave function
are replaced by a set of pseudo-orbitals, which are designed to be smooth and
nodeless in the core region, and the coulomb and exchange contributions of
the core electrons are replaced by a potential UECP (r).173 This potential is
typically constructed on a grid using the numerical HF procedure and fitted to
a suitable set of analytical functions, with parameters ai, ni, αi that depend on
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the angular momentum

UECP (r) =
∑
i

air
nir−αir

2
(89)

Some of the most popular pseudopotentials have been developed by Los
Alamos’ group, such as LANL2DZ,203 mostly used for transition metals, and
LANL2TZ+f,204 which contains polarization functions.

2.2.5 Karlsruhe Basis Sets

The Karlsruhe basis sets, developed by Ahlrichs and coworkers,205 are called
‘def2’ basis sets, because is the second generation of default basis sets in the
Turbomole program.206 They are designed to be used in connection with ECPs
in atoms from Rb to Rn, which reduces the required basis set size and accounts
for scalar relativistic effects.

These basis sets have a ‘segmented’ contraction scheme, whose exponents
and coefficients are minimized with respect to HF energies, although with some
variations due to the presence of ECPs.

Their notation starts with the ‘def2’ prefix, followed by ‘SV’, if they are split-
valence, or ‘TZV/QZV’ for valence triple/quadruple-zeta. Then, they indicate
the presence of one set (‘P’) or two sets (‘PP’) of polarization functions. If they
also add diffuse functions it is indicated by ‘D’ afterwards. For example, the
basis set def2-QZVPPD is a valence quadruple-zeta with two sets of polarization
functions and diffuse functions.

2.3 post Hartree-Fock Methods
2.3.1 Configuration Interaction

Configuration Interaction (CI)207 is a method based on the ground state Slater
determinant. From it, a series of Slater determinants associated with excited
states are constructed, where some of the virtual orbitals are now occupied, and
the wave function is expressed as a linear combination of them. The number
of determinants M that can be obtained from a certain reference determinant
depends on the number of electrons N and MOs K (occupied and virtual)

M =
(
K

N

)
= K!
N !(K −N)! (90)

These M determinants correspond to different electronic configurations, which
are the result of exciting a given number of electrons from occupied (i, j, . . .)
to virtual (a, b, . . .) orbitals. Note, however, that some configurations are not
defined by a single determinant but by a linear combination of determinants.

The so-called Full CI (FCI) wave function is the result of the combination
of all the possible determinants, which are grouped according to the number
of electrons that populate the (previous) virtual orbitals. This wave function,
ΨFCI , with an infinite basis set, gives the exact solution for the non-relativistic

51



2.3 post Hartree-Fock Methods

time-independent Schrödinger equation, within the BO approximation. Hence,
ΨFCI includes all the possible configuration state functions of the system

ΨFCI = c0Ψ0 +
∑
i<a

caiΨa
i +

∑
i<a
a<b

cabij Ψab
ij + . . . (91)

The first term in the previous equation corresponds to the HF reference wave
function, which is taken as the starting point to construct all the wave functions
with single-excitations (Ψa

i ), double-excitations (Ψab
ij ) and so on until the deter-

minant where all the electrons have been excited is reached. Each of them has
an expansion coefficient, c, that can be calculated through the diagonalization
of the Hamiltonian matrix, obtaining a set ofM roots with their associated sets
of coefficients.

As previously stated, this method is exact, but its computational cost for
molecules of more than few atoms is unaffordable. In practice, an infinite basis
set can not be employed either, although the FCI calculation would still give us
the best possible solution for the Schrödinger equation for that choice of basis
set. On top of that, even with basis sets of moderate size, the number of basis
functions in a FCI calculation is too large for the majority of systems. As a
consequence, the number of configuration state functions must be truncated.

In order to choose where to truncate the expansion at equation (91), the
Slater-Condon rules190,208 are useful for evaluating the Hamiltonian terms in-
volving determinants with different levels of excitation, (equations (93) and
(94)), where φi are the MOs, which are already eigenfunctions of the Fock op-
erator, f̂i. For instance, since the determinants are formed by the product of
orthonormal MOs, all the integrals from 〈Ψ0|F̂ |Ψa

i 〉 are zero, since φi 6= φa.
This result is called Brillouin’s theorem, which states that all the matrix ele-
ments of the Hamiltonian involving the HF reference wave function and a single
excited determinant are zero: 〈Ψ0|Ĥ|Ψa

i 〉 = 0. This theorem does not apply to
matrix elements without Ψ0. Also note that all the integrals with determinants
differing by 3 or more orbitals vanish

〈Ψ0|Ĥ|Ψ0〉 =
N∑
i=1
〈φi|f̂ |φi〉 (92)

〈Ψ0|Ĥ|Ψa
i 〉 = 〈φi|ĥ|φa〉+

N∑
j=1
〈φiφj |ĝ|φaφj〉 = 〈φi|f̂ |φa〉 = εaδia (93)

〈Ψ0|Ĥ|Ψab
ij 〉 = 〈φiφj |ĝ|φaφb〉 (94)

〈Ψ0|Ĥ|Ψabc
ijk〉 = 0 (95)

Using a simplified notation, with S for a single-excited determinant, D for
a doubly-excited, and HAB for 〈A|Ĥ|B〉, the FCI matrix is shown below (only
one determinant for each level of excitation is depicted)

ΨFCI = c0|0〉+
∑
i,a

cai |S〉+
∑
ij,ab

cabij |D〉+ . . . (96)
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H =


H00 H0S H0D . . .
HS0 HSS HSD . . .
HD0 HDS HDD . . .
...

...
... . . .

 =


E0 0 H0D 0
0 HSS HSD . . .

HD0 HDS HDD . . .

0
...

... . . .

 (97)

Therefore, if the CI matrix is truncated at the single excitations, H is a block
diagonal matrix. Diagonalization of the block corresponding to the ground state
wave function would yield again the HF energy, E0.178 Consequently, the CI
matrix must be truncated, at least, at the double electronic excitations. The CI
method where the excitations are truncated at the doubles is known as CISD. It
is worth noting that, although the single excited configurations do not interact
with the ground state, they do interact with the double excited determinants
and, hence, they can slightly influence on the lowest root of the CI matrix and,
specially, they can be important in the calculation of other properties, such as
the charge distribution. On the other hand, the inclusion of triple excitations
is not generally worthy since, normally, this would add too many determinants
to the matrix and their contributions to the lowest eigenvalue are very sparse.
These are the reasons why the CISD method is the most popular truncation of
FCI.

One of the main advantages of CISD is that it is variational, each of the
energies obtained through the diagonalization of the CISD matrix represents an
upper bound to the corresponding exact energy (of the ground state or some
excited state). However, this method has some serious drawbacks, specially its
computational cost, with a scaling of M6 (M now refers to the number of basis
functions), is much worse than HF and prevents its use in very large systems.
In addition, a problem of all the truncated CI methods is the consistency. The
energy of two fragments separated by an infinite distance should be equal to the
addition of the energies of each fragment, but this is not fulfilled when using
CISD176

EA + EB 6= EAB(r →∞) (98)

There are some variations to the CISD method that correct this size consis-
tency problem, such as spin-flip CISD (SF-CISD).209 Nevertheless, its compu-
tational cost is still at the same order as CISD.

Other method related to CI is known as Multireference CI (MRCI). This
method uses a multi-determinant wave function as reference to improve the
calculation of energies corresponding to excited states and the inclusion of non-
dynamic correlation.

2.3.2 Perturbation Theory

The aim of Perturbation Theory (PT) is to solve a problem that slightly differs
from a problem that can be solved exactly, through a correction term to the
latter. In this sense, the part without analytical solution is called perturbation,
and must be small compared to the other one. Hence, using the eigenvectors and
eigenvalues of the operator from the original problem, it is possible to obtain
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corrected eigenvectors and eigenvalues for the operator of the more complicated
problem.

The Rayleigh-Schrödinger Perturbation Theory (RS-PT)210 applies the PT
to solve the Schrödinger equation. The Hamiltonian is thus split into two terms,
one operator with an exact solution, Ĥ(0), for which the eigenvalue E0 and
eigenfunction Ψ0 are obtained (the subscript 0 refers to the lowest eigenvalue of
H0), and the perturbation operator, V̂ , without analytical solution

Ĥ = Ĥ(0) + λV̂ (99)

In the previous equation, a parameter λ has been introduced. This is a di-
mensionless parameter, with values from 0 to 1, that determines the weight of
the perturbation into the total operator. For instance, if λ = 0, there is no
perturbation and the original problem is recovered.

When λ 6= 0, the Hamiltonian operator presents a perturbation and the ex-
pressions for the new eigenvalue and eigenfunction will depend on this param-
eter. These equations can be obtained from a Taylor expansion to the original
Ψ0 and E0

E0 = E
(0)
0 + λ

(
∂E

(0)
0

∂λ

)
λ=0

+ 1
2!λ

2

(
∂2E

(0)
0

∂λ2

)
λ=0

+ . . . (100)

Ψ0 = Ψ(0)
0 + λ

(
∂Ψ(0)

0
∂λ

)
λ=0

+ 1
2!λ

2

(
∂2Ψ(0)

0
∂λ2

)
λ=0

+ . . . (101)

The superscript (0) indicates that E(0)
0 and Ψ(0)

0 are the original (without
perturbation) eigenvalue and eigenfunction of the ground state. These equations
are usually presented as

E0 = E
(0)
0 + λE

(1)
0 + λ2E

(2)
0 + . . . (102)

Ψ0 = Ψ(0)
0 + λΨ(1)

0 + λ2Ψ(2)
0 + . . . (103)

where the superscripts (1), (2), . . . refer to the perturbative correctionn of order
1, 2, . . . to either E(0)

0 or Ψ(0)
0 .

Inserting these equations into the Schrödinger equation(
Ĥ(0) + λV̂

)
|Ψ(0)

0 + λΨ(1)
0 + λ2Ψ(2)

0 + . . .〉 =(
E

(0)
0 + λE

(1)
0 + λ2E

(2)
0 + . . .

)
|Ψ(0)

0 + λΨ(1)
0 + λ2Ψ(2)

0 + . . .〉
(104)

It is possible to group the resulting terms according to the power of λ. For
instance, if the truncation is made at the second order of perturbation, three
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equations can be obtained:

Ĥ(0)Ψ(0)
0 = E

(0)
0 Ψ(0)

0 (105)

Ĥ(0)Ψ(1)
0 + V̂Ψ(0)

0 = E
(0)
0 Ψ(1)

0 + E
(1)
0 Ψ(0)

0 (106)

Ĥ(0)Ψ(2)
0 + V̂Ψ(1)

0 = E
(0)
0 Ψ(2)

0 + E
(1)
0 Ψ(1)

0 + E
(2)
0 Ψ(0)

0 (107)

To solve these equations and thus determine the first and second order cor-
rections, intermediate normalization to Ψ is a good start,

〈Ψ0|Ψ(0)
0 〉 = 1 (108)

consequently, the overlap integrals between Ψ(n)
0 of different n are zero. The

equations (105), (106), and (107) are multiplied by 〈Ψ(0)
0 | and, then, integrated.

When this step is applied to equation (106), the first order correction to the
energy is obtained

E
(1)
0 = 〈Ψ(0)

0 |V̂ |Ψ
(0)
0 〉 (109)

Analogously, the second correction to the energy, obtained from equation
(107), is

E
(2)
0 = 〈Ψ(0)

0 |V̂ |Ψ
(1)
0 〉 (110)

hence, extrapolating to the nth correction to the energy

E
(n)
0 = 〈Ψ(0)

0 |V̂ |Ψ
(n−1)
0 〉 (111)

Therefore, in order to know the correction of order n to the energy, the
correction of order n−1 to the wave function is needed. This is achieved through
a linear expansion of Ψ(n)

0 in terms of the complete set of eigenfunctions of Ĥ0,
which is a hermitian operator,

Ψ(n)
0 =

∑
k

C
(n)
0,kΨ(0)

k (112)

where the coefficients are:

C
(n)
0,k = 〈Ψ(0)

k |Ψ
(n)
0 〉 (113)

Hence, the coefficients for Ψ(1)
0 can be determined multiplying equation (106)

by 〈Ψ(0)
k | and integrating,(

E
(0)
0 − E(0)

k

)
〈Ψ(0)

k |Ψ
(1)
0 〉 = 〈Ψ(0)

k |V̂ |Ψ
(0)
0 〉 (114)

substituting Ψ(1)
0 by equation (112), and taking into account the orthonormality

between Ψ(0)
k and Ψ(0)

0

C
(1)
0,k = 〈Ψ

(0)
k |V̂ |Ψ

(0)
0 〉

E
(0)
0 − E(0)

k

(115)
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The equations for the coefficients of the corrections of higher orders are com-
puted following the same procedure, although their expressions are increasingly
more complicated.

So far, expressions for the corrected eigenvalues and eigenfunctions of the
Hamiltonian with a perturbation have been presented. However, when applying
this method, a prescription for the original Hamiltonian Ĥ(0) and its pertur-
bation V̂ is needed. The Møller-Plesset PT (MPPT) provides these prescrip-
tions.211 It applies the RS-PT to the HF method, defining the original Hamil-
tonian as the sum of monoelectornic Fock operators, and the perturbation as
the difference between the exact Hamiltonian Ĥ and Ĥ(0). Recall from equa-
tion (77) that the sum of the monoelectronic Fock operators does not give the
Hartree-Fock energy of the system, but an energy that must be corrected with
a term for the double counting of the electron-electron interactions (78).

Ĥ(0) =
N∑
i=1

f̂i (116)

Therefore, the non-perturbated wave function, Ψ(0), is the wave function ob-
tained from the HF calculation, a Slater determinant of the occupied orbitals,
and the zero-order energy, E(0)

0 , is the sum of energies of these orbitals.
The perturbation V̂ is then the difference between the real electron-electron

interactions and the sum of effective potentials V̂ HFi for all the electrons

V̂ =
N∑
i=1

N∑
j>i

1
rij
−

N∑
i=1

V̂ HFi (117)

Hence, the first-order correction to the energy, E(1)
0 , defined in equation (109)

and evaluated with the HF wave function, is just the negative of the electron -
electron interaction energy. Indeed, this is the correction term to account for the
double counting of the electron-electron interactions in HF. As a consequence,
the energy resulting from adding E(1)

0 to the zero-order energy, usually denoted
as MP1, is the Hartree-Fock energy of the system (78). Therefore, MP1 does
not provide an advantage over HF.

To obtain the first correction to the HF energy, the second-order correction,
E

(2)
0 , must be included. This method is called MP2,212 the most popular one

from MPPT because it provides a good estimation of the correlation energy at
a moderately low computational cost.

To get E(2)
0 , Ψ(1) must be known, but the expansion from equation (112) runs

over all the eigenfunctions of the Hamiltonian, which implies that all the excited
states from the system must be considered. However, bringing back again the
Slater-Condon rules, the integral at the numerator of equation (115) is only
different from zero when Ψ(0)

k corresponds to a doubly excited determinant. So
getting E(2)

0 is not too computationally demanding, as it can be obtained from
evaluating the bielectronic integrals with the newly occupied virtual orbitals,
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as in equation (94), and the difference in energy between the excited and the
ground state wave functions can be evaluated as the difference in energy between
the previously occupied orbitals εi, εj and the virtual orbitals with promoted
electrons, εa, εb.

The scaling of MP2 is approximately M5, although in practice, since only
the bielectronic integrals involving two virtual and two occupied MOs have to
be evaluated, the second order correction to the energy can be computed at a
computational cost similar to a HF calculation. In addition, MP2 accounts for
a large percentage of the correlation energy and it is size-consistent. The main
disadvantage of MPn methods is assuming that the HF wave function is a good
reference state. If it is not a good description of the system, the perturbation
would be too large and convergence problems may arise. On top of that, these
methods are not variational. This means that the inclusion of correlation energy
may be overestimated, ending with an energy lower than Eexact.

2.3.3 Coupled-cluster Theory

The Coupled-Cluster theory (CC)213 fixes the consistency and separability (size
consistency) problems of the truncated CI methods by building the wave func-
tion as an exponential ansatz. Similarly to the CI method, it is based on taking
the HF wave function, Ψ0, as starting point

ΨFCI = Ω̂FCIΨ0 (118)

ΨCC = Ω̂CCΨ0 (119)

In FCI, the operator Ω̂FCI , which acts on the reference wave function, Ψ0,
would be the one that generates all the excited configurations as in equation
(91). The only difference between this operator and the one used in CC, Ω̂CC ,
is that the former is linear whereas the latter is exponential

Ω̂CC = eT̂ (120)
T̂ = T̂1 + T̂2 + T̂3 + . . . (121)

The operator T̂n introduces n excitations into the reference determinant.
Thus T̂ generates all the possible excitations. If the operator T̂ is not truncated,
the CC and FCI methods are equivalent, giving both of them the exact solution
to the time-independent Schrödinger equation if an infinite basis set is used.
This operator can be written, in the second-quantization notation, as

T̂1 =
N∑
i,a

tai âiâ
†
a (122)

T̂2 = 1
4

N∑
ij,ab

tabij âiâj â
†
aâ
†
b (123)
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where âi are the annhilitation operators, which remove an electron from the
orbital i, and the adjoints, â†a, are the creation operators, which promote an
electron to the orbital a. The expansion coefficients t are called cluster ampli-
tudes.

The CC operator Ω̂CC can be written as a Taylor expansion

eT̂ =
∞∑
k=0

1
k! T̂

k (124)

Ω̂CC = 1 +
(
T̂1

)
+
(

1
2 T̂

2
1 + T̂2

)
+
(

1
6 T̂

3
1 + T̂2T̂1 + T̂3

)
+ . . . (125)

where the terms have been arranged in brackets according to the order of exci-
tation that they induce. The first term leaves the HF reference wave function
as it was, the second generates all the single excited determinants, the third
all the doubly excited determinants, distinguishing between connected (T̂2) and
disconnected (T̂ 2

1 ) excitations. The next ones are the triple excitations, again
both connected (T̂3) and disconnected (T̂2T̂1, T̂ 3

1 ), and so on.
CC energy is calculated as 〈Ψ0|ĤΩ̂CC |Ψ0〉. Taking into account again the

Slater-Condon rules, only the first and the bielectronic excitation terms of equa-
tion (125) will result in integrals different from zero. Therefore, the CC ground
state energy only depends on the singles (because of the disconnected double
excitations) and doubles amplitudes, in addition to the two-electron integrals
associated and the HF energy E0

ECC0 = E0 +
∑
i<j

∑
a<b

(
tabij + tai t

b
j − tbi taj

)
〈φiφj |ĝ|φaφb〉 (126)

Nevertheless, CC energy does depend on higher order excitations in the sense
that the calculation of singles and doubles amplitudes involves them. Conse-
quently, the CC calculation becomes too computationally demanding even for
small systems and the number of cluster operators included in T̂ must be trun-
cated. As for previous methods, the inclusion of T̂1 does not improve the HF
energy. Therefore, the lowest truncation that takes into account part of cor-
relation energy must include T̂2, either with or without T̂1 (CCSD and CCD,
respectively).

The CCSD method is the most popular truncated CC method. Its computa-
tional cost is comparable to that of CCD but gives better results, although both
of them scale asM6, beingM the number of basis functions. The computational
cost is even larger if the truncation is made at T̂3 (CCSDT), with M8 scaling.
An alternative for taking into account the triples contribution to the energy at
a lower computational cost is to evaluate this contribution with perturbation
theory, through the formula given by MP4,214 but using the CCSD cluster am-
plitudes for the corrections to the wave function. This hybrid method, known
as CCSD(T), is normally taken as reference for calculations of the ground state
energy of systems with moderate size. It scales as M7.
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Despite the many advantages of the CCSD and CCSD(T) methods, including
size-consistency, its computational cost is still too demanding for many appli-
cations, specially compared to the DFT methods that will be covered in the
next section. In recent years, a lot of effort has been put in order to develop
accurate approximations to these methods, with the ultimate goal of achieving
a cost similar to the initial HF calculation.

The methods known as DLPNO-CCSD and DLPNO-CCSD(T) provide effi-
cient and accurate calculations for large systems.215,216 They use the concept
of PNOs, which refers to Pair Natural Orbitals. It has been proved that the
use of Natural Orbitals (section 2.11.3) ordered according to their occupation
numbers can speed up the calculations.217 The idea of PNO is to benefit from
this by providing separate sets of NOs for each electron pair of the system. This
concept is combined with local correlation ideas (LPNO), which assume that
the electron correlation is mainly local, permitting a truncation of PNOs.218
DLPNO (Domain-based Local Pair Natural Orbital) takes these concepts and
expand the PNOs into local correlation domains to speed up the CCSD and
CCSD(T) calculations without sacrificing much accuracy.

2.3.4 Resolution of Identity

In all the quantum chemical methods above described, the calculation of two-
electron integrals is a mandatory step. Even using GTOs, this step involves
a large computational cost, which is normally reduced with the use of some
algorithms, such as the Resolution of the Identity (RI).219–221

As seen in equation (73), the coulomb part of the Fock operator, in terms of
the basis functions, can be written as a sum of four indexes

M∑
λνµσ

Pλσ〈χλχν |ĝij |χµχσ〉 (127)

The RI algorithm reduces the computational cost for these integrals by in-
troducing a new auxiliary basis set, which separates the sum into a product of
two terms with three indices each. It achieves this by representing the density,
which in terms of the basis functions is calculated according to

ρ(r) =
M∑
λν

Pλνχλ(r)χν(r) (128)

as a linear combination of one electron auxiliary functions {α(r)}222

ρ(r) ≈ ρaux(r) =
Maux∑
α

cαα(r) (129)

The coefficients cα must be obtained through some fitting. There are many
possible metrics for minimizing the error introduced with this approximation.
Two of them are the so-called density fitting and the coulomb fitting.223
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The density fitting minimizes the integrated residual error of the density
|δρ(r)| with respect to the coefficients,224

|δρ(r)|2 =
∫ ∣∣∣∣∣ρ(r)−

Maux∑
α

cαα(r)
∣∣∣∣∣
2

dr (130)

obtaining the following equation for these coefficients

cα =
∑
α′

S−1
αα′〈α

′|ρ〉 (131)

where the integral is

〈α′|ρ〉 =
∫
α′(r)χλ(r)χν(r)dr (132)

and S−1
αα′ is the inverse of the overlap integral of the auxiliary basis functions

(Sαα′ = 〈α|α′〉).
On the other hand, the coulomb fitting minimizes the self-interaction of the

residual density with respect to the coefficients , 〈δρ|ĝ|δρ〉, resulting in

cα =
∑
α′

V −1
αα′〈α

′|ĝ|ρ〉 (133)

where V −1
αα′ is the inverse of the coulomb integral of the auxiliary basis, 〈α|ĝ|α′〉.

This fitting provides better results than those of the density fitting at the ex-
pense of a larger computational cost.223 The quality of the auxiliary basis set
is also important for both metrics, although if this basis set reproduces exactly
the original density, both fitting techniques are equivalent.

2.4 Foundations of Density Functional Theory (DFT)
Density Functional Theory (DFT)225 accounts for correlation energy with a
lower computational cost than the post HF methods by using an alternative ap-
proach to these wave function-based methods: it focuses on the electron density
ρ(r).

2.4.1 Electron density

The electron density is defined as the integral over all the electron spin coor-
dinates (s) and over the three spatial coordinates (r) of all but one electron
(dr1)

ρ(r) = N

∫
Ψ∗(x1, . . . , xN )Ψ(x1, . . . , xN )ds1ds2dr2 . . . drN (134)

Hence, ρ(r) determines the probability of finding any of the N electrons of
the system in a differential volume dr1, and it only depends on the three spatial
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coordinates. So, from both a methodological and a computational viewpoint, it
would be desirable to calculate the energy using the electron density instead of
the wave function. In addition, unlike the wave function, the electron density is
a physical observable and can be measured experimentally (e.g., through X-ray
diffraction).

The electron density has some other properties of interest:
• By integration over the whole space it gives the total number of elec-

trons. Furthermore, it decays to zero at infinite distance from the nuclei
(asymptotic decay) ∫

ρ(r) = N (135)

ρ(r →∞) = 0 (136)

• It is maximum at the positions of the atoms, RA, due to the attractive
potential of the positive charge in the nuclei towards the electrons.

• It is possible to relate it to the nuclear charge, ZA, at the nuclear positions,
according to the following equation

lim
r→RA

[(
d

dr
+ 2ZA

)
ρ̄(r)

]
= 0 (137)

where ρ̄(r) is the spherically averaged density.
As already seen in equation (13), the electronic Hamiltonian is an operator

that can be constructed with only three variables of the system: N , ZA, and
RA. Since the electron density contains enough information to specify these
three variables, it should be sufficient to define the Hamiltonian and hence, the
energy of the system and its wave function. In principle, every observable can
be obtained exactly from the electron density.

2.4.2 The Thomas-Fermi Model

The first known use of the electron density for calculating the energy of a system
is the Thomas-Fermi model,226,227 which is based on a uniform electron density
(uniform gas of electrons) instead of the wave function. The accuracy of this
model is low and its applicability limited, but it can be considered as the first
and simplest DFT method

ETF [ρ(r)] = 3
10(3π2)2/3

∫
ρ5/3(r)dr − Z

∫
ρ(r)
r
dr + 1

2

∫∫
ρ(r1)ρ(r2)

r12
dr1dr2

(138)
ETF [ρ(r)] is the Thomas-Fermi functional. The first term corresponds to the
kinetic energy, the second is the nuclear-nuclear potential, and the third is the
electron-electron potential.

The energy in this model only depends on the electron density, which is
obtained applying the variational method under the constraint that it must
integrate to the total number of electrons.
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2.4.3 The Hohenberg-Kohn theorems

The electronic Hamiltonian can be written as the sum of kinetic energy, T̂ (r),
electron-electron repulsion potential, V̂ee(r) and a term that can be called exter-
nal potential, V̂ext, which refers to the potential acting on an electron (normally
just the potential of nuclear charges, V̂en)

Ĥ(r) = T̂ (r) + V̂ee(r) + V̂ext(r) (139)

The first Hohenberg-Kohn228 theorem states that the external potential is
determined, within a trivial additive constant, by the ground state electron
density ρ(r). There is a unique external potential for a given density, but not
all electron densities have an associated external potential. The ones that have
it are called v-representable. The ground state densities for a Hamiltonian with
an external potential are always v-representable.

Since the Hamiltonian is a functional of the ground state density, the ground
state energy, E0, must also be v-representable

E0[ρ(r)] = T [ρ(r)] + Vee[ρ(r)]︸ ︷︷ ︸
FHK [ρ(r)]

+
∫
ρ(r)Ven(r)dr (140)

In the previous equation, the Hohenberg-Kohn functional, FHK [ρ(r)], has been
defined, and it includes functionals for the kinetic energy of the electrons and
the electron-electron repulsion (the terms that are independent of the nuclei). If
this universal functional was known, the time-independent Schrödinger equation
could be solved exactly for any type of system, but its explicit form is still
unknown.

Nevertheless, the classical coulomb interaction, J [ρ(r)], from the electron-
electron repulsion term can be calculated exactly as a functional of the electron
density,

Vee[ρ(r)] = J [ρ(r)] + Vncl[ρ(r)] = 1
2

∫∫
ρ(r1)ρ(r2)

r12
dr1dr2 + Vncl[ρ(r)] (141)

the second term refers to the non-classical contribution to the electron-electron
interaction, containing the self-interaction correction, the exchange, and the
electron correlation (the electrons do not feel a mean average potential as in HF).
Both explicit forms of the functionals Vncl[ρ(r)] and T [ρ(r)] are still unknown.

The second Hohenberg-Kohn theorem relates to the problem of not knowing
the exact electron density for the ground state. It states that the functional
E0[ρ(r)] only delivers the lowest energy if the input density is the true ground
state density.

Hence, introducing in equation (140) any trial density ρ̃(r) that fulfils the
boundary conditions and that is v-representable, the energy obtained will rep-
resent an upper bound to the ground state energy (similar to the variational
principle). The energy obtained from the trial density will be the ground state
energy only if this density is the true ground state density ρ̃(r) = ρ(r)

E0 ≤ E[ρ̃(r)] = T [ρ̃(r)] + Vee[ρ̃(r)] + Ven[ρ̃(r)] (142)
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Therefore, the ground state energy of an N -electron system is obtained by
minimizing the following equation, varying only the electron density with the
constraint that it must integrate to the total number of electrons

E0 = min
ρ→N

(
FHK [ρ(r)] +

∫
ρ(r)Vext(r)dr

)
(143)

As previously seen in equation (140), the functional FHK [ρ(r)] includes the
kinetic energy and the electron-electron potential (coulomb and exchange), but
only the coulomb interaction J [ρ(r)] is known.

2.4.4 The Kohn-Sham equations

In 1965, Khon and Sham229 proposed a procedure that allows to apply the
second Hohenberg-Kohn theorem efficiently (Thomas-Fermi applied it but only
in the case of a model without chemical bonds).

Their idea was to calculate the HF kinetic energy for a fictitious non in-
teracting system but with the same density as the real (interacting) one. The
kinetic energy obtained, TS , is not equal to the true kinetic energy T of the
system (subscript S in TS refers to the fact that the kinetic energy is calculated
for a Slater determinant), although the difference T − TS is usually small

TS =
N∑
i=1
〈φi| − 1/2∇2

i |φi〉 (144)

In the previous equation, φi are the spin-orbitals of the non-interacting system.
Although the wave function is not exact, it is possible to build the exact electron
density with these orbitals

ρS(r) =
N∑
i=1
|φi(xi)|2 = ρexact(r) (145)

where the summation runs over all orbitals and spins (all the electrons in the
system).

Then, Kohn and Sham introduced an exchange-correlation functional, which
contains everything that is still unknown, as

EXC [ρ(r)] = (T [ρ(r)]− TS [ρ(r)]) + (Vee[ρ(r)]− J [ρ(r)]) (146)

This functional includes the self-interaction error correction, the correlation
energy related to the electron-electron interactions, the exchange energy, and
the part of the real kinetic energy that is missing in equation (144).

The ground state energy can thus be calculated as

E[ρ(r)] = TS [ρ(r)] + Ven[ρ(r)] + J [ρ(r)] + EXC [ρ(r)] (147)

where the exchange-correlation functional, EXC [ρ(r)], is now the only term
without an explicit form.
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Applying the variational principle as in HF to get the orbitals that minimize
the energy, with the same constraint of orthogonality of the orbitals, the so-
called Khon-Sham equations are obtained:(

−1
2∇

2
i +

[∫
ρ(r)
rij

drj + EXC(ri)−
M∑
A=1

ZA
riA

])
φi = εiφi (148)

Veff (ri) = J(ri) + EXC(ri) + Ven(ri) (149)(
−1

2∇
2
i + Veff (ri)

)
φi = εiφi (150)

The shape of these equations resembles that of HF methodology (one electron
operator with an effective potential) and the procedure for solving them is sim-
ilar as well: an iterative process to get the orbitals (and hence the electron den-
sity) that minimize the ground state energy (so far DFT follows the variational
theorem) under the orthogonality constraint until self-consistency is achieved.
The LCAO approximation is also be applied to the spin-orbitals within DFT.

The Kohn-Sham (KS) orbitals and eigenvalues belong to a fictitious system,
a non-interacting system, so they are not directly related to the real system.
However, they are used to construct the exact electron density, which is associ-
ated with the one-electron potential that includes all the missing effects in the
fictitious picture. Furthermore, the energy of the Kohn-Sham Highest Occu-
pied Molecular Orbital (HOMO) is equal to the negative of the exact ionization
energy (Koopmans’ Theorem).

Note that a KS system may or may not exist for a given v-representable
density, this is called the non-interacting v-representability problem.

2.5 Approximate Exchange-Correlation functionals
The accuracy of the results in DFT depends on the approximation used for
the exchange-correlation functional. However, there is not any guidance for
improving these approximations. There are some physical constraints that must
be fulfilled, but there are functionals that violate these rules with better results
than others that fulfil them.

The only way to check the accuracy and usefulness of a specific functional
is to compare its performance to a reference, like, for instance, to experimental
data or high level calculations.

2.5.1 Local Density Aproximation

The local density approximation (LDA) is the basis of most of the exchange-
correlation functionals.230 Thomas-Fermi model is an example of LDA and,
as already mentioned, it is based on the uniform electron gas (UEG) model to
represent the system. This model is electrically neutral with N electrons in a
volume V that move on a positive background charge distribution, hence, the
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density ρ is finite
ρ = N

V
(151)

The main idea of LDA is to write the exchange-correlation energy as

ELDAXC [ρ(r)] =
∫
ρ(r)εXC [ρ(r)]dr (152)

where εXC is the exchange-correlation energy per particle of a UEG with density
ρ(r). It is then split into exchange (the exactly form is known) and correlation
(approximation with high accuracy) contributions

εXC [ρ(r)] = εX [ρ(r)] + εC [ρ(r)] (153)

The following equation for the exchange energy contribution was derived by
Block231 and Dirac232

εX [ρ(r)] = −3
4

[
3ρ(r)
π

]1/3
(154)

Inserting this expression into equation (152)

ELDAX [ρ(r)] = −3
4

(
3
π

)1/3 ∫
ρ4/3(r)dr (155)

Unlike the exchange contribution, no explicit expression for the correlation
part is known. However, highly accurate quantum Monte-Carlo simulations of
the homogeneous electron gas have been employed to obtain expressions for
εC [ρ(r)].

There is an extension for LDA where α and β spins are independently
treated. It is especially useful for open-shell systems where there are un-paired
electrons and LDA functionals that do not depend on the spin densities would
lead to large errors. This ‘unrestricted’ LDA is known as Local Spin-Density-
Approximation (LSDA).

In open-shell systems, the electron density for each spin is different,

ρα(r) 6= ρβ(r) (156)

and the exchange-correlation energy depends on the α electron density, ρα(r),
and the β electron density, ρβ(r), as follows,

ELSDAXC [ρα(r), ρβ(r)] =
∫
ρ(r)εXC [ρα(r), ρβ(r)]dr (157)

like in UHF, the Kohn-Sham equations are evaluated separately for the two
spins.

One of the first forms for the LSDA correlation potential was given by Vosko,
Wilk, and Nusair (VWN),233 reproducing the uniform electron gas for high and
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low density limits. It depends on two variables: rS and ζ. rS is the Seitz radius,
related to the inverse of the electron density, and ζ is the spin polarization

4
3πr

3
S = V

N
= 1
ρ

(158)

ζ = ρα − ρβ
ρ

(159)

The VWN correlation functional has been constructed using an analytic
interpolation formula. It interpolates between the unpolarized (ζ = 0, same
number of electrons in both spins) and spin polarised (ζ = 1, all electrons with
α spin) limits,

εC(rS , ζ) = εC(rS , 0) + αC(rS) f(ζ)
f ′′(0)

(
1− ζ4)+ [εC(rS , 1)− εC(rS , 0)] f(ζ)ζ4

(160)
being αC(rS) a function called spin stiffness, defined as

αC(rS) =
[
∂2εC(rS , ζ)

∂ζ2

]
ζ=0

(161)

and f(ζ)

f(ζ) = (1 + ζ)4/3 + (1− ζ)4/3 − 2
2
(
21/3 − 1

) (162)

The different εC(rS , ζ) functionals are parametrized according to the follow-
ing equation,

εVWN
C (x) = A

{
ln x2

X(x) + 2b
Q

tan−1
(

Q

2x+ b

)
− bx0

X(x0)

[
ln (x− x0)2

X(x) + 2 (b− 2x0)
Q

tan−1
(

Q

2x+ b

)]} (163)

where x, X(x), and Q are defined as follows

x = √rS (164)
X(x) = x2 + bx+ c (165)

Q =
√

4c− b2 (166)

In the previous equations, A, x0, b, and c are parameters, also known as fitting
constants, with different values for εC(rS , 0), εC(rS , 1), and αC(rS).

A different parametrization for εC and αC was proposed by Perdew and
Wang (PW92)234 as displayed here,

εPW92
C = −2A (1 + α1rS) ln

1 + 1
2A
(
β1r

1/2
S + β2rS + β3r

3/2
S + β4r2

S

)
 (167)
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in which now the parameters are A, and βn, also taking different values for
εC(rS , 0), εC(rS , 1), and αC(rS). PW92 uses the VWN interpolation formula
(160) and this combination is the most accurate functional for LSDA correlation
energy available at the moment.

2.5.2 The Generalized Gradient Approximation

LSDA is exact for a uniform electron gas and quite accurate for solids. However,
it fails for atoms and molecules since the electron density in them is not homo-
geneous. The obvious improvement for LSDA is to include some dependence
on the gradient of the electron density, ∇ρ(r), in the exchange-correlation func-
tional (similar to adding extra terms from a Taylor expansion of the density),
to account for the inhomogeneity of the real system. This is known as Gradient
Expansion Approximation (GEA).

The GEA exchange-correlation energy is then,

EGEAXC [ρα(r), ρβ(r)] =
∫
f (ρα(r), ρβ(r),∇ρα(r),∇ρβ(r)) dr (168)

and applying this concept for the exchange energy,

EGEAX [ρ(r)] = ELDAX [ρ(r)] +
∫
f(x)ρ4/3(r)dr (169)

where f(x) is a function of the electron density gradient, as x is defined as

x = |∇ρ(r)|
ρ4/3(r) (170)

Introducing the expansion for the exchange-correlation functional in an UEG
(the terms that vanish are not shown),

EXC [ρ(r)] =
∫
ρ(r)εLDAXC [ρ(r)]dr +

∫
|∇ρ(r)|2ε(2)

XC [ρ(r)]dr + . . . (171)

where ε(2)
XC are coefficients with appropriate dimension.

Applying this expansion to the GEA exchange energy in terms of the reduced
density gradient, x,

EGEAX [ρ(r)] = ELDAX [ρ(r)]− βX
∫
ρ4/3(r)x2dr + . . . (172)

being βX the second-order GEA exchange coefficient. Some terms (ρ4/3xn) of
this expansion diverge, so it may fail when applied and it does not provide an
improvement over LSDA.

Gradient Corrected or Generalized Gradient Approximation (GGA) is the
name of GEA including a corrected dependency on the derivatives of the density
that leads indeed to a better description than LSDA. Sometimes, GGA methods
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are called non-local methods, but this is not correct since they only depend on
the density (and its gradient) at a given point of space.

As in LDA (see eq. (153)), there is usually a separation between the ex-
change and correlation contributions. The GGA functionals that approximate
exchange and correlation together are called Nonseparable Gradient Approxi-
mation (NGA) functionals.

First, some GGA exchange functionals, depending on FX [x], a functional of
x, will be presented herein

EGGAX [ρ(r)] =
∫
ρ(r)εLDAX [ρ(r)]FX [x]dr (173)

One of the first GGA exchange functionals was proposed by Perdew and
Wang in 1986 (PW86),235 with three a, b, and c suitable constants. As all the
GGA exchange functionals, it must be combined with some expression for the
correlation energy

FPW86
X [x] =

(
1 + ax2 + bx4 + cx6)1/15 (174)

Perdew also participated in the development of another popular GGA ex-
change functional, the so-called PBE,236

FPBEX [x] = 1 + κ− κ2

µp
(175)

where p = s2 (s depends on x according to the following equation), µ = 0.21951,
and κ = 0.804

s(x) = x

2 (3π2)1/3 (176)

Almost simultaneously to PW86, in 1986, Becke237 proposed a functional
for GGA exchange energy, whose form was the basis for future functionals

FB86
X [s] = 1 + βc2c

2
1s

2

1 + γc21s
2 (177)

c1 = 2
(
6π2)1/3 (178)

c2 = 2
(
CX21/3

)−1
(179)

CX = 3
4

(
3
π

)1/3
(180)

where the constants β and γ have 0.0036 and 0.004 values, respectively.
In 1988, Becke238 improved this exchange GGA functional with some cor-

rections that satisfy the asymptotic constraint for the exchange density

lim
r→∞

εX = −ρ(r)
2r (181)
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This exchange functional is known as B88. Its value for γ is 0.0042, which has
been obtained from fitting of the exchange energy for the six noble gases

FB88
X [s] = 1 + γc2c

2
1s

2

1 + 6γsc1 sinh−1 (sc1)
(182)

Other popular GGA exchange functionals are LG,239 FT97,240 G96,241 and
PW91.242–244

There is also a huge number of GGA correlation functionals, one of the most
used was developed by Lee, Yang, and Parr (LYP)245 using the Colle-Salvetti
formula for calculating the correlation energy,

ELY PC [ρ(r)] =
∫
ρ(r)εLY PC [ρ(r)]dr (183)

εLY PC [ρ(r)] = −a γ(
1 + dρ−1/3

) − ab γe−cρ
−1/3

9
(
1 + dρ−1/3

)
ρ8/3

[
18
(

22/3
)
CF(

ρ8/3
α + ρ

8/3
β

)
− 18ρtW + ρα

(
2tαW +∇2ρα

)
+ ρβ

(
2tβW +∇2ρβ

)] (184)

a, b, c, and d are parameters fitted for the helium atom, tσW is the local Weiz-
sacker kinetic energy with spin σ (α or β),

tσW = 1
8

(
|∇ρσ|2

ρσ
−∇2ρσ

)
(185)

and γ is a function, defined as

γ = 2
(

1−
ρ2
α + ρ2

β

ρ2

)
(186)

It becomes zero when all the spins are aligned, so LYP functional does not
predict any correlation energy for parallel spins orientations.

Perdew proposed two different functionals for the GGA correlation energy:
one with Wang (PW91),242–244 and another one with Burke and Ernzerhof
(PBE).236 Their starting points are the equations shown below,

EGGAC [ρα(r), ρβ(r)] =
∫
ρ(r)H(rS , ζ, t)dr (187)

t = |∇ρ|
2φ(ζ)kSρ

(188)

kS =
(

4kF
π

)1/2
(189)

kF =
(
3π2ρ

)1/3 (190)

where H(rS , ζ, t) is a numerically defined gradient correction, rS is the Seitz
radius (158), ζ is the relative spin polarization (159), and t is the reduced
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density gradient generalized to spin-polarized systems. In equation (188), φ is
a scaling factor, defined as

φ(ζ) =
[
(1 + ζ)2/3 + (1− ζ)2/3

]
/2 (191)

In the case of PW91, H(rS , ζ, t) is expressed as

HPW91(rS , ζ, t) = HPW91
0 (rS , ζ, t) +HPW91

1 (rS , ζ, t) (192)

wherein the H1 term is negligible unless s, defined in eq. (176), is close to zero.
On the other hand, the PBE correlation functional defines H(rS , ζ, t) as

HPBE(rS , ζ, t) = HPBE
0 (rS , ζ, t) (193)

In both functionals, PW91 and PBE, H0 has the same expression

H0(rS , ζ, t) = γφ3(ζ) ln
[
1 + at2

(
1 +At2

1 +At2 +A2t4

)]
(194)

where a is a suitable constant and A is

A = a

e−ε
LSDA
C

(rS ,ζ)/γφ3(ζ) − 1
(195)

HPW91
0 and HPBE

0 only differ in the value given for γ, which is 0.024734
and 0.031091, respectively. εLSDAC (rS , ζ) is the LSDA correlation energy with
the PW92234 parameterization (see eq. (167)).

Other functionals for GGA correlation energy are, for example, B95,246
P86,247 and WL.248

2.5.3 Meta-GGA

The next obvious improvement for GGA functionals is to include an extra term
in the expansion of the density, the Laplacian of the electron density, ∇2ρ(r).
Therefore, the functionals now depend on the density and its first and second
derivatives, thus, the system is described with more accuracy

EmGGA
XC [ρ(r),∇ρ(r),∇2ρ(r)] (196)

Alternatively, GGA functionals can be improved by including the depen-
dence on the kinetic energy density τ(r)230 rather than the Laplacian of the
density. Both types of improvements are commonly called meta-GGA (mGGA),
or meta-NGA for the functionals that do not separate the exchange and corre-
lation contributions

EmGGA
XC [ρα(r), ρβ(r),∇ρα(r),∇ρβ(r), τα(r), τβ(r)] (197)

τ(r) = 1
2

N∑
i=1
|∇φi(r, s)|2 (198)
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One of the most popular mGGA functionals is TPSS, proposed by Tao,
Perdew, Staroverov, and Scuseria in 2003.249 It depends on the density, its gra-
dient, and the orbital kinetic energy density, satisfying some constraints without
using empirical parameters.

The development of TPSS was based on a previous mGGA functional called
PKZB, proposed by Perdew, Kurth, Zupan, and Blaha in 1999250

EmGGA
X [ρ(r)] =

∫
ρ(r)εLDAX [ρ(r)]FX(p, z)dr (199)

The function FX depends on two dimensionless inhomogeinity parameters, p
and z,

p = s2 (200)

z = τW

τ
≤ 1 (201)

τW = 1
8
|∇ρ|2

ρ
(202)

and has the following expression,

FX = 1 + κ− κ

1 + x/κ
(203)

where κ = 0.804, and x is a function that depends on p and z.
The exchange functional was chosen according to the fulfilment of the fol-

lowing constraint criteria:249

• The expression for FX when p tends to an infinity value is maintained as
FPBEX (eq. (175)).

• For a slowly variant density, FX has the following expression

FX = 1 + 10
81p+ 146

2025q
2 − 73

146qp+Dp2 +O(∇6) (204)

q = ∇2ρ

4 (3π2)2/3
ρ5/3

(205)

that recovers the fourth-order gradient expansion of Svendsen and von
Barth,251 being q the reduced Laplacian of the density and D a parameter
that is set to zero in TPSS, but in other functionals, such as PKZB,
D = 0.113.

• Recovery of the exact exchange energy for the ground state density of the
hydrogen atom, which is −0.3125 hartree.

• The Laplacian of the density diverges at the nuclei (s ≈ 0.4) unless its
coefficient, proportional to dFX/ds, vanishes there.(

dFX
ds

)
s≈0.4

= 0 (206)
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Hence, x must fulfil all of these constraints, in the case of TPSS,

x =


[

10
81 + c

z2

(1 + z2)2

]
p+ 146

2015 q̃
2
b −

73
405 q̃b

√
1
2

(
3
5z
)2

+ 1
2p

2

+ 1
κ

(
10
81

)2
p2 + 2

√
e

10
81

(
3
5z
)2

+ eµp3

}(
1 +
√
ep
)−2

(207)

in this expression, q̃b is a parameter that tends to the reduced Laplacian q in the
slowly varying limit; c = 1.59096 and e = 1.537 are constants, which assure that
the constraint related to the exchange energy of the hydrogen atom is fulfilled,
and the constant µ = 0.21951 comes from the PBE exchange functional (175).

For the correlation contribution, PKZB is a nonempirical self-interaction-free
functional, which is also the basis for TPSS correlation249

EmGGA
C [ρ(r)] =

∫
ρεrevPKZBC dr

[
1 + dεrevPKZBC (τW /τ)3

]
(208)

being d = 2.8 hartree−1 and εrevPKZBC a revised version of the PKZB correlation
energy

εrevPKZBC = εPBEC [ρα(r), ρβ(r),∇ρα(r),∇ρβ(r)]
[
1 + C(ζ, ξ)

(
τW /τ

)2]
−
[
1 + C(ζ, ξ)

(
τW /τ

)2]∑
σ

ρσ
ρ
ε̃C

(209)

with C(ζ, ξ) a function that depends on two variables, ζ the spin polarization
(159), and ξ = |∇ζ|/2

(
3π2ρ

)1/3. In PKZB, ε̃C = εPBEC [ρσ(r), 0,∇ρσ(r), 0], but
in this revised version is chosen to be

ε̃C = max
{
εPBEC [ρσ(r), 0,∇ρσ(r), 0], εPBEC [ρα(r), ρβ(r),∇ρα(r),∇ρβ(r)]

}
(210)

2.5.4 Hybrid functionals

Another advance in exchange-correlation functionals came in 1993. It was de-
rived from the adiabatic connection, which models the connection between the
two systems involved in Khon-Sham equations (non-interacting system and the
actual interacting system). Hence, the exchange correlation functional is ob-
tained by integration over a parameter λ that describes the ‘amount’ of electron-
electron interactions included (λ = 0 in the non-interacting system) as displayed
below

EXC =
∫ 1

0
〈Ψλ|VXC(λ)|Ψλ〉dλ (211)

If VXC(λ) is taken to be linear in λ, the integral gives the following expression

EXC ≈
1
2 〈Ψ0|VXC(0)|Ψ0〉+ 1

2 〈Ψ1|VXC(1)|Ψ1〉 (212)
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which is just the average value between the two limits. The first term in this
equation can be calculated exactly, since the HF methodology provides an ex-
pression for the exact exchange energy of a non-interacting system

EHFX = −
N∑
i=1

N∑
j>i

Kij = −
N∑
i=1

N∑
j>i

〈φi(xi)φj(xj)|gij |φj(xi)φi(xj)〉 (213)

Now, φi(xi) are the Khon-Sham spinorbitals, which play an identical role to
their analogues in the HF methodology for this type of system.

Although the expression for the second term in equation (212) is not known
exactly, some approximations for the exchange-correlation potential in an inter-
acting system have already been presented.

In 1993, Becke proposed the so-called Half-and-Half methods,252 whose idea
is splitting the exchange energy exactly in two halves, one for the HF exchange
(exact for the non-interacting system) and the other half for the exchange from
LSDA, as depicted below

EX = 1
2E

HF
X + 1

2E
LSDA
X (214)

It must be combined with another functional for correlation energy
In this framework, Becke proposed several functionals.252 For example, the

BHandH functional combines the Half-and-Half method with the GGA func-
tional LYP for correlation.

EBHandHXC = 1
2E

HF
X + 1

2E
LSDA
X + ELY PC (215)

Another one is the BHandHLYP functional, also known as BHLYP,252 which
includes a GGA correction (B88) for the exchange energy as well

EBHandHLY PXC = 1
2E

HF
X + 1

2E
LSDA
X + 1

2∆EB88
X + ELY PC (216)

This kind of functionals did not greatly improve the GGA results. There-
fore, the next step was to introduce some GGA exchange-correlation energy in
equation (214) along with some experimental (or from high-level calculations)
parameters. Becke253 proposed the following general expression for this kind of
functionals, usually called hybrid functionals,

EB3
XC = aEHFX + (1− a)ELSDAX + b∆EB88

X + cELSDAC + (1− c)EGGAC (217)

in which a, b, and c are the parameters (the dependence on these parameters
may vary depending on the hybrid functional). The name of the functional (B3)
comes from the number of parameters.

The famous hybrid functional B3LYP is the result of combining equation
(217) with VWN233 (eq. (163)), and LYP245 (eq. (183)) correlation energies,
and using a set of parameters fitted from experimental data

EB3LY P
XC = 0.2EHFX +0.8ELSDAX +0.72∆EB88

X +0.19EVWN
C +0.81ELY PC (218)
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B3LYP is by far the widest used hybrid functional (and DFT functional in
general), with successful results for a wide variety of chemical problems.254,255
However, there are many other hybrid functionals that have been developed.
For instance, another popular hybrid functional is PBE0,256 which is based on
the GGA exchange-correlation functional PBE, incorporating a quarter of exact
(HF) exchange energy

EPBE0
XC = 0.25EHFX + 0.75EPBEX + EPBEC (219)

The EGGAC term in the expression of hybrid functionals (217) can be substi-
tuted by the correlation energy of a meta-GGA functional, EmGGA

C . This type
of functionals are known as hybrid meta-GGA functionals. TPSSh,257 defined in
the equation (220), is an example. It combines the TPSS exchange-correlation
functional249 (mGGA) with the HF exchange energy,

ETPSShXC = 0.10EHFX + 0.90ETPSSX + ETPSSC (220)

It only has one parameter, a, which has been obtained by fitting to theoretical
enthalpies of formation of 223 molecules.

Truhlar et al. have developed several hybrid functionals (also known as
Minnesota functionals) mostly based on the meta-GGA approximation (e.g.,
M05,258 M06,259 . . . ). One of the last functionals proposed by this group is
called MN15.260 It is a hybrid meta-NGA functional with 58 empirical param-
eters fitted to a large set of data and which incorporates 44 % of HF exchange.
This functional showed remarkable performance for a wide range of properties.

One of the key aspects in hybrid functionals is the choice of parameters. It
is usually done by fitting to experimental data. Many functionals have included
a higher number of parameters to improve this fitting. For example, the B97
functional uses 10 parameters,261 and there are some functionals with even
higher level of parameterization, such as VS98.262 The Minnesota functionals
have a great number of parameters as well, which are fitted to many chemical
species, leading to an impressive performance in many areas.

2.5.5 Beyond-hybrid functionals

Despite the huge number of hybrid functionals, all the exchange-correlation
functionals reported in the literature present some limitations, specially in sys-
tems containing transition metals as well as in the calculation of barrier heights.
In this sense, many new developments in functionals based on different assump-
tions have emerged in recent years.263 Some of the most important ones will be
covered in this section.

Local hybrids

One of the main problems of hybrid functionals is the lack of flexibility in the
ratio between the exact and the approximated exchange energies (they usually
include 20-25 % of exact HF exchange), which is fixed for all the different regions
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of the system of interest. Furthermore, there exist a self-interaction error in this
kind of functionals, since the self-coulomb energy (Jii) is only partially cancelled
by the exchange energy (Kii, the HF exchange).

Jaramillo et al. proposed in 2003264 a new approximation based on the
hybrid methods but changing the parameter a, which gives the amount of exact
exchange included, to a local function a(r). For example, a local hybrid (LH)
functional263 with a shape similar to B3LYP is

ELHXC =
∫ [

a(r)εHFX (r) + (1− a(r))εLDAX (r)
]
dr + b∆EGGAX + EGGAC (221)

One choice for this function that helps to correct the self-interaction error
is,

a(r) = τW

τ
(222)

where τ and τW have already been defined in equations (198) and (202), re-
spectively. Note that τ = τW in regions with one electron. Therefore, 100%
of the exchange energy comes from the exact HF exchange and hence, there is
no self-interaction error for one-electron regions (Jii = Kii). Alternatively, for
homogeneous regions (with uniform densities), |∇ρ|2 = 0, so τW = 0, a(r) = 0,
and all the exchange energy will come from DFT exchange.

The flexibility of this kind of functionals is very attractive and there are
many examples of local-hybrid functionals with different choices for the local
mixing function.

Adiabatic connection functionals

The local hybrid functionals create a smooth mixing of exchange energy be-
tween the non-interacting and the full-interacting systems. Alternatively, there
are other ways of improving the connection between the two kind of systems.
Unlike in hybrid (and local-hybrid) functionals in which only the two extreme
limits (λ = 0, λ = 1) are considered, in adiabatic connection functionals,263,265
a smooth transformation from non-interacting to full-interacting system is rep-
resented

EXC =
∫ 1

0
Wλdλ (223)

Wλ = 〈Ψλ|VXC(λ)|Ψλ〉 − J [ρ(r)] (224)

There are many approximations to Wλ. The simplest one was proposed
by Becke252 and it is based on the knowledge of the exact W0 (HF), and W1
(approximated with LSDA), with a linear model

Wλ = a+ bλ (225)

Other models used different forms ofWλ, for exampleW ′0,W∞,W ′∞ (Perdew
et al.)266–268

W ′0 = 2 lim
λ→0

EC [ρ1/λ] (226)
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2.5 Approximate Exchange-Correlation functionals

Mori-Sánchez, Cohen, and Yang269 have developed a functional from W0,
W ′0, and a chosen point Wλp from an approximate DFA

Wλ = a+ bλ

1 + cλ
(227)

Range-separated (RS) functionals

The nature of the two-electron operator 1/rij creates an incorrect behaviour
when the interelectronic distance tends to zero (rij → 0). This is usually known
as correlation cusp problem. One way to solve this issue270,271 is to introduce
a suitable cut-off function g(rij) for short interelectronic distances,

1
rij

= g(rij)
rij

+ 1− g(rij)
rij

(228)

hence, the two-electron operator is split in two parts, one for long-range in-
teractions (first term) and the other one for short-range interactions (second
term).

A good choice for this function, g(rij), is the standard error function, erf(x).
It also depends on a parameter µ, which moves the system from the non-
interacting picture with µ→ 0 to the full-interacting one when µ→∞

erf(x) = 2√
π

∫ x

0
dx′e−x

′2
(229)

g(rij) = erf(µrij) (230)
1− g(rij) = erfc(µrij) (231)

Therefore, when the interelectronic distance tends to zero, the long-range
interaction approaches to 2µ/

√
π, whereas when that distance tends to infinite,

the short-range interaction approaches zero.
Within this approximation, the long-range and short-range parts should be

treated with different functionals. The HF exchange potential is correct in the
asymptotic limit,272 so it can be used to calculate the long-range interaction
combined with a density functional (DF) to calculate the short-range interaction
and the correlation.

The short-range (sr) exchange energy is calculated as the difference between
the total exchange energy and the long-range (lr) exchange energy,

EsrX = EX − ElrX (232)
ERSXC = Elr−HFX +

(
EDFX − Elr−DFX

)
+ EDFC (233)

wherein the density functional (DF) can belong to any of the previous approx-
imations (LDA, GGA,. . . ). There are many examples of range-separated func-
tionals.273–276 It is a field of growing interest, since they are especially useful
for calculating excitation energies.277
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One of the most popular range-separated functionals is CAM-B3LYP, which
includes two extra parameters in the short-range and long-range separation as
displayed in equation (234). CAM are the initials of ‘Coulomb-Attenuating
Method’, termed by Yanai, Tew, and Handy in 2004274

1
rij

= α+ βerf(µrij)
rij

+ 1− [α+ βerf(µrij)]
rij

(234)

The presence of two extra parameters provides more flexibility. The parameter
α multiplies the HF exchange contribution over the whole range, and the pa-
rameter β allows the same with the DFT counterpart by a factor of 1− (α+ β).
Note that in the hybrid functional B3LYP, α (the analogous of the parameter
a) and β are constant with 0.2 and 0.0 values, respectively.

In this type of hybrid functionals, the percentage of HF exchange energy
depends on the interelectronic distance. To distinguish the range-separated
hybrids from the previous hybrid functionals, where the amount of HF exchange
is constant, the latter are normally called global hybrids.

Functionals involving unoccupied orbitals

The next step in the improvement of density functionals is to involve unoc-
cupied orbitals.278–280 Prior to the success of DFT, the cheapest and simplest
way of incorporating correlation effects into the electronic structure calculations
was the second order Perturbation Theory (PT2). Then, the idea is to intro-
duce this method (or an alternative perturbation-theory method) in the general
expression of hybrid functionals. Therefore, some part of PT2 correlation is
mixed with GGA (or meta-GGA) correlation, whereas the exchange part does
not change. For example, B2x-PLYP279 is one of the most successful functionals
in this field,

EB2xPLY P
XC = aEHFX + (1− a)EGGAX + bEGGAC + (1− b)EPT2

C (235)

the parameters a and b may vary depending on the B2x functional (B2, B2K,
B2T. . . ). In the case of the most common one, B2PLYP,279 a and b are equal
to 0.53 and 0.73, respectively.

2.6 Time-Dependent DFT
The time-dependent version of DFT, commonly known as Time-Dependent Den-
sity Functional Theory (TD-DFT) aims to solve the TDSE (equation (1)) em-
ploying the electron density instead of the wave function.281 Its theory is similar
to the one for the time-independent version: the electron density ρ(r, t) is as-
sociated with the external potential V̂ext(r, t), then being able to construct the
Hamiltonian Ĥ(r, t), solve the TDSE and get the wave function of the system
Ψ(r, t), from which any physical observable can be obtained.282

The electronic time-dependent Hamiltonian can be written as

Ĥ(r, t) = T̂ (r) + V̂ee(r) + V̂ext(r, t) (236)
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where T̂ (r) is the kinetic energy of the electrons, V̂ee(r) the interelectronic re-
pulsion between the pairs of electrons, and V̂ext(r, t) the total time-dependent
external potential acting on the electrons (this includes the coulomb interactions
of the electrons with the nuclei and with any external field, if present)

V̂ext(r, t) =
N∑
i=1

υ(ri, t) (237)

2.6.1 Runge-Gross Theorem

The Runge-Gross theorem283 is analogous to the first Hohenberg-Khom theo-
rem in the time-dependent scenario. It proves that there exists a one-to-one
correspondence between the electron density and the external potential acting
upon the electrons.

The proof is based on the idea that, if two external potentials υ(r, t) and
υ′(r, t) differ by more than a purely time dependent function c(t), they can not
lead to the same density ρ(r, t). Note here that if two potentials differ only by
c(t), they will give rise to wave functions only differing by a phase factor, which
is cancelled while calculating the density (238) or any other observable

υ(r, t)→ Ψ(r, t)→ ρ(r, t)
υ′(r, t) + c(t)→ e−ic(t)Ψ(r, t)→ ρ′(r, t) = ρ(r, t)

(238)

υ(r, t) 6= υ′(r, t) + c(t)→ ρ(r, t) 6= ρ′(r, t) (239)
If the densities produced by the different external potentials must be different,
there is a unique one-to-one correspondence between the potential and the den-
sity for a fixed initial state Ψ0. This implies that, knowing the electron density
and the initial state, the external potential can be obtained as a functional of
both of them (240) and hence, the TDSE can be solved

υ(r, t) = υ[ρ,Ψ0](r, t) (240)

The Runge-Gross theorem assumes that the external potential can be ex-
panded in a Taylor series with respect to the initial time t0,

υ(r, t) =
∞∑
k=0

ck(r)(t− t0)k (241)

being the expansion coefficients the corresponding derivatives evaluated at the
initial time

ck(r) = 1
k!
∂k

∂tk
υ(r, t)

∣∣∣∣
t=t0

(242)

If the two potentials differ by more than c(t), there is an integer k ≥ 0 such
that the function uk(r), defined below, is not constant in space

uk(r) = ∂k

∂tk
[υ(r, t)− υ′(r, t)]

∣∣∣∣
t=t0
6= constant (243)
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In the first step of the proof, it is demonstrated that if the two potentials
differ by more than a purely time-dependent function, the current densities
j(r, t) and j′(r, t) generated by them must also be different. The current density
is defined as the expectation value of the current density operator ĵ(r)

j(r, t) = 〈Ψ(t)|ĵ(r)|Ψ(t)〉 (244)

ĵ(r) = − 1
2i

N∑
i=1

[∇iδ(r − ri) + δ(r − ri)∇i] (245)

To get the time evolution of the current densities, the equation of motion
for the expectation value of a general operator Ô(t)

i
∂

∂t
〈Ψ(t)|Ô(t)|Ψ(t)〉 = 〈Ψ(t)|i ∂

∂t
Ô(t) +

[
Ô(t), Ĥ(t)

]
|Ψ(t)〉 (246)

must be applied to the current densities, obtaining

i
∂

∂t
j(r, t) = 〈Ψ(t)|

[
ĵ(r), Ĥ(t)

]
|Ψ(t)〉 (247)

i
∂

∂t
j′(r, t) = 〈Ψ′(t)|

[
ĵ(r), Ĥ ′(t)

]
|Ψ′(t)〉 (248)

Since the initial state for the primed and unprimed systems is the same, the
wave functions at t0 have to be equal, this is also true for the electron density
(ρ0) and the current density (j0).

|Ψ(t0)〉 = |Ψ′(t0)〉 ≡ |Ψ0〉 (249)

Subtracting the equations of motion for the primed (247) and unprimed
(248) current densities at t0, and taking into account that the Hamiltonians at
the initial time only differ in the external potentials,

i
∂

∂t
[j(r, t)− j′(r, t)]t=to = 〈Ψ0|

[
ĵ(r), Ĥ(t0)− Ĥ ′(t0)

]
|Ψ0〉

= 〈Ψ0|
[
ĵ(r), υ(r, t0)− υ′(r, t0)

]
|Ψ0〉

= iρ0(r)∇ [υ(r, t0)− υ′(r, t0)] (250)

if the equation (243) is already fulfilled for k = 0, i.e., the external potentials
differ at the initial time, the right-hand side of (250) must be different from
zero. This implies that the two current densities j and j′ on the left-hand side
will deviate infinitesimally after t0. However, the two potentials υ and υ′ may
be equal at the initial time and hence, only fulfill the equation (243) for k > 0.
In this case, the equation of motion (246) is applied (k + 1) times to get

∂k+1

∂tk+1 [j(r, t)− j′(r, t)]t=to = −ρ0(r)∇uk(r) (251)

since the right-hand side is not zero, the current densities must differ for t > t0.
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Having proved the first step of the Runge-Gross theorem, the second step
consists of showing that having two different current densities j and j′ implies
different electron densities ρ and ρ′. To achieve this, the continuity equation,
which relates the current and electron densities, is useful

∂

∂t
ρ(r, t) = −∇j(r, t) (252)

Taking the difference between the primed and unprimed densities,

∂

∂t
[ρ(r, t)− ρ′(r, t)] = −∇ [j(r, t)− j′(r, t)] (253)

and calculating the (k + 1)th derivative of the previous equation

∂k+2

∂tk+2 [j(r, t)− j′(r, t)]t=to = −∇ [j(r, t)− j′(r, t)]

= ∇ [ρ0(r)∇uk(r)]
(254)

where equation (251) has been used in the second step. Since uk(r) in eq. (243)
is not constant, it is possible to prove that if the last term ∇ [ρ0(r)∇uk(r)] is
not zero, the electron densities ρ and ρ′ must be different. For this, a demon-
stration via reductio ad absurdum is used, assuming that ∇ [ρ0(r)∇uk(r)] = 0
and considering the following integral∫

d3rρ0(r) [∇uk(r)]2 =−
∫
d3ruk(r)∇ [ρ0(r)∇uk(r)]

+
∮
dSρ0(r)uk(r)∇uk(r)

(255)

where Green’s theorem has been employed. Gross and Kohn have shown in
1990 that the second term on the right-hand side vanishes for physically realistic
potentials (this is the case of potentials arising from normalizable external charge
densities) as they decay to zero at least as fast as 1/r. Since the integrand on
the left-hand side ρ0(r) [∇uk(r)]2 is always positive (or zero if uk(r) is constant,
but this would contradict equation (243)), the first term on the right-hand side
cannot be zero as assumed, so ∇ [ρ0(r)∇uk(r)] 6= 0. This completes the proof
of the Runge-Gross theorem.

Therefore, for a fixed initial state Ψ0, the electron densities evolving under
different external potentials must also be different. Consequently, the time-
dependent density determines the external potential and hence, the wave func-
tion. Any expectation value of an observable will then be a functional of the
density and the initial state. However, note that, as happened in the ground-
state case, the υ-representability problem is also present in TD-DFT, i.e., the
Runge-Gross theorem does not prove the existence of the potential associated
to a given electron density.
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2.6.2 Time-Dependent Kohn-Sham Equations

In TD-DFT there is no variational principle for the energy. Nevertheless, there
is a quantity analogous to the energy that plays its role in time-dependent
systems. This quantity is called quantum mechanical action, A, defined as

A[Ψ] =
∫ t1

t0

dt〈Ψ(t)|i ∂
∂t
− Ĥ|Ψ(t)〉 (256)

Hence, the problem is reduced to calculate the stationary point of the action
(the derivative with respect to the density must be zero). In this way, the wave
function Ψ(t) that makes the action stationary will be the solution of the TDSE,
since the wave function itself is a functional of the density and the initial state
Ψ(t) [ρ,Ψ0], the action will also be a functional of the density A[ρ].

There is not a recipe for calculating the electron density of the system, which
will determine the external potential and thus, the wave function. However, this
problem is attenuated when, in analogy with the ground state DFT, a Kohn-
Sham auxiliary system is considered. That is a system of non-interacting elec-
trons with the same density as the original interacting system, subject to a time-
dependent external local potential, υKS . Note that, as in the ground state, the
time-dependent density is also subject to the non-interacting v-representability
problem. Therefore, the density can be calculated from the time-dependent
occupied Kohn-Sham orbitals φi(r, t),

ρ(r, t) =
occ∑
i

|φi(r, t)|2 (257)

which obey the TDSE

i
∂

∂t
φi(r, t) =

[
−∇

2

2 + υKS(r, t)
]
φi(r, t) (258)

If the exact Kohn-Sham potential was known, υKS(r, t), equation (258) could
be solved exactly, obtaining thus the orbitals and the true electron density of the
system. But, as in the ground-state case, there is not an exact expression for all
the contributions to this potential, which are the external time-dependent field
acting upon the system υext, the time-dependent Hartree potential (coulomb
potential) υHartree, and a exchange-correlation potential υxc that includes all
the non-trivial many-body effects. The exact form of this potential is unknown
and in practice, it has to be approximated as a functional of the density

υKS(r, t) = υext(r, t) + υHartree(r, t) + υxc(r, t) (259)

υHartree =
∫

ρ(r, t)
|r − r′|

d3r′ (260)

The Time-Dependent Kohn-Sham (TDKS) calculation starts with an initial
choice of KS orbitals φi(r, 0) that reproduces the exact density of the true ini-
tial state ρ0(r) and its first-time derivative and then, the TDKS equations (258)
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propagate these initial orbitals under the KS potential, employing an approxi-
mation for the exchange-correlation potential.

There are some approximations to υxc(r, t), such as those based on adia-
batic approximations, a time-dependent exact-exchange (EXX) functional284 or
a functional with memory.285 In the next section, the adiabatic approximations,
which are the most widely used, will be presented.

2.6.3 Adiabatic Approximations

The adiabatic approximation for exchange-correlation functionals in TD-DFT,
υAxc(r, t), is based on the idea that, if the perturbation that acts on the system
is sufficiently slow (small time-dependence), the system will remain in its initial
stationary state, (i.e., the ground state). Therefore, any of the many avail-
able approximations to the ground-state exchange-correlation functional can be
employed, υgsxc[ρ], to get the time-dependent one, just evaluating υgsxc[ρ] at the
instantaneous time-dependent density ρ(r, t)

υAxc(r, t) = υgsxc[ρ(r)]
∣∣∣∣
ρ(r)=ρ(r,t)

(261)

The main drawback of this type of functionals is the lack of memory. The
functional will be local in time and hence, all the memory of the exchange-
correlation potential is erased. In addition, it will also retain the drawbacks
of the chosen ground-state functional. For example, one of the most used
time-dependent exchange-correlation potentials is called ALDA, which is based
on LDA (Adiabatic Local Density Approximation). It takes the exchange-
correlation potential for the ground state as the one of an homogeneous-electron
gas (HEG). This functional is, consequently, local in both time and space. Nev-
ertheless, it still yields good results for excitation energies. The same can be
done with the other approximations of ground-state functionals, like GGA and
meta-GGA.

υALDAxc (r, t) = υHEGxc [ρ(r)]
∣∣∣∣
ρ(r)=ρ(r,t)

(262)

2.6.4 Linear Response Theory

If the system is only subject to a small perturbation, there is no need to solve
the full time-dependent KS equations. Considering that the system will not
deviate strongly from its initial state, the focus can be put into calculating just
the response of the system to first order in the perturbation. This is called
linear response (LR) theory,286 since the response of the observable, such as the
density, to the first order perturbation, υ(1), will depend linearly on it.

Hence, the total time-dependent electron density can be calculated as

ρ(r, t) = ρ(0)(r) + ρ(1)(r, t) (263)

being ρ(0)(r) the initial unperturbed density, which corresponds to the ground
state density, ρ0(r), and ρ(1)(r, t) the first order response to the perturbation.
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In addition, the total external potential will consist now of

υext(r, t) = υ(0)(r) + υ(1)(r, t) (264)

where υ(0)(r) is the initial potential, i.e., the nuclear potential, and, after the
initial time, the perturbation is ‘turned on’, υ(1), inducing a linear response in
the density,

ρ(1)(r, t) =
∫ ∞
−∞

dt′
∫
d3r′χ(r, r′, t− t′)υ(1)(r′, t′) (265)

Normally, the focus is the frequency-dependent response, which is obtained
through the Fourier transformation of equation (265), being ω the frequency

ρ(1)(r, ω) =
∫
d3r′χ(r, r′, ω)υ(1)(r′, ω) (266)

The function χ is the linear density-density response function of the system.
Within the Lehmann representation, χ is given by

χ(r, r′, ω) = lim
η→0+

∞∑
n=1

[
〈Ψ0|ρ̂(r)|Ψn〉〈Ψn|ρ̂(r′)|Ψ0〉

ω − Ωn + iη

− 〈Ψ0|ρ̂(r′)|Ψn〉〈Ψn|ρ̂(r)|Ψ0〉
ω + Ωn + iη

] (267)

where each Ψn is an eigenstate of the system with energy En, and Ωn is the
excitation energy, i.e., the difference between the corresponding energy En and
the ground state energy E0

Ωn = En − E0 (268)

From equation (267) it is obvious that the density-density response function
has poles at frequencies corresponding to the exact excitation energies of the
system. However, the response function of the interacting system is difficult
to calculate and the KS system must be used instead, whose response function
χKS has poles at the frequencies corresponding to the excitation energies of the
non-interacting system, i.e., at the energy differences between the KS orbitals
φj and φk, (εj − εk), with occupation numbers fj and fk, respectively

χKS(r, r′, ω) = lim
η→0+

∞∑
j,k

(fk − fi)
φj(r)φ∗k(r)φ∗j (r′)φk(r′)
ω − (εj − εk) + iη

(269)

Since the KS system has the same density as the real interacting one, the linear
response of the density (266) can be computed from this system

ρ(1)(r, ω) =
∫
d3r′χKS(r, r′, ω)υ(1)

KS(r′, ω) (270)
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The linear change of the KS potential, υ(1)
KS , can be calculated explicitly as

υ
(1)
KS(r, t) = υ

(1)
ext(r, t) + υ

(1)
Hartree(r, t) + υ(1)

xc (r, t) (271)

υ
(1)
Hartree(r, t) =

∫
d3r′

ρ(1)(r′, t)
|r − r′|

(272)

υ(1)
xc (r, t) =

∫
dt′
∫
d3r′fxc(r, t, r′, t′)ρ(1)(r′, t′) (273)

where fxc is the so-called exchange-correlation kernel, which is defined as the
derivative of the exchange-correlation potential with respect to the density

fxc(r, t, r′, t′) = δυxc(r, t)
δρ(r′, t′) (274)

Combining equations (270) and (271) with equation (266), a self-consistent
equation that permits the calculation of the exact response function of the
interacting system χ is obtained

χ(r, r′, ω) =χKS(r, r′, ω)

+
∫
d3x

∫
d3x′χ(r, x, ω)

[
1

|x− x′|
+ fxc(x, x′, ω)

]
χKS(x′, r′, ω)

(275)

Note that equation (275), which plays the main role in LR-TDDFT calcula-
tions, is exact. However, as a consequence of not knowing the exact exchange-
correlation kernel, the solution must rely on approximations.

As for the exchange-correlation functionals, there are many different approx-
imations to the exchange-correlation kernel. The most trivial one is the random
phase approximation (RPA), which sets the exchange-correlation kernel to zero.
The most popular approximation coincides with the one used for the exchange-
correlation potentials, the adiabatic approximation (section 2.6.3).

Equation (275) is often transformed into a matrix equation, as first derived
by Casida in 1995.287 Casida’s equations are the most popular implementation
in electronic structure codes to get excitation energies within the TDDFT linear
response formalism and the adiabatic approximation. These matrix equations
are usually written as(

A B
B∗ A∗

)(
X
Y

)
= ω

(
−1 0
0 1

)(
X
Y

)
(276)

where the eigenvalues ωn are the excitation energies of the system and A and
B are matrices with their elements defined as
Aia,jb = δijδab (εa − εi) +

2
∫
d3r

∫
d3r′φi(r)φ∗a(r)

[
1

|r − r′|
+ fxc(r, r′, ω)

]
φ∗j (r′)φb(r′)

(277)

Bia,jb = 2
∫
d3r

∫
d3r′φi(r)φ∗a(r)

[
1

|r − r′|
+ fxc(r, r′, ω)

]
φ∗b(r′)φj(r′) (278)
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These equations are only valid for discrete spectra, and a previous ground-state
DFT calculation is required to obtain the occupied and unoccupied KS orbitals,
φ(r). Once equation (276) is solved the oscillator strength for each transition can
be computed. This quantity measures the probability of absorption/emission
for the transition. The sum of oscillator strengths calculated in a such way
equals the total number of electrons in the system, thus obeying the Thomas-
Reiche-Kuhn sum rule.

The so-called Tamm-Dancoff approximation (TDA),288 neglects the back-
ward transitions of electrons, thus setting the off-diagonal matrices B to zero
and simplifying the equation (276) to the eigenvalue equation (279). As a con-
sequence of neglecting the backward transitions, the Thomas-Reiche-Kuhn sum
rule is violated in TDA

AX = ωX (279)
There are other approximations to the Casida equation, such as the small-

matrix approximation (SMA), which ignores all the off-diagonal elements of both
A and B matrices, and the single-pole approximation (SPA), which neglects the
frequency-dependece of the exchange-correlation kernel.289

2.7 Statistical Thermodynamics
In previous sections, a variety of methods to obtain the electronic energy of
a system have been presented, such as HF, CCSD, DFT . . . . However, spe-
cially when studying chemical reactions, it may be interesting to work with
macroscopic thermodynamic properties. Statistical thermodynamics provides
the tools to compute these properties, including entropy, enthalpy, and Gibbs
free energy, through the calculation of the molecular partition function q.290,291
First, it is important to remark that in all the equations non-interacting parti-
cles will be considered, so they can only be applied to an ideal gas. Within the
canonical ensemble framework, the partition function depends on the tempera-
ture (T ) and the volume (V ). The definition of q for a molecule is

q =
∑
i

e−εi/kBT (280)

The sum runs over all the i states of the molecule and depends on the temper-
ature, which is multiplied by the Boltzmann constant, kB . This equation can
be written as a sum of energy levels instead of states, being gi the degeneracy
of each level

q =
∑
i

gie
−εi/kBT (281)

For a system of N indistinguishable molecules, the corresponding total par-
tition function Q is defined as,

Q = qN

N ! (282)

which is the result of multiplying N times the partition function (one for each
molecule), and dividing by N !, to account for the indistinguishability of the
molecules.
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All the thermodynamic functions, like, for instance, the Helmholtz free en-
ergy (A) can be calculated from the partition function

A = −kBT lnQ (283)

From this equation, and using the thermodynamic relations, several macroscopic
properties, such as the pressure p, are computed

p = −
(
∂A

∂V

)
N,T

= kBT

(
∂ lnQ
∂V

)
N,T

(284)

It is also quite straightforward to calculate the other thermodynamic functions.
In the case of the entropy S, the internal energy U , the enthalpy H, and the
Gibbs free energy G, the following equations are obtained

S = −
(
∂A

∂T

)
N,V

= kBT

(
∂ lnQ
∂T

)
N,V

+ kB lnQ (285)

U = A+ TS = kBT
2
(
∂ lnQ
∂T

)
N,V

(286)

H = U + pV = kBT
2
(
∂ lnQ
∂T

)
V

+ kBTV

(
∂ lnQ
∂V

)
T

(287)

G = H − TS = kBTV

(
∂ lnQ
∂V

)
T

− kBT lnQ (288)

Hence, the partition function acts as the wave function of the system, in
the sense that knowing the exact partition function, it is possible to obtain all
the macroscopic properties of the system. However, as in the case of the wave
function, it is not a simple task to obtain the exact partition function and, con-
sequently, some approximations must be employed. As seen in equation (280),
the partition function depends on all the states of the system, so it is generally
assumed that the total energy of a molecule (ε) can be split in translational,
rotational, vibrational, and electronic (εtran, εrot, εvib, εelec, respectively) con-
tributions. The energy levels associated with nuclear spins are usually ignored
since the nuclear spins do not change during chemical reactions, so ε is given by

ε ≈ εelec + εtran + εrot + εvib (289)

Consequently, the molecular partition function can be written as a product of
contributions

q =
∑
i

e−(εelec+εtran+εrot+εvib)/kBT = qelecqtranqrotqvib (290)

Now, the approximations and equations for each of the contributions to the
molecular partition function will be presented, showing the calculation of the
contributions to the internal energy and the entropy as an example.

In practice, a typical frequency calculation in a QM software package does
these computations automatically, including all the contributions and the ther-
modynamic functions, such as the enthalpy and the Gibbs free energy, which
are added to the electronic energy.
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2.7.1 Electronic Contribution

In most cases, the difference in energy between the ground state and the first
electronic excited state is large. Then, it can be assumed that only the ground
state, whose energy is set to zero, is occupied. With this approximation, the
electronic partition function is equal to the degeneracy of the ground state gelec,0

qelec =
∑
i

gelec,ie
−εelec,i/kBT ≈ gelec,0 (291)

The electronic contribution to the internal energy is obviously zero because
there is no dependence on the temperature in equation (291). However, the
electronic entropy will be greater than zero if gelec,0 6= 1. From now on,
the calculations of thermodynamic functions will be made for molar quantities
(NkB ≡ R)292

Uelec = RT 2
(
∂ ln qelec
∂T

)
V

= 0 (292)

Selec = RT

(
∂ ln qelec
∂T

)
V

+R ln qelec = R ln gelec,0 (293)

2.7.2 Translational Contribution

The translational partition function can be approximated considering that the
molecule is free to move in a three-dimensional box of volume V = a · b · c, as
in the ‘particle in a box’ model. The energy levels for this model are easily
obtained by solving the corresponding Schrödinger equation,

εtran = h2

8m

(
n2

1
a2 + n2

2
b2

+ n2
3
c2

)
(294)

where m is the mass of the molecule and (n1, n2, n3) are the quantum numbers
for motion in the three directions (x, y, z), respectively. Then, the translational
partition function can be split into contributions for each of the directions

qtran =
∑

n1,n2,n3

exp
[
− h2

8mkBT

(
n2

1
a2 + n2

2
b2

+ n2
3
c2

)]
= qtran,xqtran,yqtran,z

(295)
Keeping in mind that the translational energy levels are usually very close,

the sum for each contribution can be converted into an integral,

qtran,x =
∑
n1

exp
(
− h2

8mkBT
n2

1
a2

)
=
∫ ∞

0
exp

(
− h2

8mkBT
n2

1
a2

)
dn1

=
(

2πmkBT
h2

)1/2
a

(296)
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The solution for the two other directions is similar, just replacing a by b or c.
Substituting eq. (296) and the analogous ones for the other directions (y, z),
the total translational partition function is obtained

qtran =
(

2πmkBT
h2

)3/2
V = V

Λ3 (297)

where Λ = h/(2πmkBT )1/2 is called thermal wavelength (or ‘thermal de Broglie
wavelength’). The volume V is usually calculated with the equation for the ideal
gas.

The indistinguishability N ! factor is included in the translational contri-
bution when calculating the thermodynamic functions. Applying the Stirling
approximation (lnN ! ≈ NlnN −N) and taking into account that N ≡ NA (the
Avogadro constant) when working with molar quantities

Utran = kBT
2

(
∂ ln(qNAtran/NA!)

∂T

)
V

= RT 2
(
∂ ln qtran
∂T

)
V

= 3
2RT (298)

Stran =RT

(
∂ ln qtran
∂T

)
V

+R ln qtran − kB(NA −NA lnNA)

= 3
2R+R ln qtran −R(1− lnNA) = R ln qtrane

5/2

NA

(299)

2.7.3 Rotational Contribution

In order to obtain the rotational partition function, the approximation known
as ‘rigid rotor’ model is usually applied. The expression for the energy levels
within this assumption varies depending on the symmetry of the molecule. In
the simplest case of a linear molecule (a linear rotor),

εJ = h2

8π2I
J(J + 1) = hcBJ(J + 1) (300)

where I es the inertia moment of the molecule (I =
∑N
i=1mid

2
i , where di is

the distance of atom i to the center of mass), B is the rotational spectroscopic
constant, and J is the quantum rotational number, which can have any integer
positive value. The degeneracy of each rotational level, grot, is (2J + 1).

The rotational partition function for a linear molecule at the high tempera-
ture limit, which allows the change of the sum by an integral, is therefore

qrot ≈
1
σr

∫ ∞
0

(2J + 1)e−J(J+1)θr/T dJ = 1
σr

T

θr
(301)

where σr is the symmetry number, the number of indistinguishable orienta-
tions of the molecule, and the factor hcB/kB has been substituted by θr, the
characteristic rotational temperature.
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So far, only the simplest scenario, a linear molecule, has been considered.
However, the most common one is an asymmetric top molecule, which has three
different moments of inertia (IA 6= IB 6= IC). The partition function for this
case has the following result (at the high temperature limit)

qrot ≈
√
π

σr

T 3/2

(θAθBθC)1/2 (302)

The rotational internal energy and entropy for this type of molecule are

Urot = RT 2
(
∂ ln qrot
∂T

)
V

= 3
2RT (303)

Srot = RT

(
∂ ln qrot
∂T

)
V

+R ln qrot = 3
2R+R ln qrot = R ln(qrote3/2) (304)

2.7.4 Vibrational Contribution

For the vibrational energy of a polyatomic molecule, a sum of independent
‘simple harmonic oscillators’ (SHO) is normally employed

εvib =
3N−6(5)∑
i=1

(vi + 1/2)hνi (305)

the summation runs over all the vibrational degrees of freedom, which are 3N−5
for linear molecules and 3N − 6 for non-linear molecules. Each vibration will
have a vibrational quantum number vi, which can take any integer positive value.
The frequency of each mode of vibration νi is related to the force constant ki
and the reduced mass µi by the following equation

νi = 1
2π

√
ki
µi

(306)

Substituting the expression for the energy in the partition function for a
given vibrational mode i:

qvib,i =
∞∑
vi=0

e−(vi+1/2)hνi/kBT = e−θv,i/2T
∞∑
vi=0

e−viθv,i/T

= e−θv,i/2T

1− e−θv,i/T

(307)

where θv,i = hνi/kB is the characteristic vibrational temperature for i. The
vibrational partition function for all the modes is the product of their corre-
sponding partition functions

qvib =
3N−6(5)∏
i=1

e−θv,i/2T

1− e−θv,i/T
(308)
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If θv,i/2 is taken as the zero energy, the last equation is transformed into

qvib =
3N−6(5)∏
i=1

1
1− e−θv,i/T

(309)

The expressions for the vibrational internal energy and the vibrational en-
tropy are shown below

Uvib =RT 2

 ∂

∂T

3N−6(5)∑
i=1

(
−θv,i2T − ln(1− e−θv,i/T )

)
V

=R

3N−6(5)∑
i=1

θv,i

(
1
2 + 1

eθv,i/T − 1

) (310)

Svib = R

3N−6(5)∑
i=1

(
θv,i/T

eθv,i/T − 1
− ln(1− e−θv,i)

)
(311)

2.7.5 Transition State Theory

In a typical computational study about the reaction mechanism of a chemical re-
action, the thermodynamic functions mentioned above are computed for all the
stationary points, including the minima (reactants, intermediates, and prod-
ucts) and the first-order saddle points (transition states connecting minima).
Comparing the difference in Gibbs energy between products and reactants at
a given pressure and temperature, an idea about the relative stability of the
products and the thermodynamic control of the reaction is obtained. However,
a key factor for the viability in the formation of a specific product is the energy
of the transition state, which marks the kinetic control of the reaction.

Transition State Theory (TST)178,291 provides an equation to calculate the
reaction rate constant from the difference in Gibbs free energy between the
activated complex and the reactants, ∆G‡.

Taking as an example the reaction

A + B −−→ P (312)

The hypotheses of this model are that the reactant molecules (A and B) interact
with each other to form a cluster of atoms, which rises in potential energy
forming the so-called activated complex (C‡). This activated complex is in
equilibrium with the reactants, but if it acquires a critical configuration, known
as transition state, the products will be formed. Hence, if the activated complex
reaches the transition state, it can not return to the reactants and will always
form the products

A + B −−⇀↽−− C‡ (313)

C‡ −−→ P (314)
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From the equilibrium constant for the formation of the activated complex,
an expression for its concentration can be derived

K‡ = pC‡p
0

pApB
−→ [C]‡ = RT

p0 K
‡[A] [B] (315)

being pi, with i = A, B, C‡, the partial pressures, and p0 the standard pressure.
The rate for the formation of the product is therefore

r = d[P ]
dt

= k2[C]‡ = k2
RT

p0 K
‡[A] [B] = k[A][B] (316)

where k2 is the rate constant for the formation of the product from the activated
complex, and k = k2K

‡RT/p0.
TST assumes that there is a particular frequency ν‡ along the reaction co-

ordinate that leads to the formation of the transition state. If this frequency
always took the activated complex through the transition state, k would be equal
to ν‡. Nevertheless, other effects, such as rotations, may play a key role. To ac-
count for this, a proportional constant κ is included, known as the transmission
coefficient

k2 = κν‡ (317)

k = κν‡
RT

p0 K
‡ (318)

Some of these effects will slow down the formation of the transition state (κ < 1),
but others will accelerate it (κ > 1). So, in most situations, κ is assumed to be
about 1.

As seen in equation (309), the partition function for the vibrational mode
with frequency ν‡ may be written as

q = 1
1− e−hν‡/kBT

(319)

The force constant for this frequency is normally very low, so the previous
equation can be approximated to

q ≈ kBT

hν‡
(320)

The total molecular partition function of C‡, qC‡ , will be the result of multi-
plying kBT/hν‡ by all the other contributions of the activated complex, which
will be denoted as q̄C‡

qC‡ = kBT

hν‡
q̄C‡ (321)

It is possible to express the equilibrium constant of a reaction in terms of
the molecular partition functions of products and reactants,

K =
∏
i

(
pi
p0

)νi
= e−∆E0/RT

∏
i

(
q0
m,i

NA

)νi
(322)
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where q0
m,i is the standard molar partition function of the species i (qi(T, V 0 =

nRT/p0)/n), whose stoichiometric coefficient is νi, and ∆E0 is the difference in
zero point energies of products and reactants. For the formation of the activated
complex, the equilibrium constant is therefore

K‡ = e−∆E0/RTNA
q0
C‡

q0
Aq

0
B

(323)

Discarding the ν‡ vibrational mode of C‡,

K̄‡ = e−∆E0/RTNA
q̄0
C‡

q0
Aq

0
B

(324)

K‡ = kBT

hν‡
K̄‡ (325)

and substituting ν‡ in equation (318), the Eyring equation is obtained

k = κ
kBT

h

RT

p0 K̄
‡ (326)

An alternative version can be derived by expressing the equilibrium constant
in terms of concentrations (K̄‡ = K̄‡Cp

0/RTc0, being c0 the standard molar
concentration)

k = κ
kBT

c0
K̄‡C (327)

Taking K̄‡ as the equilibrium constant, it can be related to ∆G‡ by the
thermodynamic relation ∆G‡ = −RT ln K̄‡. Inserting this expression in the
Eyring equation (326), the following equation is obtained

k = κ
kBT

h

RT

p0 e
−∆G‡/RT (328)

2.8 Molecular Dynamics
Quantum chemistry packages calculate the electronic energy via ab initio meth-
ods and the thermodynamic properties via statistical thermodynamics, as de-
scribed in the previous section. However, the computational cost of ab initio
methods scales rapidly with the number of electrons. So, when working with
large systems such as proteins or molecules linked to explicit solvents, they can
not be applied efficiently. The best solution from a computational point of view
is to calculate the properties of the system as ensemble averages178

〈A〉 =
∫∫

A(r, p)P (r, p)drdp (329)

where 〈A〉 is the average of the property to be calculated, A(r, q) is its value at
a specific point in the phase space, and P (r, q) is the probability of the system

92



2 METHODS

to be at that particular point, which is related to the partition function of the
system

P (r, p) = e−E(r,p)/kBT

Q
(330)

In practice, it is impossible to sample all phase space. Molecular Dynam-
ics (MD) simulations are an useful tool to sample relevant phase points. This
method consists of the numerical, step-by-step, solution of the classical equa-
tions of motion, forming a trajectory

Fi = miai (331)

Fi = − ∂

∂ri
U (332)

In order to calculate the force acting upon every atom of the system Fi, the
potential energy U must be known, which takes into account all the bonded
and non-bonded interactions. Normally, a method with low computational cost
is applied to calculate this potential energy at every sampled phase point. The
most common one for this type of simulations is Molecular Mechanics (MM).
Although nowadays, with the boom of computational facilities, the ab initio
MD, which aims for realistic simulations of complex systems, are growing in
popularity.

In MD simulations the trajectory is completely determined by the initial
phase points (initial coordinates and velocities). The initial coordinates are
usually obtained from experimental sources, such as X-ray, or, alternatively,
from QM calculations. In the case of the velocities, they are normally assigned
in a random way such that they fulfill the Maxwell distribution at a given
temperature. However, before starting the collection of relevant phase points to
calculate properties of the system, the system must be equilibrated by carrying
out a short MD simulation in the same conditions and with the same method
as in the final stage.

2.8.1 Velocity Verlet Algorithm

There are many possible algorithms to perform numerical integration of the
equations of motion. Note that the analytical solution of these equations can
not be performed, since there are N differential equations as equation (332) that
are coupled with each other. Most algorithms employ a finite difference method,
changing the differential of t (dt) by a finite interval (∆t) and integrating after
each time step ∆t. Among them, the so-called ‘velocity Verlet algorithm’, sim-
ilar to the ‘leapfrog algorithm’, is the most popular.293 Starting from a phase
point at time t, (ri(t), pi(t)), the potential energy is calculated and the forces
Fi(t) are obtained. Then, the next point after a time step ∆t is calculated as
follows

pi(t+ 1
2∆t) = pi(t) + 1

2∆tFi(t) (333)

ri(t+ ∆t) = ri(t) + ∆tpi(t+ 1
2∆t)/mi (334)
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pi(t+ ∆t) = pi(t+ 1
2∆t) + 1

2∆tFi(t+ ∆t) (335)

where the velocities are calculated after half the time step pi(t+ 1
2∆t), and are

employed to move the system to the next point in space r(t+∆t). This algorithm
provides important advantages, including time-reversibility, low order in time,
which permits long time steps, and calculation of the forces only once per step
(much more computationally expensive than the calculation of velocities, which
is straightforward).

2.8.2 Periodic Boundary Conditions

When simulating systems that are not periodic by nature, such as molecules or
proteins in biological environments, one major concern is the presence of surface
effects. If the simulation was restricted to just the system, it would be the same
as surrounding it with vacuum, so surface effects may arise. In most cases,
there is no interest in such effects, so a clever solution to avoid this problem is
to surround entirely the system with copies of itself, in such a way that it can
not ‘see’ vacuum at all.

Periodic Boundary Conditions (PBCs) consist of placing the system into
the unit cell of an ideal crystal.294 The unit cell must be of sufficient size to
account for all the interactions but, combining PBCs with a cutoff distance for
computing them, only one set of copies of the system is necessary (a total of 26
periodic images). In this way, if a molecule leaves the simulation box (the unit
cell), a copy of it will automatically enter through the opposite side of the cell,
keeping constant the mass, the number of particles, and the linear momentum.

Note that the length of the simulation box must be, at least, the double of
the cutoff distance to avoid the double counting of the interactions. Ideally, the
periodicity created in the system must not affect its physical properties. This
can be corroborated by varying the size of the simulation box and checking that
the results do not change.

2.9 Molecular Mechanics
As mentioned above, the calculation of the potential energy in MD simulations
is usually carried out with MM. This method does not consider the electrons
explicitly and calculates the energy taking into account only the different mo-
tions that disrupt the reference geometry of the molecule (stretching, bending,
torsion, and cross-terms), and the non-bonded interactions, adding their contri-
butions, which depend on the nuclear coordinates. In addition to its use in MD
simulations, MM is also useful when treating large systems, where the number
of basis sets makes the ab initio energy calculations computationally unfeasible.

It is worth mentioning that the absolute value for the energy obtained from a
MM calculation does not have any real physical meaning. It is only useful when
comparing it with the one computed at another point of the energy surface or
the trajectory. Furthermore, since MM does not consider the electrons explicitly,
this method can not be employed in processes where bonds are formed or broken.
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There are many different options to compute every interaction, each one with
its corresponding set of parameters. A collection of all the specific equations
and parameters designed to calculate the potential energy is called Force Field
(FF). Each FF is designed for a specific type of system, with some exceptions
such as the Universal Force Field (UFF),295 which aims for a general applicabil-
ity. For instance, AMBER296,297 and CHARMM298 are conceived for organic
molecules and biomolecules, SHAPES299 and VALBOND300 for transition metal
compounds, PFF301 for proteins, etc.

2.9.1 Non-bonded Interactions

Normally, in order to maintain the computational cost and the number of pa-
rameters as low as possible, the models used for the non-bonded potentials are
quite simple. For example, the most commonly used model for van der Waals
interactions is Lennard-Jones 12-6 potential302

U(rij) = 4εij

[(
σij
rij

)12
−
(
σij
rij

)6
]

(336)

This equation includes two parameters: σij , the distance between the atoms i
and j at which the potential is zero, and εi,j , the maximum potential depth.
Another example of a more complex model used for van der Waals interactions
is the ‘Hill’ potential, usually employed when working with small molecules,
which do not require much computational resources

U(rij) = εij

[
6

βij − 6 exp
(
βij

1− rij
r∗ij

)
− βij
βij − 6

(
r∗ij
rij

)6]
(337)

where βij is a parameter, εij is defined as in equation (336), and r∗ij is the bond
length at the minimum of energy. In the case of equation (336), r∗ij = 21/6σij .

The van der Waals interactions between atoms torsionally related (at a dis-
tance of three bonds) is normally reduced by a scaling factor.

The coulomb potential, which describes the electrostatic interaction between
atomic charges, must also be added

U(rij) = qiqj
4πε0rij

(338)

qi and qj are the charges of atoms i and j, respectively, and ε0 is the permitivity
of free space.

The non-bonded contributions are present for every pair of atoms in the
system. In practice, computing all of them would involve a very large number
of pairwise calculations, which leads to a rise of the computational cost that is
not always worthy, since the van der Waals interactions between atoms at long
distances are negligible. The most popular solution to this problem is to set a
cutoff distance in such a way that all the van der Waals interactions between
atoms at a larger distance than the cutoff one are neglected. In MD, this is
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usually combined with a ‘list of neighbours’ for each atom, which is updated at
some points along the simulation, to avoid the calculation of the distances in
every step.

2.9.2 Bonded Interactions

The simplest possible model to account for the stretching (equation (339)) and
bending (equation (340)) potentials is the SHO. In addition to those potentials,
the ones related to torsional motions are also important, but there are many
other potentials that can be added to treat molecules accurately, such as cross-
terms, which are included in many FFs

U(rij) = 1
2kij (rij − rij,eq)2 (339)

U(θijk) = 1
2kijk (θijk − θijk,eq)2 (340)

These equations work reasonably well in regions near the reference point, req
and θeq.

The most obvious improvement to the previous equations is to add higher
order terms to the Taylor expansion of the potential, usually until the quartic
term. Another option for the bond stretching potential is the Morse potential
(equation (341)), which depends on the dissociation energy Dij , and a fitting
constant αij , showing greater accuracy over a wider range of distances. This
potential can also be used for the calculation of van der Waals interactions.
Nevertheless, since it is more computationally expensive to evaluate the expo-
nential, and most FFs are designed to study molecules close to their equilibrium
values, the SHO and the quartic potentials remain as the most popular ones.
This is also the case for angle bending

U(rij) = Dij

[
1− e−αij(rij−rij,eq

]2
(341)

There is a torsion angle ωijkl between every four atoms connected in se-
quence. The most important characteristic of this angle is the periodicity, so
any potential modelling torsions must also be periodic. The most common
choice is an expansion of periodic functions,

U(ωijkl) = 1
2
∑
m

kmijkl [1 + cos (mωijkl − γm)] (342)

where kmijkl are the amplitudes, m is the multiplicity, and γm is the phase factor.

2.9.3 Parameterization

As already mentioned, each FF employs a different set of equations with their
own parameters. The process of obtaining these constants is known as param-
eterization. Usually, a large number of experimental measurements, including
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structures and energies, are gathered, and the parameters are chosen in such a
way that they minimize the errors with respect to this set of data, according
to a penalty function that measures the deviation. Nowadays, the experimental
data are normally complemented with information from high quality ab initio
calculations.

The result is a set of parameters for each atom considered in the FF. How-
ever, the parameters for a specific atom may work extremely well in a molecule
but don’t work at all in another one. This is because two atoms with the same
atomic number may have very different behaviours depending on their oxida-
tion state, the hybridization, the atoms to which they are bonded, etc. As a
consequence, FFs have parameters for ‘atom types’, which are atoms that are
similar enough, so they can be treated in an identical way even if they are in
different molecules. The number and definition of atom types depend on each
FF.

As an example, the General AMBER FF (GAFF)303 has five different ‘atom
types’ for the carbon: ‘c’ for a sp2 C bonded to O or S, ‘c1’ for a sp1 hybridiza-
tion, ‘c2’ for an aliphatic sp2 C, ‘c3’ for a sp3 C, and ‘ca’ for a sp2 carbon in an
aromatic ring, whereas AMBER296,297 has more than 20 carbon types.

One of the disadvantages of the FFs is that, since they are designed for
specific purposes, some atoms or bonds in the system at hand may not have
available parameters. In this scenario, there are several alternatives: change to
a FF where all the necessary parameters are included, parameterize the missing
ones according to the procedure described above, or use a method, such as the
Seminario method,304 to obtain these parameters directly from the output of ab
initio calculations.

The Seminario method is mainly used for metal-containing systems, and it
allows the calculation of harmonic force constants involving the metal atom,
which is not likely to be parameterized in the most popular FFs, from the Hes-
sian matrix. The VFFDT software,305 which offers parameters from the output
of frequency calculations, has an algorithm based on the Seminario method.

2.10 Solvation Models
So far, only calculations in gas phase have been covered. However, many re-
actions occur in solution and the solvent may not have a key role in the reac-
tion, but it always has some kind of influence and there are examples where its
presence or absence can lead to different results (e.g., Menshutkin reaction306).
Therefore, the effect of solvent in the treatment of reactions in solution should
always be considered somehow.

2.10.1 Explicit Models

The most obvious and computationally expensive option to account for solvent
effects is to include explicit solvent molecules in the system. In this sense,
the solvent is treated with the same theory level as the rest of the system, most
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likely with a QM method, providing the most accurate model for solvation when
enough and properly located solvent molecules are considered.307

This treatment greatly limits the number of solvent molecules that can be
included in the calculation, typically only few molecules that may have impor-
tance in the problem at hand, forming a solvent cluster. Along with the large
computational cost, there is a huge number of degrees of freedom due to the
different orientations of the solvent molecules, which raises the difficulty of find-
ing relevant stationary points on the PES.308 In addition, most of the solvent
effects are missing with this treatment since only local or ‘short-range’ effects
between the solvent molecules and the system will be present, contrary to the
‘long-range’ effects associated with the remaining solvation shells,309 such as
solvent polarization, which require a large number of solvent molecules.

Another option would be considering all the system (solute + solvent) with
MM combined with a MD simulation. Although this treatment allows a large
number of solvent molecules in the calculation, it is useless for studying chemical
reactions since MM cannot describe the formation and breakage of chemical
bonds. The low computational cost of this treatment also comes with a huge cut
in the accuracy of the results, so normally, it is only employed as a preliminary
method to prepare an input for higher level calculations or to study very large
systems in solution, such as proteins. There are specific FFs designed to treat
solvents. For example, the most popular models for water are called TIPXP,
where X is an integer number (typically 3 or 4)310 indicating the number of spots
for the evaluation of the energy, which are parameterized accordingly. They also
constrain the geometry of the solvent molecules to lower the number of degrees
of freedom.

A solution to some of the problems of QM and MM treatments consists of
combining them in a QM/MM calculation.178 Typically, if the solute is not
too big (like a protein or an enzyme), it can be entirely treated with a QM
method. Even some solvent molecules or the first solvation shell may be also
included in the QM calculation in the so-called QM region or ‘layer’ and the
rest of the solvent is modelled with MM, normally with one of the FFs designed
for that specific solvent in the MM region. This method provides accurate
results, accounting for both the short-range and the long-range (through in-
teraction between the QM and MM regions) effects. Nevertheless, the large
number of molecules comes with a huge number of degrees of freedom, mak-
ing the optimization calculations quite tedious, specially for the optimization of
TSs. Indeed, the total Hamiltonian (solute + solvent) in a QM/MM calculation
has three different terms,

Ĥ = Ĥsolute
QM + Ĥsolvent

MM + Ĥint
QM/MM (343)

the first one is the Hamiltonian of the QM region, the second term is the MM
Hamiltonian corresponding to the solvent (the MM region), and the last one is
the Hamiltonian that accounts for the interaction between both regions. Each
of them depends on their corresponding degrees of freedom, with the interaction
term depending on the degrees of freedom of both types of molecules.
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In practice, this treatment is employed for single-point calculations or in
reactions with a defined reaction path where Free Energy Perturbation (FEP)
calculations can be carried out in conjunction with MD or Monte Carlo simu-
lations.311

Note that, although QM/MM is a hybrid model, it will not be included in
the hybrid section of the solvation models since it accounts for all the solvent
molecules, both in the QM and the MM regions, in a explicit and discrete
manner.

2.10.2 Implicit Models

The most popular treatments to account for solvation effects are the so-called
continuum solvation models. These methods provide the inclusion of the solvent
in an implicit manner, i.e., the solvent molecules are modelled by a continuous
medium to reproduce some of its macroscopic properties. In this way, the de-
grees of freedom of the solvent are greatly reduced by employing a distribution
function to describe it, in a similar way to the use of the electron density instead
of the wave function in DFT. Furthermore, the Hamiltonian term corresponding
to the solvent is completely removed, leaving an effective Hamiltonian for the
solute.312 Hence, the distribution function should only give a good description
of the interaction with the solute, not of the solvent itself

Ĥeff = Ĥsolute + Ĥint (344)

Ĥeff |Ψ〉 = E|Ψ〉 (345)

Now, the interaction potential only depends on the degrees of freedom of the
solute and the distribution function of the solvent, which will vary depending on
the implicit model of choice, although most of the continuum solvation models
describe the solvent as an isotropic dielectric continuum characterized by its
permitivity ε.

In order to get a good description of Ĥint, the concept of free energy of
solvation, ∆Gsolvation, is employed,178 which is the most important quantity
used to evaluate the solvent effects in a solute. It is defined as the change in
free energy of the solute associated with moving it from the gas phase to the
condensed phase. It can be negative or positive, depending on the specific inter-
actions between the solvent and the solute. There are different contributions to
∆Gsolvation in the continuum solvation models, such as cavitation, electrostatic,
repulsion, and dispersion interactions.

∆Gsolvation = ∆Gcav + ∆Gel + ∆Gdis + ∆Grep (346)

The cavitation term, ∆Gcav, refers to the change in free energy associated
with the creation of a cavity for the solute within the solvent continuum medium,
characterized by a dielectric constant. This term is always positive. There
are many different choices for the size and shape of the cavity depending on
the model. Ideally, the cavity should have a physical meaning and contain all
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the charge distribution of the solute, although, in practice, there will always
be some overlap between this charge distribution and the one of the solvent,
which is called, referring to the fraction of the charge distribution from the
solute outside the cavity, ‘escaped charge’ or ‘outlying charge’. For the sake
of simplicity, that fraction of the charge distribution of the solute is usually
ignored.

The choice for the shape and size of the cavity is a compromise between
accuracy and computational cost. From a computational point of view, cavities
with simple shapes, such as spheres or ellipsoids, are much easier to compute
than cavities with complex shapes. On the other hand, a shape that is as sim-
ilar as possible to the solute shape is the most accurate choice, although it is
usually very different from a sphere or an ellipsoid. There is a wide variety of
techniques for this purpose,309 with a different range of accuracy and computa-
tional requirement.

An accurate choice, although not widely used, consists of defining the cavity
with an isodensity surface.313,314 With this technique, a density value is given
and the cavity is derived from the electronic distribution.

A related technique calculates the interaction between the solute and an
atomic probe (normally a rare gas atom) placed at different positions in the
molecular space, obtaining a set of three-dimensional isoenergy surfaces. It
employs an Atoms in Molecules analysis (see section 2.11.1) of the solute and the
atomic probe to get the surface for the cavity. Both techniques provide a realistic
definition of the cavity at the expense of being computationally demanding.

The most widely used cavitation methods, with a fairly low computational
cost and unrealistic but not too simplistic results, are based on constructing the
cavity using the van der Waals radii of the atoms of the molecule. First, a set of
radii must be chosen. Some of the most popular tabulations are those proposed
by Bondi,315 Pauling,316 and the set of radii from the UFF.295 The latter is the
one employed by default in many QM packages, including Gaussian.184 Then,
the surface of the cavity is obtained by superposing the vdW spheres of all the
atoms. Sometimes the radii are scaled to change the cavity size, for instance,
Gaussian 16 employes a scaling factor of 1.1. Other examples of cavitation
techniques are GEPOL317 and DefPol.318

The cavitation energy is usually calculated using Pierotti’s model,319–321
which is based on the scaled particle theory. It calculates ∆Gcav by dividing
the process in two steps, each one with its corresponding contribution. First,
the work for creating the cavity is calculated as the free energy required to
introduce hard-sphere molecules of the appropriate radius into the solvent, so
they produce the cavity. Then, the free energy for placing the solute molecule
inside the cavity is computed as the work associated with giving the cavity the
proper electronic distribution to mimic the actual solute. Within this model,
∆Gcav is calculated according to the following formula,312

∆Gcav = K0 +K1RMS +K2R
2
MS +K3R

3
MS (347)

where RMS is the radius of the hard-sphere molecules used to create the cavity,
which is the sum of the radius of the solvent and the solute molecules RMS =
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RM + RS . The cavity must exclude the center of the solvent molecules. The
coefficients Ki(i = 0, 1, 2, 3) depend on properties from the solvent.

The electrostatic interactions between the solute and the solvent can be
calculated as ∆Gel = Gel − G0, being G0 the ab initio energy of the isolated
solute, and Gel the analogous energy calculated in solution. Contrary to the
cavitation energy, the electrostatic interactions are always attractive (unless
there are no electrical moments in the solute, in which case they are null). These
interactions are described in a self-consistent manner and are the most important
contribution to ∆Gsolvation. The electronic distribution of the solute, described
either with ρ(r) or as discrete point charges, is located inside the cavity created
in the dielectric continuum (normally called reaction field), where it polarizes
the solvent. At the same time, the solvent also induces a change in the charge
distribution of the solute. This change will polarize again the solvent, which
in turn produces another polarization to the solute, and so on. The process
continues until the polarization between both of them stops. This occurs when
the energy gained from the polarization coincides with the energy required to
achieve it. Numerically, it is solved by an iterative procedure. The result is
a modified ρ(r) of the solute, which should be the one used to calculate any
property in solution, and an electrostatic interaction potential to insert into the
effective Hamiltonian of the solute.

The basic model for calculating the electrostatic interactions between the
solute, described as ρ(r), and the dielectric continuum, characterized by a di-
electric constant ε, employs the Poisson equation, in conditions of zero ionic
strength, it is expressed as,178

∇2φ(r) = −4πρ(r)
ε

(348)

where φ(r) is the electrostatic potential at point r, the sum of the electrostatic
potential from the solute’s charge density in vacuum, φM (r), and the potential
generated by the polarization of the dielectric medium. The latter is usually
called reaction potential, φR(r). This equation is valid when the dielectric
medium responds in a linear fashion to the charge density. However, there are
two regions in the problem, inside and outside the cavity. So, the general Poisson
equation

∇ [ε(r)∇φ(r)] = −4πρ(r) (349)

can be simplified for each of the regions.309 Inside the cavity, since the solute
is in vacuum, ε(r) = 1,

∇2φ(r) = −4πρ(r) (350)

and outside the cavity, where ρ(r) = 0 and ε(r) = ε

− ε∇2φ(r) = 0 (351)

Equations (350) and (351) are only valid if the escaped charge is neglected.
The ε inside the cavity is not a function and there are no electrolytes within
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the solvent. Furthermore, there are some conditions that these equations must
fulfill. At infinite distance

lim
r−→∞ rφ(r) = α (352)

lim
r−→∞ r

2φ(r) = β (353)

where α and β are finite numbers. For the boundary of the cavity (the surface),

φin = φout (354)

this means that the interaction potential in neighbouring points inside and out-
side the cavity must be identical. Another condition is

∂φin
∂n

= ε
∂φout
∂n

(355)

where n is the normal vector of the cavity surface pointing outwards.
All this set of equations is the basis of the continuum solvation models. How-

ever, there are many methods to solve them, which are normally grouped into
six different categories: the apparent surface charge (ASC) methods, the multi-
pole expansions (MPE) methods, the generalized Born approximation (GBA),
the image charge (IMC) methods, the finite element methods (FEM), and the
finite difference methods (FDM). The focus will be made into the ASC meth-
ods, which are implemented in most QM packages and will be frequently used
throughout this thesis.

All the different ASC methods have in common the strategy to represent
the reaction potential, φR(r): the use of an apparent surface charge (ASC)
distribution σ(s) spread on the cavity surface. Hence, the total electrostatic
potential at any point r inside the cavity is

φ(r) = φM (r) + φR(r) =
∫
C

ρ(r)
|r − r′|

dr′ +
∫
S

σ(s)
|r − s|

ds (356)

The first term is the electrostatic potential generated by ρ(r), which is calcu-
lated by integration over the whole volume of the cavity (neglecting the escaped
charge). The second term is the reaction potential, caused by the ASC distri-
bution, σ(s), and it is obtained by integration on the cavity surface (S). With
this formulation, the reaction potential is exact if σ(s) is defined properly, al-
though the integration over the cavity surface may be challenging if the shape
is complex. In that case the integral is normally discretized with the technique
known as boundary element method (BEM). Using this approach, the reaction
potential is calculated as a finite sum

φR(r) ≈
∑
k

qk
|r − s|

(357)

In addition, there are different formulations for computing σ(s), all based
on the dielectric constant of the medium, along with the shape and size of the
cavity, and the electronic properties of the solute at S.
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The oldest ASC method is called Polarizable Continuum Model (PCM).322
Nowadays, the term PCM groups a variety of models based on the same assump-
tions, including the original method (now called DPCM)323 and more recent
formulations, such as CPCM and IEFPCM.

In DPCM,312 the ASC distribution is expressed in terms of the polariza-
tion vectors ~Pi and ~Pj of each of the different regions (with different dielectric
constants) that the surface separates

σij = −
(
~Pj − ~Pi

)
· ~nij (358)

The polarization vectors are obtained from the gradient of the total potential
and the dielectric constant at the corresponding region,

~Pi(r) = −εi − 1
4π ∇φ(r) (359)

in the considered case, where the dielectric function inside the cavity is always
1, the polarization vector in this region is null, ~Pi = 0. Therefore, equation
(358), in the boundary between the cavity and the solvent, is simplified to

σij = εj − 1
4π ∇φout(r) ·~nij = εj − 1

4πεj
∇φin(r) ·~nij = εj − 1

4πεj
∂ (φM + φR)in

∂~n
(360)

where the relation between the gradient of the potential inside (region i) and out-
side (region j) the cavity, expressed in equation (355), has been employed. This
method for calculating σ is called exact dielectric boundary condition (EDBC).

The Conductor-like Screening Model (COSMO)324 is another ASC method,
but based on the idea of changing the finite value of the dielectric constant
characteristic of the solvent by the one from a conductor, (i.e., ε = ∞). This
approximation simplifies the electrostatic equations for the reaction potential,
since, if the solvent is an ideal conductor, the electric potential on the cavity
surface vanishes and the ASC distribution is now defined by the local value of
the potential instead of its normal component gradient as in equation (360).
In this type of models, the charge density corresponding to the conductor, σ∗,
must be scaled to account for the electronic properties of the actual solvent with
a finite ε. This is done with a function that depends on ε

σ(s) = f(ε)σ∗(s) (361)

This scaling function has been determined empirically with the following formula

f(ε) = ε− 1
ε+ k

(362)

In the original COSMO model, k was suggested to have a 0.5 value. Other
conductor-like models, including CPCM,325 which is another PCM model, de-
veloped to benefit from the conductor-like approach of the solvent, adopt k = 0
instead. Depending on the source, the preferable choice for k varies from 0326
to 0.5.327
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In 1997, Cances et al328–330 introduced a new ASC model, the so-called
integral equation formalism (IEF). The original IEF method is more general
than any of the continuum models mentioned before, as it can even be used
for anisotropic solvents. A simplified modification of IEF, at the cost of being
again restricted to isotropic media, was developed by Mennucci et al.,331 and
belongs to the PCM family of models, being known as IEFPCM. This is the
default PCM model of many computational codes, including Gaussian,184 and
it is very similar332 to the SS(V)PE model from Chipman,333 who put the focus
on correcting the polarization error from the charge density outside the cavity,
which is not treated in any of the previous models.

In IEFPCM, the potentials are expressed in terms of Green’s functions, and
its equation to get the ASC is formulated using two integral operators A and g

Aσ = −g (363)

This formulation provides several advantages. The most important is that it
depends on the reaction potential, as the COSMO model, rather than in its
normal component, like in DPCM. As a consequence, the calculation is much
more numerically stable along with a lower computational cost. In addition, it
provides a correction for the error induced by the escaped charge, similar to the
SS(V)PE model.

It is also remarkable that both the DPCM and CPCM formulations are
contained in the IEFPCM one as special subcases.

As stated before, all these models must be solved iteratively, since the ASC
distribution depends on the charge distribution of the solute through the re-
action potential, and vice versa. The steps for solving the equations wil be
presented using the most simplistic model, DPCM with the BEM formulation.

Coming back to equation (344), the effective Hamiltonian is divided into the
Hamiltonian of the solute and the Hamiltonian for the interaction between the
solute and the solvent, which is calculated as the integral of the product between
the charge distribution of the solute ρM (with both its electronic and nuclear
components) and the reaction potential, φR, which depends on σ. Therefore,
the calculation of the interaction potential requires ρM and the discrete charges
at the cavity surface, {qk}, which are obtained according to equation (360) in
the case of DPCM.

A typical iterative solution of DPCM with BEM309 consists of starting with
an initial guess for ρM , normally the charge distribution of the solute in vacuum
is taken for this step, and φM is calculated as the integral of equation (356) over
the cavity volume. Then, an initial set of charges, {qk}, is derived from equation
(360). Note that these charges are not correct, since the reaction potential φR
has not been introduced yet. This initial guess for {qk} is used to get φR, and
another set of charges is calculated from equation (360). The iterative procedure
is repeated again with fixed ρM , until convergence is achieved. From the final set
of {qk}, the effective Hamiltonian is defined and the Schrödinger equation (345)
is solved, resulting in a new charge distribution for the solute. The iterative
calculation of σ described above is performed again using the new ρM , leading
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to a different effective Hamiltonian, and so on. This process continues until
self-consistency.

All the aforementioned models belong to the so-called self-consistent reaction
field (SCRF) methods, since all of them are based on placing the solute inside a
cavity (the reaction field) and their equations must be solved in a self-consistent
manner, as described above.

Dispersion interactions are always present when two (or more) molecules
are at a finite distance. They are always attractive and they are consequence
of correlation effects, so they can not be treated with a HF description. Its
origin relates directly to the correlated motions of the electrons between the
corresponding systems. In the case of solvation, the positions of the solute
electrons are affected by the ones of the solvent, and vice versa.

There are several options for calculating the dispersion energy, ∆Gdis. They
are grouped into the ones using a discrete (pair-potentials) or a continuum
approximation,312 although the latter would be more desirable for an implicit
solvation model, which treats the solvent as a continuum.

On the other hand, the repulsion energy, consequence of the steric repulsion
generated when the solute is introduced into the cavity, is also called exchange
energy. The reason is that its main contribution in the perturbation theory
of intermolecular interactions comes from the exchange operator between the
electrons of the solute and the solvent.

The dispersion and repulsion interactions are usually grouped together into
a dispersion-repulsion term, ∆Gdis−rep, since they are calculated together to
minimize the error from couplings. Normally, these contributions are obtained
along with the electrostatic interactions, mainly for two reasons: to benefit from
the equations and the discretization of the cavity surface necessary to compute
those interactions, and to account for the change in ρM due to the dispersion
and repulsion potentials.

The most popular model used for obtaining the solute-solvent dispersion and
repulsion interaction energies has been proposed by Floris and Tomasi,334,335
and mixes a pair-potential approximation with the use of a continuum distribu-
tion.

2.10.3 Hybrid Models

In general, the use of implicit models provides good results in solution. However,
they lack many important features that are present when studying systems in
solution with explicit solvation models, such as solvent structure characteristics
from the first shells of solvation. On the other hand, as already mentioned, the
explicit treatment comes with a large computational cost.

The hybrid models try to put together the benefits of both approaches. The
most simple examples of hybrid models consist of treating with a QM method
the solute and some explicit molecules (a cluster or the first solvation shells),
and using an implicit solvation model for the long-range effects of the solvent.
This can also be done in a QM/MM method, where the implicit solvent may be
considered as a third layer (QM/MM/Continuum).
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Another approximation within the hybrid models relies on the use of corre-
lation functions for the solvent. Instead of using a continuum solvation model or
an explicit solvation model, the methods based on this technique employ a pair
correlation function (PCF) or a radial distribution function (RDF) to determine
the probabilistic structure of the solvent.308

The Reference Interaction Site Models (RISM),336 such as 1D-RISM and 3D-
RISM, are examples of these type of hybrids. They employ statistical mechanics
along with solvent distributions to improve the description of solvation without
a large raise in the computational cost. Other examples of hybrid models are
those proposed by Zhu and Krilov,337 whose model accounts for the short-range
effects by decreasing the number of solvation shells and removing the PBC, or
by Grid Cell Theory (GCT),338 which employs a 3D grid around the solute to
calculate the enthalpy and entropy contributions of the free energy of solvation.

2.11 Methods of Analysis
So far, many methods and approximations to solve the Schrödinger equation
have been presented. They result in information about the geometry, the energy,
and other observables of the wave function. However, in many instances, this
does not help to clarify the problem at hand and tools to connect the results from
the quantum chemistry calculations to the ‘traditional’ language of chemistry
(e.g. charges, aromaticity, reactivity, etc) are interesting.

In this section, several methods to obtain chemical properties through the
analysis of the wave function or the electron density will be covered.

2.11.1 The Theory of Atoms in Molecules

The distribution of the electron density in a system is directly related to its
structure features, such as atoms, bonds, . . . Hence, the idea behind Bader’s
theory of Atoms in Molecules (AIM)339 is to use the topology of the electron
density to extract chemical information from the wave function. This theory is
based on the generalized action principle, which demonstrates that all matter
is composed of interacting open systems, where the systems are defined by the
topology of the density and each one can be identified as an atom in a molecule.

Thus, the distribution of the electron density ρ(r) provides a useful tool
for mapping all the structural and stability concepts of a molecule. All the
maxima, minima, and saddle points of the electron density are critical points,
whose position is denoted by rC , where the gradient of the electron density is
zero, ∇ρ(rC) = 0.

To analyse the nature of each critical point, one must consider the Hessian
matrix of ρ(rC), formed by nine second derivatives Hij = (∂2ρ(rC))/(∂ri∂rj)
(i, j = 1, 2, 3). This matrix is real and symmetric and hence it can be diago-
nalized to obtain a set of three eigenvalues and their associated eigenvectors.
The sign of each eigenvalue corresponds to the curvature of the electron den-
sity in the direction defined by its eigenvector. The curvature is negative at a
maximum, and positive at a minimum. Each critical point is labelled with the
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notation (ω, σ), where ω is the rank of the critical point, the number of nonzero
curvatures, and it is normally 3 for critical points of energetically stable config-
urations; σ is its signature, the sum of the algebraic signs of the eigenvalues.

The critical points with ω < 3 are said to be degenerate and are unstable.
Thus, the elements of the molecular structure correspond to critical points of
rank 3. There are four possible critical points of rank 3:

• (3,-3). All the curvatures of the electron density are negative in this
critical point and is therefore a local maximum. The coordinates of this
critical point are located at the position of a nucleus as a consequence of
the dominance of the attractive force between electrons and nuclei, which
leads to an accumulation of electron density at this position.

• (3,-1). Two curvatures are negative and hence, the electron density is a
maximum in the plane defined by the two associated axes (eigenvectors).
The third curvature is positive, corresponding to a minimum in the axis
perpendicular to the plane. This type of critical point is always found
between two nuclei that are considered to be ‘bonded’, as explained below.

• (3,+1). Two curvatures are positive, so the electron density is a minimum
in the surface defined by the two corresponding eigenvectors. The third
curvature is negative and thus, ρ(r) is a maximum at the axis perpendic-
ular to the surface.

• (3,+3). All the curvatures are positive and, therefore, the electron density
is a local minimum at this critical point.

In addition to the critical points, it is possible to extract information of the
molecular structure from the gradient paths. The gradient paths are trajectories
of ∇ρ(r), which are constructed as follows: starting from a point in space r, the
gradient of the density at r is calculated, determining the direction of maximum
increase in ρ(r). Then, the gradient is calculated again after moving along that
given direction. This procedure is repeated until the gradient path finishes at
a critical point, which must be a maximum in that direction. Therefore, every
gradient path starts and terminates at a critical point, although it can also
originate from a point at infinite distance from the maximum, e.g., an isolated
atom is a maximum where all the gradient paths conclude, but there are not
any other critical points that act as origin of the paths. The two trajectories
linking bonded nuclei through a common origin, which is located at a (3,-1)
critical point, form a line of maximum charge density (all the points in this line,
including the critical point, are maximum in the directions perpendicular to it)
that is called bond path, and the critical point is thus referred as a bond critical
point (BCP). In addition, when a set of bond paths form a ring, a (3,+1) critical
point is always found in its interior, so it is called ring critical point (RCP). It
happens the same for the (3,+3) critical points, they appear when the bond
paths are arranged in such a way that they form a cage (enclosed by at least
two ring surfaces), then it is called cage critical point (CPC).
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Since the (3,-3) critical points, which have already been identified as nuclei,
act as attractors where the gradient paths terminate but never originate, a
molecular system can be divided into different regions, each one containing an
attractor (3,-3) critical point. These regions are called basins and are defined
by all the gradient paths that terminate at the nucleus. In that sense, an
atom can be defined as the conjuction of the (3,-3) critical point and its basin,
e.g., the basin of an isolated atom is the entire space. Hence, some portions
of this boundary may be infinitely distant from the attractor, but others are
common to other basins forming an interatomic surface SAB of ‘zero-flux’ (no
trajectories cross this surface). This surface fulfills the mathematical condition
∇ρ(r) ∗ n = 0, where n is the normal vector of the surface, and it implies the
presence of a BCP between atoms A and B. In fact, the interatomic surface can
also be defined as the surface formed by all the gradient paths whose termination
is the BCP (note that the bond path originates at the BCP so this trajectory
does not belong to the interatomic surface).

Although some chemical information can be directly extracted from the pres-
ence of critical points, e.g., a BCP is an indicator of a bond between two atoms.
It is possible to get many more properties within this theory. For instance, once
the basin of an atom is defined, the calculation of its charge is straightforward:
substract the total number of electrons in its basin, i.e., the integral of the
electron density in that space, Ω, to the atomic number of the nucleus, Zk

qk = Zk −
∫

Ωk
ρ(r)dr (364)

The partial charges obtained from this method are not very good compared
to other methods. The main reason is that, since the charge is calculated from
the number of electrons at the whole basin, the density located close to the
nucleus has the same weight as the density situated at the boundaries of the
basin. For example, the AIM charges at a saturated hydrocarbon are positive
for the carbons and negative for the hydrogens.178

In the same manner that the electron density can be used to define atoms in
space, it is possible to employ the so-called electron pair density or two-particle
density to ‘locate’ pairs of electrons and obtain localization and delocalization
indexes. The electron pair density ρ2(r1, r2) is the diagonal of the second order
reduced density matrix, defined as the probability of finding simultaneously two
electrons in the volumes dr1 and dr2.340 Note that if the electrons are not
correlated, the electron pair density is the product of the probability of finding
the first electron at dr1 and the probability of finding the second electron at
dr2, ρ2(r1, r2) = ρ(r1)ρ(r2). However, a term accounting for the change in
the probability of finding a second electron at dr2 once the first electron is
located at dr1 must be added. This term is normally called exchange-correlation
hole, ρxc2 (r1, r2), and it is closely related to Pauli’s exclusion principle, i.e., the
probability of finding two electrons with the same spin close to each other decays
to zero.

The localization (λ) and delocalization (δ) indexes can be computed from
ρxc2 (r1, r2), integrating in the same atomic basin or in two atomic basins, re-
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spectively,341,342

λ(A) =
∫

ΩA

∫
ΩA

ρxc2 (r1, r2)dr1dr2 (365)

δ(A,B) = 2
∫

ΩA

∫
ΩB

ρxc2 (r1, r2)dr1dr2 (366)

λ(A) can be interpreted as a measure of the number of electrons localized in the
basin of atom A, and δ(A,B) as the number of electron pairs shared or delo-
calized between the atomic basins A and B, which resembles the classical Lewis
picture. Therefore, if the two atoms are bonded to each other, the delocalization
index (DI) can be interpreted as the bond order. For an atom A, it is possible
to get its total number of electrons with these indexes and, consequently, the
total number of electrons can be obtained as well

N(A) = λ(A) + 1/2
∑
B 6=A

δ(A,B) (367)

It is also remarkable that the DI is related to the covariance of the electronic
population of atoms A and B. If there is a bond between these atoms, their
populations are statistically correlated.341

2.11.2 Nucleus-Independent Chemical Shifts (NICS)

There are many ways of obtaining an estimation of the aromaticity in a system.
One of the most popular methods consists in determining the chemical shifts in
aromatic rings.343 Originally some atoms, like H or Li, were used in bridging
positions for a direct calculation of chemical shifts through 1H and 7Li NMR,
respectively (either theoretically or experimentally). However, these atoms can
perturb the wave functions of the system under consideration. Schleyer and
coworkers proposed the Nucleus-Independent Chemical Shifts (NICS) method
as solution.344

NICS indices correspond to the negative (change of sign) of the magnetic
shielding computed usually at ring centres or points above (or below) the rings.
On the one hand, negative values of NICS inside rings or cages indicate the
presence of induced diatropic ring currents or ‘aromaticity’. On the other hand,
positive values denote paratropic ring currents and ‘antiaromaticity’, whereas
the value of zero corresponds to ‘nonaromaticity’.

However, chemical shifts in organic molecules are affected by the σ frame-
work. This leads, for example, to non-zero values of NICS in nonaromatic rings.
The influence of the σ contribution decreases as the ring size increases (the ring
centre is further from the C-C and C-H bonds). For relatively small and planar
rings, the best solution comes from evaluating the NICS in points 1 Å above the
ring centre, NICS(1), where the electron density from the π orbitals is maximum
and the σ contribution is minimum. Therefore, NICS(1) is the recommended
measure of the π electron delocalization rather than NICS(0), which computes
NICS at the ring centre.345
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NICS values can be computed in QM programs such as Gaussian184 by car-
rying out NMR calculations (in optimized molecular structures) and using ghost
atoms for designating the positions for the NICS evaluations. Experimentally,
NICS can be approached using inert probe atoms at distant positions. For ex-
ample, 3He NMR has been used to obtain NICS from fullerene centres,346 in
good agreement with theoretical results.

2.11.3 Natural Bond Orbital Analysis

The first order reduced density matrix (1-RDM) γ1(r′1, r1) has special impor-
tance in electronic structure theory. It differs from ρ(r) since it is calculated
with two sets of coordinates. However, its diagonal, γ1(r1, r1), corresponds to
the electron density function ρ(r1), furthermore, its trace is the total number of
electrons in the system, N . The 1-RDM thus lies between the electron density
and the wave function. Some methods obtain the ground state properties of a
system through functionals of the 1-RDM, such as the Reduced Density Ma-
trix Functional Theory (RDMFT).347 RDMFT benefits from the fact that the
kinetic energy is an explicit functional of γ1, so the introduction of a fictitous
non-interacting system is no longer necessary.

Instead of deepening on the functionals of the 1-RDM, its use for connecting
the results from a quantum chemical calculation to the classical Lewis picture
of bonds and pairs of electrons will be presented173

γ1(r′1, r1) = N

∫
ψ∗(r1, r2, . . . , rN )ψ(r′1, r′2, . . . , r′N )dr2 · · · drN (368)

Trγ1(r′1, r1) =
∫
γ1(r1, r1)dr1 = N (369)

γ1(r1, r1) = N

∫
ψ∗(r1, r2, . . . , rN )ψ(r1, r2, . . . , rN )dr2 · · · drN = ρ(r1) (370)

The 1-RDM is obviously symmetrical and, hence, it can be diagonalized,
thus obtaining a set of eigenvalues ni and their associated orthonormal eigen-
vectors φi. These are called Occupation Numbers and Natural Orbitals (NO),
respectively. In the case of a single-determinant wave function from a HF or
a DFT calculation, the initial matrix (if the overlap matrix is the identity)
coincides with the density matrix P, defined in equation (75). After the diago-
nalization, there will be N/2 eigenvectors with degenerate eigenvalue 2, and the
rest will have an eigenvalue of 0. Each NO will be a specific linear combination
of the canonical orbitals. For multi-determinant and UHF wave functions, the
occupation numbers can have any value between 0 and 2 (including fractional
values)

γ1(r′1, r1)φi = niφi (371)
The electron density can be easily represented using the set of M NOs with
occupancy different from 0 (with maximum occupancy)

ρ(r) =
M∑
i=1

ni|φi|2 (372)
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The 1-RDM, being a Hermitian operator with a complete set of orthonormal
eigenvectors {φi} , can also be expressed as

γ1(r′1, r1) =
M∑
i=1

niφ
∗(r′1)φ(r1) (373)

The idea of Weinhold and co-workers348 is to use the 1-RDM to carry out
a Natural Atomic Orbital (NAO) and Natural Bond Orbital (NBO) analysis to
define the shape of atomic orbitals and locate bonds from the electron density
between atoms. Instead of diagonalizing the 1-RDM as described above to get
the Natural Orbitals, they use a different scheme.

First, the basis functions are arranged in such a way that all orbitals located
on atom A are before those on atom B and so on. The density matrix can be
built in terms of blocks of basis functions belonging to a specific centre (with
off-diagonal blocks that define the bonds between atoms). Note that an obvious
requisite for this procedure is that the basis set is atom-centred. For example,
for a two-atom system

D =
(
DAA DAB

DBA DBB

)
(374)

Each block is a matrix that can be diagonalized. For instance, if atom A has
two basis functions, µ and ν

DAA =
(

C2
µA CµACνA

CνACµA C2
νA

)
(375)

When this matrix is diagonalized, the eigenvectors obtained are the NAOs for
atom A in the molecular environment. NAOs are analogous to the eigenvectors
described before in the sense that they also satisfy the maximum-occupancy
criteria. However, NAOs are localized and they are only orthogonal with the
eigenvectors of the same block.

This set of non-orthogonal NAOs is often called ‘pre-NAOs’ {φ̃Ai } and must
be submitted to an orthogonalization procedure to obtain a new set of NAOs
{φAi }. This is carried out with a procedure called occupancy-weighted sym-
metric orthogonalization (OWSO), which uses a transformation matrix TOWSO
that minimizes the deviation between the occupancy of the new set of orthogo-
nal orbitals and the non-orthogonal ones. In this context, the orbitals with the
highest occupancies are the ones that are mostly preserved, whereas the orbitals
with low occupancies, such as Rydberg orbitals, are distorted freely to achieve
orthogonality. Now, the addition of the diagonal elements of the density matrix
in this basis are the orbital populations, and adding all the contributions for
a specific centre, the atomic population is obtained. This is the essence of the
so-called natural population analysis.

Once the new NAO basis is defined, the NAOs are analysed according to
their occupancies to extract information about the lone pairs and the atomic
bonds, and thus, derive an optimal natural Lewis structure. This procedure
starts by removing the contributions to the density matrix of core orbitals KA,
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which are located as NAOs within an atomic block with occupation number very
close to 2, normally greater than 1.999. Then, the lone pair eigenvectors nA,
defined as NAOs within an atomic block with a large occupation number, greater
than 1.90, are identified and also removed from the density matrix. After that,
each pair of atoms (in the example only AB) is considered and the two-by-two
sub-blocks of the density matrix (equation (374) would correspond to the AB
pair of atoms) are diagonalized. The natural bond orbitals (NBO) σAB are the
resulting eigenvectors with large eigenvalues (occupation numbers), for example,
greater than 1.90. The sum of all occupation numbers from core orbitals, lone
pairs, and bond orbitals provides a measure for the accuracy of the new Lewis
structure. If the total occupancy is close to the total number of electrons, it is
considered accurate and accepted. On the other hand, if there is a considerable
discrepancy, the criteria for accepting a NBO can be gradually lowered until the
sum of the occupation numbers covers a sufficiently large fraction of electrons.

Each NBO σAB is associated with covalency effects, and can be decomposed
into orthonormal hybrid contributions hA and hB , which are called natural
hydrid orbitals (NHOs) and are obtained as a combination of NAOs

σAB = cAhA + cBhB (376)

From this set of NHOs, an antibond NBO σ∗AB is also obtained. It represents
regions of the atomic valence shell that are not saturated by covalent bonds and
hence, they are related with noncovalent interactions. Therefore, if these orbitals
show some occupancy, it is an indicator of deviations from the Lewis picture,
which only considers localized covalent bonds

σ∗AB = cBhA − cAhB (377)

The energy of the system can be decomposed into covalent, Eσσ, and non-
covalent, Eσσ∗ , components, being the later usually much smaller than the
former. Therefore, the energy lowering associated with the interaction between
the bonding NBO σ and the antibonding NBO σ∗ can be approximated with
second-order perturbative expressions

∆E(2)
σσ∗ = −2 〈σ|F̂ |σ

∗〉
εσ∗ − εσ

(378)

where F̂ is the Fock or Kohn-Sham operator.

2.11.4 Conceptual DFT

In parallel to the development of DFT as a tool for calculating the energy and
observables of a system, as described in section 2.4, another branch, named as
‘conceptual DFT’ by his creator Robert G. Parr, has emerged.349 As the previ-
ous methods described in this section, ‘conceptual DFT’ focuses on extracting
chemical properties and concepts to understand and predict the reactivity of a
molecule, thus connecting the electron density from DFT with the traditional
‘language’ of chemistry.350

112



2 METHODS

As already shown, the electron density integrates to the total number of
electrons N , and it is directly connected with the external potential, Vext(r) ≡
v(r). So, the energy (see eq. (143)) can be considered as a functional of them
E[N, v(r)]. This field of DFT concentrates on studying the response of the
energy to changes in N and v(r), which is related to reactivity indexes.

In 1983,351 Parr defined the change of E with the total number of electrons
at a fixed external potential as µ,

µ =
(
∂E

∂N

)
v(r)

(379)

which then identified as the chemical potential, describing the tendency of the
system to exchange electrons with the environment. In this context, the negative
of µ is a measure of the electronegativity, χ, of the system, a classical concept
of chemistry

χ = −µ = −
(
∂E

∂N

)
v(r)

(380)

Both µ and χ are global quantities, in the sense that they do not depend on
the position, they have a fixed value for the entire system. This idea may collide
with the classic idea of electronegativity, where some atoms of a system are
more electronegative than others. However, as Sanderson352,353 stated: “when
two or more atoms initially different in electronegativity combine chemically,
their electronegativities become equalised in the molecule”. Therefore, χ can
be used to explain some polar reactions, where two molecules with different
electronegativities approach but, once the reaction occurs, the product will have
an unique equilibrium value of χ, regardless of the ones from the fragments that
formed it.

The values for the chemical potential and the electronegativity can be ap-
proximated with the first ionization energy (I) and electron affinity (A)

χ = −µ ≈ 1
2 (I +A) (381)

As stated in the final paragraph of section 2.4.4, Koopmans’ theorem354 defines
I as the negative value of the HOMO energy, −EHOMO. Analogously, A can be
defined as the negative value of the LUMO energy, −ELUMO. Consequently, χ
can be computed from the energy of the frontier orbitals

χ = −µ ≈ −1
2 (EHOMO + ELUMO) (382)

On the other hand, the function that results from the response of the energy
to variations of the external potential, keeping constant the number of electrons,
is just the electron density

ρ(r) =
(

∂E

∂v(r)

)
N

(383)
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The second derivatives of the energy with respect to N and v(r) are also a
key aspect in ‘conceptual DFT’.

First, the change of µ with respect to N at a fixed external potential has
been identified by Parr and Pearson351 as a measure of the chemical hardness η

η =
(
∂µ

∂N

)
v(r)

(384)

The chemical hardness is a chemical property defined by Pearson in 1963 in
his ‘hard and soft acids and bases principle’ (HSAB).355–357 Pearson classified
acids and bases into hard or soft and proposed that the reactions are more
favorable between hard acids with hard bases, and soft acids with soft bases.
The introduction of a method to calculate the chemical hardness is thus crucial,
since, so far, it had been only a qualitative measure, with no clear definition.

This property is global, and it can also be approximated with the energies
of the frontier orbitals,

η ≈ 1
2 (ELUMO − EHOMO) (385)

in which the 1/2 factor is usually neglected.
The chemical hardness is directly related to the chemical softness, S, which

has been defined as the inverse of the former

S = 1
η

(386)

Second, the change in electron density at a given position with respect to the
number of electrons, which coincides with the variation in µ due to changes in
the external potential, has been defined by Parr as the so-called Fukui function
f(r)358

f(r) =
(
∂ρ(r)
∂N

)
v(r)

=
(

∂µ

∂v(r)

)
N

(387)

This function is usually split into two, depending on the sign of dN (if the
number of electrons grows or decreases).359 In a nucleophilic attack, there is an
increase in N , so f+(r) provides a local index for the electrophilicity

f+(r) =
(
∂ρ(r)
∂N

)+

v(r)
(388)

On the other hand, f−(r) is related to the nucleophilicity

f−(r) =
(
∂ρ(r)
∂N

)−
v(r)

(389)

In most studies, these functions are approximated by the so-called finite
difference method, calculating the Fukui functions as the difference in electron
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density at a point in space with different number of electrons in the system (N ,
N + 1, N − 1)360

f+(r) ≈ ρ(r)N+1 − ρ(r)N (390)

f−(r) ≈ ρ(r)N − ρ(r)N−1 (391)

In general, the larger the value of the Fukui function f+(r)/f−(r) at that point,
the greater the electrophilic/nucleophilic character, respectively.

To obtain a value for the Fukui functions at an atomic position A, Yang and
Mortier359 proposed a condensed form of them, integrating the Fukui functions
at the atomic regions. Combining this idea with the previous equations

f+
A ≈ qA(N + 1)− qA(N) (392)

f−A ≈ qA(N)− qA(N − 1) (393)

where qA is the charge of atom A for a given number of electrons in the system.
Its value can be computed with any of the methods that allow the calculation of
atomic charges (NBO, AIM . . . ). The condensed Fukui functions are sensitive
to the chosen method.

In addition, a dual descriptor that is able to reveal both the electrophilic
and nucleophilic sites of a molecule has been proposed by Morrell et al.361,362
It is defined as the variation of the Fukui function with respect to the number
of electrons

f (2)(r) =
(
∂f(r)
∂N

)
v(r)

(394)

It can be approximated as the difference between f+(r) and f−(r)

f (2)(r) ≈ f+(r)− f−(r) (395)

In this sense, a positive value of f (2)(r) means an electrophilic site, whereas a
negative value will be present at a nucleophilic one, making it a more useful
descriptor than the Fukui functions.363

There are other descriptors computed from the Fukui functions, for example,
the electrophilic s+

A and nucleophilic s−A local softness,

s+
A = Sf+

A (396)

s−A = Sf−A (397)

which are derived by the definition of local softness from Yang and Parr.364

s(r) =
(
∂ρ(r)
∂µ

)
v(r)

(398)

Some of the most popular theoretical reactivity indices from ‘conceptual
DFT’ have been presented. In general, they are easy to compute and provide a
powerful tool for analysing chemical reactivity.
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3 RESULTS AND DISCUSSION

3 Results and Discussion
3.1 Reactivity towards Activated Alkynes
Herein we will present and analyse the reaction of a series of Re(I) tricarbonyl
complexes [ReX(CO)3(bpy)] towards an activated alkyne (methyl propiolate,
HMAD) with different nucleophilic ligands (X = NH2, NHMe, NHpTol, OH,
OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) as well
as the effect of replacing the bpy ligand by phen in [Re(PPh2)(CO)3(N–N)].

3.1.1 Description of the PES

In this theoretical study the chosen level of theory is CPCM-DLPNO-CCSD(T)/
def2-TZVPP//PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Re). Although the
number of complexes here handled is quite large, we have been able to group
their PES into four different patterns. All the different reactions have in com-
mon the initial attack (TS1) from the nucleophilic ligand to the non-substituted
carbon of HMAD (C1). The subsequent steps for the formation of the three dif-
ferent products, which are those coming from the coupling of the other acetylene
carbon to the external ortho carbon of the bidentate ligand (Pccb), to one of
the carbonyl ligands in cis disposition to X (Pcco), or to its insertion into the
Re-X bond (Pins), differ in each PES pattern. Pccoh is only a possible out-
come of the reaction if the nucleophilic ligand contains a hydrogen atom, which
has to migrate to the oxygen atom of the coupled carbonyl ligand of Pcco.

In what we call the type I PES (see Scheme 3.1) , which describes the
reactions of the hydroxo and the phosphanido complexes (X = OH, PH2, PHMe,
PMe2, PHPh, PPh2, PMePh), the species from which the different products
are formed is a zwitterionic intermediate (I1′) where the C2 carbon of the
alkyne is readily oriented to yield any of them. This species is formed after
an isomerization of the intermediate formed by the initial attack (I1) through
TS1′. Hence, the formation of Pcco/Pccoh, Pccb and Pins occurs from I1′
via the corresponding TSs (TS2cco, TS2ccb and TS2ins, respectively).

The type II PES (see Scheme 3.2) only appears with the methoxo complex (X
= OMe). In this case, Pccb and Pins derive from Pcco instead of I1′ through
TS2ccb and TS2ins, respectively. The formation of Pcco is analogous to that
of I1′ in the type I PES, that is, the first intermediate I1 transforms to Pcco
via TS1′. The geometry of the structures involved in this type of PES is similar
to that of the analogous ones in the type I PES.

The type III PES (see Scheme 3.3) describes the reaction of the complexes
with nitrogen and sulphur ligands (X = NH2, NHMe, NHpTol, SH, SMe, SPh).
This PES pattern is characterized by two possible approaches between the initial
complex and the activated alkyne. On the one hand, the reactants link following
a similar reaction path to the one of the previous type. In this sense, an initial
intermediate I1 is formed, which evolves to Pcco through TS1′. The products
Pccoh (if X presents a hydrogen atom) and Pins may be obtained from Pcco
through an intermolecular hydrogen migration and TS2ins, respectively. This
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Scheme 3.1. Schematic geometries for the species located in the type I PES,
which describes the reaction of [ReX(CO)3(bpy)] (X = OH, PH2, PHMe, PMe2,
PHPh, PPh2, PMePh) with HMAD .

is the case for NHpTol, although with the other ligands the splitting point within
this route varies. Thus, in the reaction with NH2, NHMe, and SMe, the I1′
species is formed, and Pcco and Pins are obtained from it. Finally, for SH and
SPh, the initial intermediate plays the same role as I1′ in the previous ligands,
connecting with Pcco and Pins through TS2cco and TS2ins, respectively.
On the other hand, the formation of Pccb comes from a different route along
the PES. For this route, the initial attack (TS1b) from the nucleophilic ligand
to the C1 atom of HMAD to form the intermediate I1b occurs in the opposite
orientation to that of TS1. This intermediate isomerizes to I1b′ without any
energy barrier. In this species the C2 carbon of the alkyne is closer to the
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Scheme 3.2. Schematic structures for the species located for the reaction of
[Re(OMe)(CO)3(bpy)] with HMAD. This corresponds to the type II PES.

diimine ligand and it may form the Pccb product via TS2ccb.
Another type of PES, the type IV, has only been found for the complex

bearing the OPh ligand (see Scheme 3.4). Unlike in previously described PES,
this one presents a splitting point in the first intermediate (I1). This species
can either transform to Pcco without any TS or to Pccb via TS2ccb. The
insertion product Pins results from the TS (TS2ins) that connects it with
Pcco, as in the type II and type III PES.

Note that there are some variations in the geometry of the different species
involved in the reaction mechanisms between the various nucleophilic ligands,
even if they belong to the same type of PES (e.g. the I1 species when X =
SH differs in the orientation of the C2 atom of HMAD when compared to X
= SMe). However, this general picture and notation will help us to follow the
discussion of the factors governing these reactions.

The formation of Pccoh from Pcco when the nucleophilic ligand of the Re
complex contains at least a H atom deserves special attention. Pccoh is the
reported experimental product for the reactions with X = OH and NHpTol, and
the expected one for other ligands as we will cover below. There are many pos-
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Scheme 3.3. Schematic representation of the species located for the reaction
of [Re(NHpTol)(CO)3(bpy)] with HMAD. The presence of two possible initial
routes, one that starts with TS1 and another one with TS1b, is characteristic
of the type III PES. The complexes with X = NH2, NHMe, SH, SMe, and SPh
also follow this type of PES, although the connectivity between thePcco/Pccoh
and Pins products with I1 varies.

sible transformations that can lead to Pccoh from Pcco. First, we considered
the possibility of an intramolecular migration of the ligand hydrogen atom to
CO, but the barrier for that process is too large (greater than 50 kcal/mol). The
explicit inclusion of solvent THF molecules does not affect this barrier. We have
also wondered if the migration could take place after breaking the Re-X bond.
The TS associated to that breaking is not too large, with a relative energy close
to TS2ins. Nevertheless, the barrier found for the subsequent intramolecular
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Scheme 3.4. Schematic picture of the species involved in the type IV PES.
This type of PES has only been found for the reaction of the OPh complex with
HMAD.

hydrogen migration is even higher than for the direct migration, so this route
has also been discarded. Then, we tried the possibility of an intermolecular
migration involving two Pcco moities with X = OH (Figure 3.1). In this sense,
a dimer where two Pcco species interact through hydrogen bonds between the
nucleophilic ligand and the carboxylate group of HMAD has been optimized
(Pcco-dimer). From this dimer, a TS for the simultaneous migration of both
hydrogen atoms to the corresponding carboxylate groups (TS-H1) only raises
5.6 kcal/mol, forming an intermediate 5.2 kcal/mol above the dimer (I0-H1).
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3.1 Reactivity towards Activated Alkynes

Hence, in I0-H1 the hydrogen previously located in the nucleophilic ligand is
bonded now to the carboxylic oxygen of the alkyne. Each of the monomers (I-
H1) has a relative energy 12.0 kcal/mol above the reactants. As a consequence
of the proximity between the oxygen from the carboxylic group and the oxy-
gen at the carbonyl ligand (2.749 Å), the TS for the migration of the hydrogen
atom between them (TS-H2) presents a barrier of only 14.5 kcal/mol. After
TS-H2, the Pccoh product is already formed, which lies 12 kcal/mol below the
reactants for X = OH. An analogous mechanism is assumed for the hydrogen
migration between Pcco and Pccoh for the other nucleophilic ligands.

(a) Pcco-dimer
(0.0 kcal/mol)

(b) TS-H1
(5.6 kcal/mol)

(c) I0-H1
(5.2 kcal/mol)

(d) I-H1
(12.0 kcal/mol)

(e) TS-H2
(14.5 kcal/mol)

(f) Pccoh
(-12.0 kcal/mol)

Figure 3.1. Optimized geometries with their corresponding CPCM-DLPNO-
CCSD(T)/ def2-TZVPP//PCM-B3LYP/6-31+G (d,p) (LANL2DZ for Re)
Gibbs relative energies of the species involved in the intermolecular hydrogen
transfer between Pcco and Pccoh for the hydroxo complex.

3.1.2 Effect of the Bidentate Ligand

Before deepening into the differences between the reactivity of the series of
nucleophilic ligands investigated, it is interesting to clarify the effect of the
bidentate ligand on the PES. There are experimental reports on the reaction
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involving the complexes with X = PPh2, NHpTol, OH, and OMe,31,45,53–57
but only the phosphanido complex was bearing a phen ligand, whereas the
others presented a bpy ligand. Therefore, we have chosen this complex for
studying the consequences of replacing phen by bpy. For this comparison, we
will use PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f for Re)//PCM-B3LYP/6-
31+G(d,p) (LANL2DZ for Re) Gibbs energies referred to the separate reactants.
The species with a phen ligand will be denoted with the suffix ‘_phen’.

As already mentioned, the reaction between [Re(PPh2)(CO)3(bpy)] and
HMAD is described by a type I PES, with the zwitterionic intermediate I1′
marking the splitting point for the formation of the three possible products (see
Figure 3.2). This also holds for the reaction of the analogous complex with a
phen ligand, with similar geometries in all the critical points of the PES.

The energetics for the first stages of the reaction, until the formation of I1′,
are similar for both complexes, being the maximum difference between them
0.9 kcal/mol (in TS1′). In addition, the insertion route is always the most
disfavoured one, since TS2ins relative energy is 21.6 and 22.8 kcal/mol for the
phen and bpy complexes, respectively. This barrier is larger than the one that
presents TS1, which is the rate-determining step for the formation of Pccb and
Pcco, with a relative energy of 18.8 kcal/mol (TS1_phen) and 19.2 kcal/mol
(TS1).

The difference in relative energy between the species involved in the forma-
tion of Pcco is also subtle. The barrier is 9.7 and 11.0 kcal/mol for the phen
and bpy complexes, respectively, and the relative energy of the product is, in
both cases, close to -1 kcal/mol, with a difference of 0.4 kcal/mol between them.

However, there are important discrepancies in the route that leads to the
formation of the coupling product with the bidentate ligand. In this route,
TS2ccb_phen has a relative energy of 7.8 kcal/mol, and Pccb_phen of -
11.1 kcal/mol. However, the barrier is 3.7 kcal/mol larger and the product 6.4
kcal/mol more unstable if the diimine ligand is bpy. As a consequence, the most
favoured product with phen, from both a kinetic and a thermodynamic point of
view, is Pccb_phen, since the barrier for its formation is the lowest one (7.8
kcal/mol) and it is the most stable product (-11.1 kcal/mol). This is in accor-
dance with the experimental findings.56,57 On the other hand, the formation
of the Pcco product has a lower barrier (11.0 kcal/mol) than the formation of
Pccb (12.5 kcal/mol) with the bpy ligand. Hence, the coupling with the car-
bonyl ligands becomes the kinetically preferred route, although Pccb remains
as the most stable product. The slight stability of Pcco (-0.7 kcal/mol), which
means that its reversion to I1′ has a barrier of only 11.7 kcal/mol, along with
the low relative energy of Pccb (-4.7 kcal/mol), implies that the thermodynamic
control is expected to prevail. Therefore, the reaction of both complexes with
HMAD would yield Pccb as the main product. Higher level energy computa-
tions for the bpy complex, with CPCM-DLPNO-CCSD(T)/def2-TZVPP, have
confirmed our conclusions. With this level, Pccb remains as the most stable
product (-20.0 kcal/mol), but TS2ccb now has a lower barrier (4.4 kcal/mol)
than TS2cco (4.6 kcal/mol). Therefore, we have corroborated the coupling
with the bidentate ligand as the most favoured route.
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3.1 Reactivity towards Activated Alkynes

Figure 3.2. PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f for Re)//PCM-
B3LYP/ 6-31+G(d,p) (LANL2DZ for Re) Gibbs energy profile in THF solu-
tion of the reaction between [Re(PPh2)(CO)3(phen)] and HMAD. Gibbs energy
values for the reaction between [Re(PPh2)(CO)3(bipy)] and HMAD are also in-
cluded between parentheses
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Several theoretical analysis were performed to rationalize the differences in
reactivity between the two complexes and the preference of coupling with the
diimine ligand over the other routes. A NBO analysis of the reactive intermedi-
ate I1′ (Figure 3.3) has confirmed that the carbon atom of the carbonyl ligand
that is attacked in TS2cco presents the most positive charge (+0.76 e) in both
complexes. This fact explains the low energy barrier for this coupling, which
is electrostatically favoured. On the other hand, the external ortho carbon of
the bidentate ligand has a charge of +0.08 e in bpy and +0.10 e in phen. In
addition, the total charge of the pyridine ring where the coupling is produced is
-0.76 e and -0.57 e for bpy and phen, respectively. Therefore, the nucleophilic
attack from the C2 carbon of HMAD to the diimine ligand is less favoured with
bpy than with phen, since it must overcome larger repulsive interactions.

(a) I1′ (b) I1′_phen

(c) Pccb (d) Pccb_phen

Figure 3.3. NBO charges of the non-hydrogen atoms of the diimine ligands at
the I1′ and Pccb species.

The comparison of NBO charges at the bidentate ligand on the Pccb species
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3.1 Reactivity towards Activated Alkynes

(Figure 3.3) also helps to elucidate the reason for the greater stability of the phen
product. In this sense, the nucleophilic attack to the diimine ligand induces a
raise in the electron density at the ring that is attacked and the NBO analysis
helps us to quantify these changes. In the case of the bpy ligand, the total charge
at this ring increases from -0.76 e to -1.36 e, whereas it changes from -0.57 e to
-1.03 e in the phen ligand. In addition, the charge at the other pyridine ring of
bpy remains practically the same, while the electron density at the other rings
of phen suffer a slight increase. Hence, the negative charges at the phen ligand
are more distributed than at the bpy one, which helps to stabilize the Pccb
product.

The coupling to the diimine ligand also implies a loss of aromaticity on the
attacked ring, as confirmed by NICS computations 1 Å above the RCP, which
we will refer as NICS(1). The NICS(1) indexes at the intermediate I1′, previous
to the bidentate ligand coupling step, show that all the bpy and phen rings are
aromatic with strong π electron delocalization, as the values range from -8.2 to
-9.6 ppm. However, the NICS(1) values at the pyridine ring where the coupling
is produced change to -1.7 and +1.7 for phen and bpy, respectively, once Pccb
is formed, both values indicate that the ring is no longer aromatic. In the case of
the other rings, the NICS(1) values demonstrate that their aromatic character
is not affected, with a maximum change of 1.8 ppm. The extra fused aromatic
ring of the phen ligand, which carries a greater π electron delocalization, could
explain the larger stability of Pccb_phen at the phen complex.

As a conclusion, the replacement of phen by bpy only induces significant
changes in the route that involves the coupling to the bidentate ligand. In this
sense, both the TS (TS2ccb_phen) and the product (Pccb_phen) are more
stable with phen than with bpy. This is mainly due to the larger conjugation of
the former, which makes the pyridine ring to be attacked more electrophilic and
helps to stabilize the product. To study the effects of the nucleophilic ligands
in the reactivity of the Re complexes towards HMAD we will only consider the
bpy ligand, since most experimental reports deal with it and its smaller size
provides a reduction in the computational cost of the theoretical study.

3.1.3 Effect of the Substituents of the Nucleophilic Ligand

Now, we will analyse the effect of the nucleophilic ligand in the reaction of the
complexes [ReX(CO)3(bpy)] (X = NH2, NHMe, NHpTol, OH, OMe, OPh, PH2,
PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) with HMAD. Contrary
to the replacement of the bidentate ligand, changes in X have a strong impact
on the PES, since, for instance, the experimental product differs for X = PPh2
(Pccb), NHpTol and OH (Pccoh), and OMe (Pins). First, we will study the
influence of the substituents (H, Me, Ph/pTol) on the nucleophilic ligands for
each heteroatom (N, P, O, S).

In the case of the nitrogen ligands (NH2, NHMe, NHpTol), as already men-
tioned, all of them follow a type III PES, with two initial routes, one starting
with TS1 and ending up in the Pcco/Pccoh or the Pins products, and an-
other one where the initial nucleophilic attack is described by TS1b and leads
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to the formation of Pccb. Hence, the substituents on the nitrogen atom do not
change the general mechanisms, although the splitting point of the former route
differs from the NHpTol ligand (Pcco) to the others (I1′). However, they do
have a strong influence on the outcome of the reaction (see Table 3.1).

Table 3.1. CPCM-DLPNO-CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G
(d,p) (LANL2DZ for Re) Gibbs relative energies including thermal corrections
in THF solution of the critical structures involved in the reaction between the
complexes [Re(NHR)(CO)3(bpy)] (R = H, Me, pTol) and [Re(OR)(CO)3(bpy)]
(R = H, Me, Ph) with HMAD. All the values are given in kcal/mol.

Species NH2 NHMe NHpTol OH OMe OPh
TS1 18.5 17.2 22.4 27.0 25.9 33.5
I1 0.4 1.2 15.2 23.8 20.2 31.9

TS1′ 8.5 4.3 17.0 28.0 24.8
I1′ 1.4 -0.8 23.9

TS2cco 4.3 -0.1 26.8
Pcco -8.0 -12.4 -0.2 15.2 9.9 24.2
Pccoh -24.9 -32.3 -21.1 12.0
TS2ins 11.2 8.4 20.4 28.3 24.0 36.5
Pins -29.1 -31.2 -22.4 -13.7 -16.4 -5.6
TS1b 19.3 14.0 21.4
I1b -1.3 -5.1 8.6
I1′b -1.5 -5.5 9.8

TS2ccb 8.4 4.1 19.0 31.2 29.5 38.8
Pccb -15.1 -19.3 -5.1 8.1 4.9 16.2

From the comparison of the relative energies when one of the hydrogen atoms
of NH2 is replaced by Me (NHMe), a moderate relative stabilization of all the
species except I1 is produced. It is also remarkable that the expected product
changes between these substituents. For NH2, the route for the formation of
Pcco is kinetically favoured. From this species, the TS for the insertion prod-
uct presents a larger energy barrier (19.2 kcal/mol) than the initial nucleophilic
attack (18.5 kcal/mol), so the product resulting from the intermolecular migra-
tion of the hydrogen (Pccoh) is favoured. On the other hand, the presence of
a Me substituent makes the energy barrier of the route that starts with TS1b
(14.0 kcal/mol) lower than the one of TS1 (17.2 kcal/mol). Hence, according to
the kinetic control, the Pccb species is formed. Since this product is very sta-
ble (-19.3 kcal/mol), and the barrier to return to I1′b is large (23.4 kcal/mol),
Pccb is the expected product for the reaction with NHMe. On the contrary,
the replacement of NH2 by NHpTol produces a relative destabilization of all
the species. In this case, both reaction routes have similar energy barriers (22.4
kcal/mol, TS1, and 21.4 kcal/mol, TS1b), with a difference in relative Gibbs
energy of only 1 kcal/mol. Therefore, the thermodynamic control dictates the
outcome of the reaction. Given that Pccoh is the most stable species, this is
the expected product in accordance to the experimental findings.55
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Moving to the complexes with oxygen ligands (OH, OMe, OPh), the type of
PES is largely influenced by the substituent, with a different type for each of the
OR ligands. In addition, the reported experimental product with the hydroxo
(Pccoh)45 and the methoxo (Pins)54 ligands differs.

The relative Gibbs free energies of all the species are collected in Table 3.1.
Comparing the reaction of the hydroxo complex with that of the complexes
bearing OMe and OPh, similar trends than those found for the nitrogen ligands
are observed. Indeed, the replacement of H by Me produces a stabilization of
all the species, whereas the aryl substituent induces a general destabilization.
In all cases, both the Pcco and the Pccb species are unstable, so the formation
of those products is unlikely. Hence, the insertion product Pins is the most
stable one for the three ligands and the expected one for X = OMe and OPh, in
accordance with the experimental findings for the methoxo complex. However,
the presence of a hydrogen atom in the hydroxo complex allows the formation of
Pccoh. Since the barrier for the insertion product (28.3 kcal/mol) is larger than
the rate-determining step (TS1′ with 28.0 kcal/mol), Pccoh is the expected
product with OH, as experimentally reported. It is also noteworthy that the
large energy barriers with the OPh ligand, 33.5 kcal/mol for the initial attack
(TS1) and 36.5 kcal/mol for the formation of the insertion product (TS2ins)
make unlikely the reaction of the complex bearing this ligand with HMAD.

In the reaction of the phosphanido complexes (X = PH2, PHMe, PMe2,
PHPh, PPh2, PMePh) with HMAD, only the type I PES, where there is a
common reactive intermediate (I1′) for all the different routes, is found. In this
case there is only one reaction that has been reported experimentally, the one
of the PPh2 complex to yield Pccb, although the complex had a phen ligand
instead of bpy, as already covered.

The Gibbs relative energy of all the species involving the PR1R2 ligands is
shown in Table 3.2. The reactions with all the phosphorous ligands have in
common that the rate-determining step is the initial nucleophilic attack (TS1)
and that the insertion route is the one with the largest barrier (TS2ins). In
addition, the TSs for the other routes, TS2cco and TS2ccb, are close in relative
energy, and Pccb is always more stable than Pcco. It is also remarkable that
Pccoh, when available, is more unstable than Pcco. Therefore, the expected
product in all cases is the coupling with the diimine ligand, Pccb. Comparing
the relative energies of the species involved in the reaction of the complex bearing
X = PH2 with the ones bearing other phosphanido ligands, the substitution of
the hydrogen atoms by Me and/or Ph induces stabilization in all of them, with
the only exception of TS1 with X = PHMe. Looking at the relative energies
with PHMe and PHPh, the alkyl substituent seems to have a slightly larger
stabilization effect than the aryl one, excluding TS1 and TS2ins. This effect
is corroborated when comparing the reactions of the PMe2 and PPh2 complexes,
given that all species are more stable with the former ligand. In addition, both
ligands produce a larger stabilization effect than the analogous ones with a
hydrogen atom. Finally, the PMePh ligand, with alkyl and aryl ligands, also
lowers the energy of all the species, although the effect is not as large as the one
with PMe2. As a conclusion, the Me substituent has a similar effect than in the
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Table 3.2. CPCM-DLPNO-CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G
(d,p) (LANL2DZ for Re) Gibbs relative energies including thermal corrections
in THF solution of the critical structures involved in the reaction between the
complexes [Re(PR1R2)(CO)3(bpy)] (R1R2 = H2, HMe, Me2, HPh, Ph2, MePh)
and [Re(SR)(CO)3(bpy)] (R = H, Me, Ph) with HMAD. All the values are given
in kcal/mol.

Species PH2 PHMe PMe2 PHPh PPh2 PMePh SH SMe SPh
TS1 27.6 30.9 17.4 17.6 17.5 18.7 32.7 23.1 30.8
I1 10.3 0.9 -5.5 5.6 2.2 0.1 29.9 21.9 26.1

TS1′ 14.6 6.2 -1.3 9.7 4.2 3.9 26.1
I1′ 9.1 0.2 -6.9 3.5 -0.6 -1.5 20.3

TS2cco 13.5 5.1 -1.3 8.2 4.6 2.2 32.9 24.7 29.0
Pcco 0.1 -8.9 -17.3 -7.4 -9.3 -11.6 21.1 11.0 14.4
Pccoh 0.3 -4.3 -4.2 -2.6
TS2ins 34.2 21.1 13.4 17.5 20.0 17.2 39.1 32.1 34.8
Pins -13.1 -18.3 -24.1 -17.5 -16.8 -21.1 -2.4 -9.1 -5.7
TS1b 28.0 21.0 25.6
I1b 25.7 17.3 22.6
I1′b 28.6 18.8 25.0

TS2ccb 13.5 5.8 -2.6 9.4 4.4 3.6 35.8 26.4 31.0
Pccb -9.5 -16.3 -25.5 -12.8 -20.0 -20.0 13.7 3.1 8.9

ligands with nitrogen and oxygen. However, the replacement of hydrogen atoms
by Ph has the opposite effect than in the previous cases, it produces stabilization
instead of destabilization. The substitution of both hydrogen atoms by methyl
and/or phenyl groups make the stabilization effects even larger.

To conclude, the reaction of the complexes with sulphur nucleophilic ligands
(X = SH, SMe, SPh) with HMAD follows a type III PES. However, as already
mentioned, the Pcco and Pins products are directly formed from I1 with SH
and SPh, whereas they come from I1′ with SMe. The relative Gibbs energies
of all the species involved in these reactions are shown in Table 3.2.

As for the oxygen ligands, Pcco and Pccb are always less stable than the
corresponding reactants. However, the barrier for the insertion route is large
in all cases (greater than 32 kcal/mol). Consequently, Pins seems to be the
expected product for SMe and SPh. However, their large barriers make the reac-
tion with HMAD quite unlikely. The same occurs for the SH complex, although
the possibility of formation of Pccoh, with a lower barrier (32.9 kcal/mol) than
TS2ins (39.1 kcal/mol), favours that route over the insertion one. The influ-
ence of the alkyl and aryl substituents on the relative energies is similar to the
one with the phosphorous ligands. Indeed, the replacement of the hydrogen
atom of SH by either a methyl or a phenyl group lowers the relative energy of
all the species. On top of that, the alkyl substituent has a larger stabilization
effect than the aryl one.

To sum up this analysis, we have observed that the presence of a methyl
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Figure 3.4. Orbital energies of the five highest occupied molecular orbitals
of the reactant complexes [ReX(CO)3(bpy)] (X = NH2, NHMe, NHpTol, OH,
OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh).

group in the nucleophilic ligand reduces all the energy barriers and stabilizes
the corresponding products, sometimes changing the expected outcome of the
reaction. This is likely due to a larger nucleophilic character of the ligand
with an alkyl substituent, consequence of the electron-donating properties of
the alkyl group. On the other hand, the replacement of hydrogen by an aryl
group has opposite effects depending on the heteroatom. If the aryl substituent
is bonded to N or O, the relative energy of the species involved in the reaction
is destabilized, whereas they are stabilized if the aromatic ring is bonded to P
or S. We will clarify these differences herein.

A comparison of the energy of the frontier occupied orbitals of all the com-
plexes, as shown in Figure 3.4, can give us information about the changes in
the overall nucleophilicity of the ligands. In general, higher energy HOMOs are
related to a larger nucleophilic character.

Indeed, the energy of the HOMO of the initial complexes with ligands bearing
hydrogen atoms is always raised when one of those is replaced by an alkyl or an
aryl group. This explains the general stabilization effect that is observed with
the inclusion of a methyl substituent, since it favours the reaction with HMAD.
However, the orbital energies cannot be used to explain the effects of the aryl
groups depending on the heteroatom. For that purpose, the composition of the
HOMO for the different ligands may shed some light.
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(a) NHpTol (b) OPh (c) SPh

(d) PHPh (e) PPh2

Figure 3.5. Pictures of the HOMO for the initial complexes containing nucle-
ophilic ligands with aryl groups.

Table 3.3. Bond distances in Å between the heteroatom X of the nucleophilic
ligand and the alkyl/aryl carbon atom bonded to it (CS), DI at the BCP located
between those atoms, and NAC in e (computed with NBO) of the heteroatom
for the reactant complexes [ReX(CO)3(bpy)] (X = NHMe, NHpTol, OMe, OPh,
PHMe, PHPh, PPh2, SMe, SPh).

X d(X-CS) DI(X-CS) NAC(X)
NHMe 1.461 1.0399 -0.799
NHpTol 1.372 1.1322 -0.790
OMe 1.400 0.9459 -0.752
OPh 1.329 0.9925 -0.678
PHMe 1.882 0.9166 0.180
PHPh 1.844 0.9337 0.232
PPh2 1.864 0.8793 0.519
SMe 1.841 1.1198 -0.188
SPh 1.782 1.1956 -0.085

As already mentioned, the aryl group has a destabilization effect on the N
and O ligands, whereas the opposite effect was found on the P and S ones.
Looking at Figure 3.5, it is clear that the addition of an aromatic ring produces
some conjugation, this explains the changes in energy of the HOMO, which is
destabilized. The computed Delocalization Indexes (DI), which are a measure of
the number of covalent electrons shared between two atoms, at the Bond Criti-
cal Point (BCP) between the nucleophilic atom and the carbon of the alkyl/aryl
group bonded to it (CS) confirm this (see Table 3.3), with larger values for the
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3.1 Reactivity towards Activated Alkynes

BCPs involving the aryl groups. This is also in accordance with a shortening in
the bond distances between those atoms (see Table 3.3). Notably, the complex
with the PPh2 ligand, which does not present conjugation, has a lower DI than
PHMe and the bond length only varies 0.018 Å (comparing PHMe and PHPh it
shortens 0.038 Å). Nevertheless, we can see in Figure 3.5 that the conjugation
is larger with N and O than with P and S. The main reason for that is the
disposition of the ring, with N and O the dihedral angles Re-X-aryl (X is the
heteroam, and aryl refers to the two carbon atoms of the ring closer to X) are
9◦ and 3◦, respectively, whereas the analogous angles for P and S are 70◦ and
17◦ in PHPh and SPh, respectively. Therefore, the π orbitals of the ring are
more available for conjugation in the former group of ligands. As a consequence,
despite the large destabilization of the HOMO energies due to this conjugation,
it also has the effect of making the lone pair of the nucleophilic atom less avail-
able for the initial attack, which explains the lower reactivity of those ligands
towards HMAD.

The net natural atomic charges (NAC) at the heteroatom of the nucleophilic
ligand also confirms the depopulation effect that takes place when the alkyl
group is replaced by the aryl one. Certainly, the NAC always becomes more
positive when such replacement takes place, as displayed in Table 3.3, This
is in accordance with the fact that the ligands with methyl groups are more
nucleophilic.

3.1.4 Influence of the Heteroatom of the Nucleophilic Ligand

Once we have elucidated the effect of the different substituents in the nucle-
ophilic ligand, we will now focus on the influence of the heteroatom in that
ligand. First, we will analyse the replacement of N by P, both of them be-
longing to Group 15 of the periodic table, and then, the same for the ligands
with heteroatoms from the Group 16, O and S. In order to compare the rela-
tive energies between them, we must choose nucleophilic ligands with analogous
substituents (e.g., NH2 and PH2, NHMe and PHMe, NHpTol and PHPh).

In the case of the ligands bearing only hydrogen atoms, the substitution of N
by P causes a destabilization of all the species. In addition, the preferred product
changes from Pccoh with NH2 to Pccb with PH2 as a consequence of the large
destabilization of Pccoh (25.2 kcal/mol) with the PH2 ligand. A similar effect
is observed when comparing NHMe with PHMe, with the only exceptions of I1,
which suffers a slight stabilization, and TS2ccb, which is lowered 3.8 kcal/mol.
Hence, the more accessible barrier for the coupling with the bidentate ligand,
along with the destabilization of TS2cco and Pccoh, favours the formation of
Pccb as well. For the comparison between NHpTol and PHPh we have to take
into consideration that the aryl group produces destabilization for the nitrogen
ligand, but stabilization for the phosphorous one. Therefore, there are two
combined factors, the stabilization due to the lack of conjugation with the aryl
group in PHPh, and the destabilization caused by changing N by P, as observed
for the previous ligands. The overall effect is a relative stabilization of all the
species, with the exception of Pins and Pccoh, which are destabilized by 4.9
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and 16.9 kcal/mol, respectively. These changes favour the formation of Pccb
with the P ligand again.

Moving to the ligands with O and S atoms, the general trends are similar to
those found for N and P. In this sense, the replacement of O by S in OH and OMe
causes destabilization of all the species with only few exceptions, TS1, TS2ccb,
and Pccb with the alkyl substituent, whereas the same change in OPh causes
a relative stabilization of all the species but TS1, TS2ccb, and TS2ins. As
already discussed, only the Pccoh and the Pins products are more stable than
the reactants for the oxygen and sulphur ligands. Hence, Pccoh is the expected
product for OH and SH, and Pins for the remaining ligands. Therefore, in
this case, the expected product does not depend on the heteroatom. However,
the destabilization, consequence of the S atom, makes the reaction with HMAD
quite unlikely.

As we have covered, the replacement of the heteroatom from the second
period of the periodic table by the one belonging to the same group but the
third period causes, in general, a destabilization. With respect to the first
stage of the reaction, the differences in size between O and S, and N and P,
are in accordance with this fact. Since S and P have larger molecular orbitals,
more similar in size to the d orbitals of Re, the overlap with those is more
effective, and the attacking electron pair is less available. In addition, it is
well known that, for instance, OH– is a stronger base than SH– , due to their
differences in size and electronegativity. The Fukui indexes f−X computed at
the heteroatom of the reactant complexes [ReX(CO)3(bpy)] (X = OH, SH) can
give us information about those differences in nucleophilicity (more negative f−X
means more nucleophilic atom) . Indeed, the value of this index is -0.881 e with
X = OH, and -0.564 e with X = SH, confirming the more nucleophilic character
of the OH ligand. The same reasoning applies for the comparison between N
and P.

The more effective overlap of the Re orbitals with S and P also explains
the larger kinetic penalization of the insertion route with those ligands. Hence,
since the Re-X bond must be broken, it will require more energy if X is S or P.
The computed DI at the BCP located between Re and X at the intermediate
previous to the formation of Pins can be employed to check this hypothesis.
Such values are 0.6687, 0.6145, 0.6736, and 0.6545 for X = NH2, OH, PH2, and
SH, respectively. These indexes indicate that the Re-X bond becomes stronger
when moving from the second to the third period of the periodic table along
the same group. The differences in energy between TS2ins and the previous
intermediates follow the same trend, since they are 19.2, 4.4, 25.1, and 18.0
kcal/mol for X = NH2, OH, PH2, and SH, respectively.
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3.2 Reactivity of Molybdocenes towards Ethers

3.2 Reactivity of Molybdocenes towards Ethers
Now, we will present the results obtained for the theoretical study of the reaction
mechanism of the hydrolysis of ethyl vinyl ether, diethyl ether, and divinyl ether
catalyzed by [Cp2Mo(OH)(OH2)]+ in water. The theory level employed for
this computational investigation is PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-
PP for Mo)//PCM-B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo). Our main
goal is to elucidate the factors behind the divergent reactivity between ethyl
vinyl ether and diethyl ether.

3.2.1 Reaction Mechanism

We will start covering the PES found for the hydrolysis of ethyl vinyl ether
catalyzed by [Cp2Mo(OH)(OH2)]+, since this compound contains both alkyl and
alkenyl functional groups and this reaction has been experimentally reported,52
yielding ethanol and acetaldehyde.

As found in previous theoretical studies,43 [Cp2Mo(OH)(OH2)]+ readily
loses its aquo ligand to form [Cp2Mo(OH)]+, which is a stable but very reac-
tive species due to the empty coordination site and the presence of the hydroxo
ligand. In principle, the ethyl vinyl ether molecule has three potential coordi-
nation modes: through C1 (the vinyl group), O3 (the ether functionality) or
C5 (the ethyl moiety). However, the last one has been discarded after being
unable to find any intermediate or TS for that coordination, consequence of the
saturated nature of the alkyl group. The other possible coordination modes lead
to two different reaction profiles that we will cover separately, starting with the
coordination via C1.

The numbering of the ether atoms and the Gibbs energy profile for the
reaction that begins with the coordination of ethyl vinyl ether to the metal center
through the vinyl moiety (C1) is shown in Figures 3.6 and 3.7. The first stages
of the reaction are displayed in the former. The TS for that coordination mode
(TS0) presents a barrier of 18.5 kcal/mol, forming the intermediate I1 with a
relative Gibbs energy of 6.2 kcal/mol with respect to the isolated reactants. In
I1, the distance between the oxygen atom at the hydroxo ligand (Ohydroxo) and
C2 is only 2.863 Å. In addition, the vinyl moiety is activated, as reflected by the
the charge (computed with NBO) at that carbon, which varies from +0.147 e at
the isolated organic substrate to +0.354 e at I1. Hence, the nucleophilic attack
from Ohydroxo, which has a charge of -0.916 e at I1, to C2 is favorable, forming a
more stable intermediate I2 (5.0 kcal/mol) via TS1 (12.2 kcal/mol). In I2, Mo,
C1, C2, and Ohydroxo form a four-membered metallacycle. As a consequence of
the nucleophilic attack, the charge of Ohydroxo decreases to -0.674 e, whereas the
charges of C1 and C2 suffer only slight variations. On the other hand, the Mo
charge varies from +0.391 e at I1 to +0.236 e at I2, so the metal center receives
most of the electron density from the nucleophilic attack. Then, the hydrogen
atom bonded to Ohydroxo migrates to O3, cleaving at the same time the C2-O3
bond to release ethanol and form a very stable intermediate I3 (-9.5 kcal/mol),
where Mo is interacting simultaneously with C1, C2 and Ohydroxo. At I2, the
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Figure 3.6. PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-PP for Mo)//PCM-
B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo) Gibbs energy profile of the
Mo-C1 coordination mechanism in water solution of the hydrolysis of ethyl
vinyl ether catalyzed by [Cp2Mo(OH)(OH2)]+ until the formation of I3. For
comparison purposes, relative Gibbs energies for some relevant species in the
hydrolysis of divinyl ether are also shown in parentheses.

distance between the hydrogen atom and O3 is large (2.839 Å), so the direct
1,3 migration implies a large barrier (TS2, 35.0 kcal/mol). Nevertheless, the
presence of water molecules in the medium can stabilize this migration. In this
sense, the explicit inclusion of two water molecules between the hydroxo ligand
and O3 (I2_2w) lowers the barrier (TS2_2w) 20.2 kcal/mol.

The second part of the reaction, where I3 evolves to the final products and
the recovery of the catalyst, is included in Figure 3.7. At I3, either C1 or
O3 may decoordinate from the metal center to form I4-1 (-5.8 kcal/mol) or
I4-2 (1.4 kcal/mol), respectively, with an empty coordination site. Both the
barrier and the corresponding intermediate are more stable for the breaking
of the Mo-C1 bond than the Mo-O3 one. The vacant coordination site at the
new intermediates is readily occupied by a water molecule from the medium.
Then, one of the hydrogen atoms from that molecule migrates to O3 via TS4-1
(5.1 kcal/mol) or TS4-2 (6.5 kcal/mol) to yield I6-1 (4.6 kcal/mol) and I6-2
(7.5 kcal/mol), respectively. In those intermediates, the molybdenum center
is coordinated to a vinyl alcohol moiety through O3 or C1, respectively. In
the final step, the organic substrate is released by breaking the corresponding
Mo-O3 (TS5-1, 11.9 kcal/mol) or Mo-C1 (TS5-2, 12.8 kcal/mol) bond. In the
medium, vinyl alcohol tautomerizes to acetaldehyde, a more stable species. The
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Figure 3.7. PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-PP for Mo)//PCM-
B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo) Gibbs energy profile of the
Mo-C1 coordination mechanism in water solution of the hydrolysis of ethyl
vinyl ether catalyzed by [Cp2Mo(OH)(OH2)]+, from I3 to the recovery of the
catalyst.

experimental barrier for such rearrangement is 15.2 kcal/mol, lower than the
rate-determining step for the reaction, which is the migration of a hydrogen atom
from Ohydroxo to O3 (22.2 kcal/mol from the most stable previous intermediate).

Regarding the other coordination mode, there are two possible approaches
for the coordination of ethyl vinyl ether through O3, one where the vinyl func-
tionality is closer to the hydroxo ligand (denoted with the ‘v_O’ label), and
another one where the ethyl moiety is the one at a shorter distance of Ohydroxo
(denoted with ‘e_O’). The Gibbs energy profile for the former mechanism is
displayed in Figure 3.8. The TS for that coordination mode (TS0v_O) has
a similar relative energy (11.4 kcal/mol) to TS0 (11.1 kcal/mol). Indeed, the
charges of O3 and C1 at the isolated organic substrate only have a difference of
0.048 e (-0.608 e and -0.560 e, respectively). In the just formed intermediate,
I1v_O (8.3 kcal/mol), the distance between Ohydroxo and C2 is 2.850Å, close
to the one found for I1 (2.863 Å). Now, the nucleophilic attack from Ohydroxo to
C2 via TS1v_O (36.2 kcal/mol) to form I2v_O (5.9 kcal/mol) does not yield
a four-membered metallacycle, since a simultaneous breaking of the C2-O3 bond
occurs. In this way, as happened for TS1, the raise of electron density conse-
quence of the nucleophilic attack lies as close as possible to the metal center.
However, O3 is now the atom that suffers the biggest change in charge, varying
from -0.503 e at I1v_O to -0.689 e at I2v_O. This can be attributed to the
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Figure 3.8. PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-PP for Mo)//PCM-
B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo) Gibbs energy profile of the
O3-Mo coordination mechanism in water solution of the hydrolysis of ethyl
vinyl ether catalyzed by [Cp2Mo(OH)(OH2)]+ where the vinyl moiety is closer
to the hydroxo ligand than the ethyl one. Relative Gibbs energies for some
relevant species in the hydrolysis of divinyl ether are shown in parentheses.

more electronegative character of oxygen compared to the carbon atom. Hence,
if the C2-O3 bond was not broken, C1 would be the atom supporting the excess
of electron density instead of O3. The breaking of the ether substrate into two
moieties contributes to the high instability of TS1v_O compared to TS1. In
the next step, vinyl alcohol is released through TS2v_O (10.4 kcal/mol), tau-
tomerizing to acetaldehyde within the water medium. Consequently, the new
intermediate I3v_O (-6.6 kcal/mol) has an empty coordination site, which is
occupied by a water molecule from the solvent forming I4v_O (1.1 kcal/mol).
In the final stage of the reaction, one of the water hydrogen atoms is trans-
ferred to O3 via TS3v_O (4.0 kcal/mol), yielding an intermediate I5v_O
(1.0 kcal/mol) with an ethanol ligand that decoordinates through TS4v_O
(11.0 kcal/mol), recovering the initial catalyst [Mo(OH)]+ and giving the final
ethanol product.

Finally, as displayed in Figure 3.9, ethyl vinyl ether may coordinate to Mo
in a such a way that the ethyl moiety is closer to the hydroxo ligand than the
vinyl one. Both the TS for the coordination, TS0e_O (11.1 kcal/mol), and
the intermediate, I1e_O (8.1 kcal/mol) have similar relative energies than in
the other mechanisms. Nevertheless, the nucleophilic attack from Ohydroxo to
C4, with the simultaneous breaking of the O3-C4 bond, via TS1e_O (39.5
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Figure 3.9. PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-PP for Mo)//PCM-
B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo) Gibbs energy profile of the
O3-Mo coordination mechanism in water solution of the hydrolysis of ethyl
vinyl ether catalyzed by [Cp2Mo(OH)(OH2)]+ where the ethyl moiety is closer
to the hydroxo ligand than the vinyl one, until the formation of I2e_O. Relative
Gibbs energies for the species involved the hydrolysis of diethyl ether are shown
in square brackets.

kcal/mol) is penalized 3.3 and 27.3 kcal/mol with respect to TS1v_O and
TS1, respectively. The reasons for that larger instability are the saturated
nature of C4 and the very low change of electron density that this atom suffers
after the coordination, which means that the vinyl moiety is not activated. The
ethanol ligand coordinated to the metal center in I2e_O may then be released,
yielding I4-1. The subsequent steps will be similar to those described for that
intermediate (Figure 3.7).

3.2.2 Analysis of the Effects of the Ether Functionalities

So far, we have covered the three possible mechanisms found for the hydrolysis
of ethyl vinyl ether catalyzed by [Mo(OH)(H2O)]+. Among them, the first
mechanism, the one where the organic substrate is coordinated to Mo via C1,
presents the lowest rate-determining step, TS2_2w with 22.2 kcal/mol from the
most stable intermediate, compared to 43.6 and 46.9 kcal/mol for TS1v_O and
TS1e_O, respectively, which are the highest barriers for the other mechanisms.
Now, we will analyse the effect of replacing each of the functionalities of ethyl
vinyl ether to obtain a monofunctional ether (divinyl and diethyl ether).
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In the case of divinyl ether, denoted with the suffix ‘_dv’, the mechanism
with an initial coordination through the vinyl moiety is feasible. The relative
Gibbs energies for the first stages of the hydrolysis of divinyl ether are shown
in parentheses in Figure 3.6 for comparison purposes. We have focused on
the species involved until the hydrogen migration, since we are mostly inter-
ested in analysing the differences in reactivity, which will be marked by either
the intramolecular nucleophilic attack or the hydrogen transfer. The TS for
the intramolecular hydrogen migration with the presence of two explicit water
molecules (TS2_2w_dv) has a barrier of 29.3 kcal/mol, so it is again the rate-
determining step. The main difference with TS2_2w is that now the hydrogen
atom migrates to C5 instead of O3, releasing directly acetaldehyde. This diver-
gent behaviour may arise from the significant negative charge of C5 at I2_dv
(-0.526 e) and its geometrical disposition, favouring the migration to that atom.

This compound can also coordinate through O3, following a PES similar to
that displayed in Figure 3.8, where the relative energies for the hydrolysis of
divinyl ether are included in parentheses. The coordination proceeds through
TS0v_O_dv (12.8 kcal/mol) to yield I1v_O_dv (11.5 kcal/mol). Then, the
nucleophilic attack from Ohydroxo to C2/C4 with the simultaneous breaking of
the O3-C4/C2 bond takes place. The barrier for this step (TS1v_O_dv), as
for ethyl vinyl ether, is very high (45.5 kcal/mol). Therefore, we can conclude
that the hydrolysis of divinyl ether catalyzed by molybdocene follows a similar
mechanism to that described for ethyl vinyl ether, with an initial Mo-C1/C5
coordination.

On the other hand, the mechanism where the ether coordinates to molybde-
num through O3 with the alkyl moiety close to the hydroxo ligand is the only one
that can describe the hydrolysis of diethyl ether catalyzed by [Mo(OH)(H2O)]+,
denoted by the suffix ‘_de’. The relative Gibbs energies for the relevant species
involved in that reaction are included in square brackets in Figure 3.9, for com-
parison purposes. The TS for the Mo-O3 coordination (TS0e_O_de) is only
1.8 kcal/mol less stable than TS0e_O. However, although the intermediate
I1e_O_de is more stable than I1e_O, the barrier for the intramolecular
nucleophilic attack remains too big (51.7 kcal/mol), even larger than for the
hydrolysis of ethyl vinyl ether within that mechanism. As a consequence, we
expect that this reaction is forbidden due to the vast energy barrier.

To sum up, we have found in this theoretical study that the hydrolysis
of ethers bearing vinyl functionalities catalyzed by [Mo(OH)(H2O)]+ proceeds
through the coordination of such functional group to Mo. The alternative mech-
anism where the ether oxygen coordinates to the metal center is disfavoured.
This is not because the latter coordination mode is disfavoured, since the barriers
for TS0 and TS0v_O only differ by 0.3 kcal/mol, but because the intramolecu-
lar nucleophilic attack from the hydroxo ligand is a much more energy demand-
ing step, with a difference of 24.0 kcal/mol between TS1 and TS1v_O. The
larger barrier for TS1v_O can be attributed to the fact that the vinyl group
is only activated if it interacts with the metal center. In addition, the O3-C2
bond must be broken in TS1v_O, whereas TS1 yields a four-membered met-
allacycle. The rate-determining step for both ethyl vinyl ether and divinyl ether
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is the intramolecular hydrogen migration from the hydroxo ligand (TS2_2w),
with a barrier of 22.2 and 29.3 kcal/mol, respectively. The reactivity and the
released products from the hydrolysis of ethyl vinyl ether have been reported
experimentally,52 and they are in accordance with our results. For the hydrol-
ysis of diethyl ether, where only the coordination via O3 may take place, the
rate-determining step is the intramolecular nucleophilic attack (TS1e_O_de),
with a barrier of 51.7 kcal/mol. Indeed, this barrier is in line with the results
from the experimentalists,52 who have found that [Mo(OH)(H2O)]+ is unable
to catalyze the hydrolysis of such compound.
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3.3 Reactivity of Re(I) and Mo(II) N -alkylimidazole Com-
plexes towards Bases

The reaction of Re(I) and Mo(II) carbonyl N -alkylimidazole complexes bearing
bpy or phen ligands with different substituents towards strong bases, such as
KN(SiMe3)2, always starts with the deprotonation of the imidazole ring (RIm)
and, afterwards, may evolve to different products depending on the nature of
the metal center, and the substituents at the imidazole (R) and at the bidentate
(R′) ligands. In this section of the Thesis we firstly study the reaction mech-
anism of the [Re(CO)3(4,4 ′ – tBu2bpy)(MeIm)]OTf complex, and then analyze
the changes produced when the substituents at the bpy and the imidazole ligands
are replaced by NMe2 and Mes, respectively.95 Furthermore, based on the trends
found, we present our theoretical predictions for the same reaction when R′ =
Br, as well as for the reaction of [Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(RIm)]OTf
(R= Me, Mes) complexes towards the same base. These theoretical predictions
have been later confirmed experimentally.

The level of theory used in this work is PCM-B97D/6-31+G(d) (LANL2DZ
for Br, LANL2DZ + f for Re and Mo). We start showing the reaction mechanism
for the formation of the possible products from the intermediate formed after
the deprotonation of the RIm ligand. The species involved in the different
reaction pathways are similar to those described in previous studies for the
transformation of Mn(I) imidazole complexes into NHC species365 and for the
reaction of analogous Re(I) and Mo(II) complexes bearing different bidentate
ligands carried out in our group before the completion of this Thesis.94,97

3.3.1 General Reaction Mechanism

In all the reactions between the complexes [Re(CO)3(4,4 ′ –R′2bpy)(RIm)]OTf
and [Mo(η3 –C4H7)(CO)2(4,7–R′2phen)(RIm)]OTf and KN(SiMe3)2 we have
taken as the initial species for the study of the corresponding PES the neutral
complex (M) that results from the deprotonation of the CH group located be-
tween the two N atoms in the RIm ligand (Cim). The relative energies of all
species will be referred to the one of the corresponding M intermediate. As a
representative model of all the species involved in the different outcomes of the
reactions, we will consider first the deprotonation and subsequent evolution of
the [Re(CO)3(4,4 ′ – tBu2bpy)(MeIm)]OTf complex. To differentiate the struc-
tures of this complex from the others studied in this work we will denote them
with ‘-tBu’.

From the deprotonated complex, M-tBu (see Figure 3.10a), Cim can either
couple to the diimine ligand or form a C-bonded imidazol-2-yl product (a NHC-
type of product). These two pathways are denoted as A and B, respectively. In
the former case, there are two possible couplings, one with the external ortho
carbon (C6 in bpy), in what we call the A1 route, and another with the internal
ortho carbon (C2 in bpy), denoted as A2.

Both the A1 and the A2 routes consist in a single step. In the former (struc-
tures 3.10b and 3.10c in Figure 3.10), the barrier comes from the Gibbs energy
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(a) M-tBu
(0.0 kcal/mol)

(b) TSA1-tBu
(10.6 kcal/mol)

(c) PA1-tBu
(-6.4 kcal/mol)

(d) TSA2-tBu
(9.8 kcal/mol)

(e) PA2-tBu
(-2.3 kcal/mol)

Figure 3.10. PCM-B97D/6-31+G(d) (LANL2DZ + f for Re) optimized ge-
ometries and Gibbs energies relative to the initial deprotonated complex of the
species involved in the intramolecular coupling with the bpy ligand bearing tBu
substituents. Relevant distances in Å are also included.

of TSA1-tBu (10.6 kcal/mol), where Cim is at 2.236 Å from C6. In the prod-
uct, PA1-tBu (-6.4 kcal/mol), there is a new bond between those two carbon
atoms, as the distance Cim-C6 has changed to 1.536 Å. Moving to the A2 route
(structures 3.10d and 3.10e in Figure 3.10), the nucleophilic attack from Cim is
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3 RESULTS AND DISCUSSION

now aimed at the C2 atom of the bpy ligand passing through TSA2-tBu (9.8
kcal/mol), and forming a bond between them, PA2-tBu (-2.3 kcal/mol). The
length of the new bond is close to the analogous one in the previous pathway
(1.543 Å). Both ortho carbons of the diimine ligand are potential electrophilic
sites, as reflected by their NBO charges: +0.078 e at C6, and +0.220 e at
C2. The nucleophilic attack to those carbons causes a dearomatization in the
pyridine ring where the attack is produced and a significant distortion of its
geometry. In this sense, the dihedral angle between the C3-C2-N1-C6 atoms
changes from 1.569◦ at M-tBu, to 27.170◦ at PA1-tBu and 33.240◦ at PA2-
tBu, also confirming that the coupling to C2 induces a larger loss of planarity
than the one to C6. These facts are in accordance with kinetic and thermo-
dynamic features observed in the PES of the reaction. Thus, the lower barrier
of TSA2-tBu is due to the fact that C2 is a more electrophilic center, and
the greater stability of PA1-tBu results from the diimine smaller geometry
distortion in the ring affected by the nucleophilic attack.

(a) TSI1B-tBu
(14.2 kcal/mol)

(b) I1B-tBu
(2.2 kcal/mol)

(c) TSII1B-tBu
(13.4 kcal/mol)

(d) TS2B-tBu
(16.4 kcal/mol)

(e) PB-tBu
(-18.9 kcal/mol)

Figure 3.11. PCM-B97D/6-31+G(d) (LANL2DZ + f for Re) optimized ge-
ometries, and Gibbs energies relative to the initial deprotonated complex of the
species involved in the formation of a imidazol-2-yl complex with the bpy ligand
bearing tBu substituents. Relevant distances in Å are also included.

Regarding the B route, which ends up in the formation of an imidazol-2-
yl product, there are two possible mechanisms for that transformation. One of
them, denoted by 1B, is a two-step route where Cim couples to a CO ligand in cis
disposition before its bonding to the metal center, and in the other one (2B) the
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bond between the metal center and the deprotonated carbon is formed in a single
step. The species involved in the 1B mechanism are shown in Figure 3.11. As
just mentioned, this mechanism starts with a nucleophilic attack to a carbonyl
ligand via TSI1B-tBu (14.2 kcal/mol), forming the intermediate I1B-tBu
(2.2 kcal/mol) with a four-membered metallacycle. Then, I1B-tBu evolves
through a three-center TS, TSII1B-tBu (13.4 kcal/mol), to form the very
stable imidazol-2-yl product, PB-tBu (-18.9 kcal/mol), where the bond with
the CO ligand has been broken and the RIm ligand is now coordinated to the
metal through Cim. On the other hand, the 2B reaction pathway is characterized
by a unique κ2 (C,N)-imidazolyl TS, TS2B-tBu (16.4 kcal/mol), where the Re-
Nim bond breaks and the Re-Cim bond forms simultaneously (Structure 3.11d
in Figure 3.11). The barrier for the direct arrangement to PB-tBu is 2.2
kcal/mol higher than for the 1B case, so this mechanism can be discarded. The
preference for the 1B route is consequence of a weakening of the Re-Nim bond
upon formation of I1B-tBu, where it is elongated 0.1 Å, due to the loss of
electron density in the RIm ligand after the coupling to the carbonyl ligand.
This hypothesis can be tested by computing the DI values at the BCP located
between Re and Nim at M-tBu and I1B-tBu, which are 0.573 and 0.412,
respectively. These numbers confirm the loss of strength of the Re-Nim bond in
the intermediate I1B-tBu, favouring the formation of PB-tBu.

Comparing the stability of the different products, PB-tBu is clearly the
most stable one, but the rate-determining step for its formation (14.2 kcal/mol)
is larger than the ones of the A route, which avoids its formation. With respect
to the formation of PA1-tBu and PA2-tBu, as already discussed, the barrier
is 0.8 kcal/mol higher for the former, but it leads to a much more stable product
(4.1 kcal/mol lower in energy). The narrow difference between both barriers,
along with the greater stability of thePA1-tBu product, points to the formation
of that species, as experimentally confirmed.

3.3.2 Effect of the Imidazole and the Bidentate Ligands

Having presented the mechanism for the reaction of the complex with tBu sub-
stituents on the bpy ligand and a MeIm monodentate ligand, we will analyse
the effect of replacing MeIm by MesIm, as well as of varying the substituents at
the diimine ligand. The experimentalists have reported that the PA1 product
is also formed in the reaction of the [Re(CO)3(4,4 ′ –R′2bpy)(MesIm)]OTf (R
= tBu, NMe2) complexes. However, they have found that the deprotonation
of the [Re(CO)3(4,4 ′ –(NMe2)2bpy)(MeIm)]OTf complex yields a PB product.
Therefore, we wish to rationalize those remarkable differences. The relative en-
ergies of all the species involved in the intramolecular transformations of these
complexes are shown in Table 3.4.

The replacement of the tBu substituents by the more electron-donating
group NMe2 in [Re(CO)3(4,4 ′ – tBu2bpy)(MeIm)]OTf should, in principle, dis-
favour the coupling of the imidazole ring with the bidentate ligand, since the
bpy ligand will have less electrophilic character due to the increase in its elec-
tron density. The molecular electrostatic potential (MEP) maps at M-tBu and
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Table 3.4. PCM-B97D/6-31+G(d) (LANL2DZ + f for Re) Gibbs rela-
tive energies in kcal/mol referred to the corresponding M complex of the
species involved in the four possible reaction pathways for the reaction of
[Re(CO)3(4,4 ′ –R′2bpy)(RIm)]OTf (R′ = tBu, NMe2; R = Me, Mes) with
KN(SiMe3)2 in THF solution.

R R′ TSA1 PA1 TSA2 PA2 TSI1B I1B TSII1B PB TS2B
tBu Me 10.6 -6.4 9.8 -2.3 14.2 2.2 13.4 -18.9 16.4
tBu Mes 7.5 -11.4 5.3 -7.8 8.4 1.2 9.5 -21.5 14.4
NMe2 Me 14.9 0.8 12.9 3.0 13.1 3.3 14.7 -17.0 18.9
NMe2 Mes 9.1 -6.5 5.7 -3.3 11.4 4.6 9.3 -23.0 13.8

M-NMe2 (Figure 3.12), which show the charge distribution of the deproto-
nated complexes in three dimensions, illustrate the fact that the bpy ligand is
more electrophilic (more blue) with the tBu substituents than with the NMe2
ones. Besides, both the PA1-NMe2 (0.8 kcal/mol) and the PA2-NMe2 (3.0
kcal/mol) products are now less stable than the deprotonated initial complex,
and the barriers for their formation are also higher than in the tBu substi-
tuted system. Therefore, the PB-NMe2 species, with a relative energy of -17.0
kcal/mol and a rate-determining step close to the ones of the A routes, is the
expected product, as found by the experimentalists.

Figure 3.12. Molecular electrostatic potential (MEP) map of the deproto-
nated initial complexes M-NMe2, M-tBu and M-Br with a MeIm ligand,
illustrating the change in electron density of the bpy ligand depending on its
substituents.

On the other hand, the main effect of exchanging MeIm by MesIm in the tBu
complex is a relative stabilization of all the species. This is specially important
in the A1 and A2 routes, whose corresponding products are stabilized 5.0 and 5.5
kcal/mol, respectively. The low barrier of TSA1-tBu (7.5 kcal/mol), and the
stability of PA1-tBu (-11.4 kcal/mol) explain the formation of such a coupling
with the bpy ligand, as experimentally reported. The same trend is found for
the NMe2 complexes. Contrary to the reaction with the MeIm ligand, with
the MesIm one both the PA1-NMe2 (-6.5 kcal/mol) and the PA2-NMe2
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(-3.3 kcal/mol) products are more stable than M-NMe2. The lower barrier
for the A1 route (9.1 kcal/mol) than the one for the formation of PB-NMe2
(11.4 kcal/mol) leads to the formation of the experimentally observed product
PA1-NMe2. As a conclusion, the larger electron density of the MeIm ligand,
as displayed in Figure 3.13, makes the coupling to the bidentate ligand less
favourable. The main reason is that it yields an excess of electron density at
the bidentate ligand, due to the presence of electron-donating groups (tBu and
NMe2). This effect is more pronounced with the NMe2 more electron-rich bpy.

Figure 3.13. Molecular electrostatic potential (MEP) map of the deprotonated
complex M-tBu with a MeIm and a MesIm ligand, showing the change in
nucleophilic character of such a ligand.

Our analysis has shown the effects of adding electron-donating groups to
the bidentate ligand as well as those related to the nature of the imidazole
ligand. However, the effect of adding electron-withdrawing substituents on
the bpy had not been experimentally tested when we finished the previous
study. According to our theoretical analysis, the electron-withdrawing sub-
stituents on the bpy should produce the opposite effect, that is the preference
for the A routes. To confirm this point, we decided to extend our analysis to
a complex bearing electron-withdrawing substituents, such as Br, on the bpy:
[Re(CO)3(4,4 ′ –Br2bpy)(RIm)]OTf. In fact, the MEP map of M-Br (Figure
3.12) shows a much more electrophilic bpy than the one at the complexes bearing
electron-donating substituents.

As seen in Table 3.5, the barriers and the products for the A routes are much
more lower in energy with the Br substituent than with the electron-donating
ones. With respect to the B route, the rate-determining barrier remains higher
than for the A pathways, so the formation of PB-Br is discarded. It is remark-
able that the A2 route still presents the lowest barriers, but now the stability
of PA2-Br is large, so it seems to be the most possible outcome for the reac-
tion. Given the fact that such a product had not been reported yet for a Re(I)
complex (analogous couplings have been reported for Mo(II) complexes with
Cl and Br substituents on the bpy ligand), we suggested the experimentalists
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Table 3.5. PCM-B97D/6-31+G(d) (LANL2DZ for Br, LANL2DZ +
f for Re) Gibbs relative energies in kcal/mol referred to M-Br of the
species involved in the four possible reaction pathways for the reaction of
[Re(CO)3(4,4 ′ –Br2bpy)(RIm)]OTf (R = Me, Mes) with KN(SiMe3)2 in THF
solution.

R R′ TSA1 PA1 TSA2 PA2 TSI1B I1B TSII1B PB TS2B
Br Me 5.4 -12.6 3.4 -9.8 10.4 -0.4 10.8 -20.3 13.9
Br Mes 6.4 -15.9 3.6 -11.7 11.3 0.4 9.6 -21.8 15.1

to carry out the reaction of [Re(CO)3(4,4 ′ –Br2bpy)(RIm)]OTf (R = Me, Mes)
with KN(SiMe3)2. As expected, they were able to isolate a complex with a
Cim-C2 bond with the bpy ligand.

As already mentioned, the [Mo(η3 –C4H7)(CO)2(4,4 ′ –R′2bpy)(RIm)]OTf
(R′ = Cl, Br; R = Me, Mes) complexes react with KN(SiMe3)2 to also yield
a coupling with the internal ortho carbon of the bidentate ligand. Then, we
have wondered if replacing bpy by a more rigid phen ligand would avoid the
formation of such a product. For that purpose, we have also studied the depro-
tonation reaction of [Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(RIm)]OTf (R = Me,
Mes), starting from the deprotonated complex M-Cl. The relative energies for
the species involved in that reaction are shown in Table 3.6.

Table 3.6. PCM-B97D/6-31+G(d) (LANL2DZ + f for Mo) Gibbs
relative energies in kcal/mol referred to M-Cl of the species in-
volved in the three possible reaction pathways for the reaction of com-
plexes [Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(RIm)]OTf (R = Me, Mes) with
KN(SiMe3)2 in THF solution.

R R′ TSA1 PA1 TSA2 PA2 TSI1B I1B TSII1B PB
Cl Me 7.9 -13.9 7.7 -6.5 8.6 -3.4 4.0 -15.5
Cl Mes 5.1 -16.5 6.3 -10.3 6.9 -3.4 6.1 -16.9

The geometries of the species found for this reaction are analogous to the ones
of the Re(I) tricarbonyl complexes (see Figure 3.14), with the only exception
that we have not been able to locate TSB2. If we compare the relative energies
of the A1 and A2 routes, TSA2-Cl is similar (with MeIm) or even more unstable
(with MesIm) than the corresponding TSA1-Cl. In addition, the PA1-Cl
products are always much more stable than the PA2-Cl ones. Therefore, it is
clear that the coupling with the external ortho carbon is now more favoured than
with the internal one, as we expected for the phen ligand. Hence, the product
of the reaction is either PA1-Cl or PB-Cl. In the case of the MesIm complex,
the rate-determining barrier for the B route is 4.4 kcal/mol more unstable than
TSA1-Cl, so the formation of PB-Cl is prevented and we would expect a
PA1-Cl product from the reaction. However, the barrier for the B pathway
is only 0.7 kcal/mol higher than TSA1-Cl with a MeIm ligand, and both the
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PA1-Cl (-13.9 kcal/mol) and the PB-Cl (-15.5 kcal/mol) products are very
stable. As a consequence, either of them, or a mixture of both species, will be
formed in the reaction of the MeIm complex. Since we predict different types
of products with the phen ligand than with the bpy one, we have prompted the
experimentalists to carry out these reactions. As a result, and in agreement
with our predictions, they have obtained PA1-Cl for the complex with MesIm,
and a mixture of PA1-Cl and PB-Cl for the MeIm complex.

Figure 3.14. PCM-B97D/6-31+G(d) (LANL2DZ + f for Mo) optimized ge-
ometries of all the species for the reaction between KN(SiMe3)2 and the com-
plex [Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(MeIm)]OTf in THF solution. Relative
Gibbs energies in kcal/mol referred to the deprotonated M-Cl complex are also
included.
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3.4 Reactivity of a Re(I) Tricarbonyl Aquo Complex to-
wards Biological Targets

It has been reported that the Re(I) complex [Re(CO)3(dmphen)(OH2)]+ (dm-
phen = 2,9-dimethyl-1,10-phenantroline), 1 in Scheme 3.5, is able to inhibit
tumor growth both in vitro and in vivo,118,119 showing higher activity than cis-
platin in some cancer cell lines and being able to overcome cisplatin resistance.
It has been suggested that complex 1 and derivatives can bind covalently to
N-donor ligands found in DNA or proteins via substitution of the labile ligand
aquo.29,366 Among the possible targets in DNA, the N7 atom of guanine and
the N1 and N7 atoms of adenine are the most nucleophilic ones (see Scheme 3.5),
although, to the best of our knowledge, only several covalent adducts between
Re(I) tricarbonyl complexes and guanine nucleobases have been reported.34–37
On the other hand, histidine residues are the prime amino acid targets (see
Scheme 3.5), as suggested by the crystallization of several proteins containing
Re(I) centers covalently linked to the N1 atom of histidine residues.29,367–374
Based on these two facts, the reactivity of complex 1 towards 9-ethylguanine
and N -acetylhistidine was investigated experimentally, finding that the first re-
action is faster than the other one.118 It has been proposed that this complex
must act in a different way than cisplatin, but the mechanism of action is still
unknown. Therefore, we decided to undertake a theoretical study on the reactiv-
ity of complex 1 in water solution towards 9-ethylguanine (G) and a derivative
of N -acetylhistidine where the carboxylic termination has been substituted by
a N -methyl amide group to reproduce more accurately the actual protein envi-
ronment (H in Scheme 3.6). Apart from this issue, we also focused on analyzing
the influence of the bidentate ligand on the cytotoxic activity.
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Scheme 3.5. Structure of complex [Re(CO)3(dmphen)(OH2)]+ (1), nucle-
obases guanine and adenine, and the histidine amino acid. Atom numbering of
the most nucleophilic atoms of the nucleobases and amino acid is also given.

3.4.1 Mechanism of Action

Since there are many possible orientations for the biological targets, and the wa-
ter molecules in the cell environment could play a significant role in the reaction,
the mechanism of action of complex 1 towards G and H was investigated in
several steps by performing QM calculations and MD simulations as explained
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Scheme 3.6. Structure of G and H. Atom numbering of the non-hydrogen
atoms is also given.

below.
First, we optimized an initial geometry for the dimers resulting from the

interaction between the complex 1 and G and H (1-G and 1-H, respectively)
with the MN15 functional and the basis set 6-31+G(d,p) for the non-metal
atoms and LANL2DZ for Re. MN15 was selected among a series of functionals
(B3LYP, D3-B3LYP, MN15, PBE, M06, M06-L) by comparing the optimized
geometry of 1 to the experimental X-ray structure. In the initial optimized
structure of the dimer 1-G, the aquo ligand of 1 forms hydrogen bonds with
the O6 and N7 atoms of G, whereas in 1-H the aquo ligand is interacting with
the N1 atom of the amino acid.

Second, the optimized structures obtained for 1-G and 1-H were used to per-
form MD simulations in a water box aiming at getting a more realistic descrip-
tion of these dimers in the cell environment. To accomplish this task, we used
the General Amber Force Field (GAFF) for non-water molecules,303 whereas
TIP3P was employed to modeling water molecules.310 However, due to the lack
of parameters for metal atoms in GAFF, those for the bond stretching and the
bond bending terms concerning the Re atom were obtained from a QM frequency
calculation through the VFFDT software,305 the dihedral parameters involving
the metal center have been set to zero, and the Re Lennard-Jones parameters
have been acquired from the literature.375–377 All the partial charges have been
computed using the Restrained Electrostatic Potential (RESP) method. The
dimers 1-G and 1-H were introduced into a square water box of approximately
20 Å in each side along with a chloride ion to neutralize the positive charge of
the complex. Then, MD simulations were carried out using the NAMD pro-
gram. We started with a (N, V, T) minimization of 200 ps to follow with a
(N, P, T) simulation at 310 K and 1 atm of 120 ns, where we took snapshots
from the simulation only after the first 20 ns. Then, we clustered the structures
obtained from the simulation using the GROMACS software with the Gromos
algorithm and a cutoff distance of 0.15 Å.

Third, in order to handle an adequate number of atoms to carry out a
QM study on the evolution of the dimers 1-G and 1-H obtained in the water
box, the number of explicit water molecules was drastically reduced. Hence,
only the most relevant water molecules for the reaction investigated, which are
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(a) 1-Ge
(0.0 kcal/mol)

(b) TS-Ge
(13.1 kcal/mol)

(c) P-Ge
(-5.4 kcal/mol)

Figure 3.15. MN15/6-31+G(d,p) (LANL2DZ for Re) optimized geometries ob-
tained for 1-Ge and its posterior species when considering explicit solvent wa-
ter molecules. CPCM-DLPNO-CCSD(T)/def2-TZVPP//MN15/6-31+G(d,p)
(LANL2DZ for Re) relative Gibbs energies are also included in parenthesis.

those closer to the reaction center (the aquo ligand), were considered. Thus,
we took the water molecules within 4.0 Å of the oxygen at the aquo ligand
(Ow), which are 8 molecules in the case of 1-G and 7 for 1-H. We will denote
the structures with explicit water molecules by adding the suffix ‘e’ to the
previous notation. Figures 3.15 and 3.16 display the corresponding optimized
structures at the MN15/6-31+G(d,p) (LANL2DZ for Re) level, respectively. In
addition, to get more accurate energies, the MN15/6-31+G(d,p) (LANL2DZ for
Re) energies were refined using the highly sophisticated level CPCM-DLPNO-
CCSD(T)/def2-TZVPP, relative Gibbs energies computed at that level are also
included in Figures 3.15 and 3.16. The main difference between the initial dimer
and the optimized structure with explicit water molecules is found for 1-He,
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where the conformation of the histidine moiety has significantly changed as the
aquo ligand is now interacting with O9 instead of N1 (see Figure 3.16). The
lability of the aquo ligand favors the cleavage of the Re-OH2 bond in both 1-Ge
and 1-He with the simultaneous formation of the new bonds Re-G and Re-H
to give the products P-Ge and P-He through the TSs TS-Ge and TS-He,
respectively.

(a) 1-He
(0.0 kcal/mol)

(b) TS-He
(20.1 kcal/mol)

(c) P-He
(-6.6 kcal/mol)

Figure 3.16. MN15/6-31+G(d,p) (LANL2DZ for Re) optimized geometries ob-
tained for 1-He and its posterior species when considering explicit solvent wa-
ter molecules. CPCM-DLPNO-CCSD(T)/def2-TZVPP//MN15/6-31+G(d,p)
(LANL2DZ for Re) relative Gibbs energies are also included in parenthesis.

The associative displacement mechanism of the aquo ligand and coordination
to Re of the biomoleculesG andH found is in accordance to previous theoretical
studies in the reaction mechanism of an Ir complex with G.378 According to
our CPCM-DLPNO-CCSD(T)/def2-TZVPP//MN15/6-31+G(d,p) (LANL2DZ
for Re) Gibbs energy results, 1-Ge proceeds through TS-Ge (13.1 kcal/mol)
where the distance between the N7 atom of the guanine moiety and Re is 2.891
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Å and the one between the oxygen from the aquo ligand (Ow) and Re is 2.831 Å
(see Figure 3.15). In the product formed, P-Ge (-5.4 kcal/mol), there is a new
bond between Re and N7 with a distance of 2.301 Å, whereas the water molecule
that has been released forms hydrogen bonds with N7, O6, and another water
molecule, which helps to stabilize the product (see Figure 3.15). On the other
hand, 1-He surpasses an energy barrier of 20.1 kcal/mol (TS-He) to give the
product P-He (-6.6 kcal/mol). At TS-He the distances between Re and the N1
atom of the H moiety and Ow are 2.891 Å and 2.831 Å, respectively (see Figure
3.16). The comparison of both reactive processes shows that TS-He is 7.0
kcal/mol more unstable than TS-Ge, which is in line with the higher reactivity
of complex 1 towards 9-ethylguanine over N -acetylhistidine.118 However, P-
He is 1.2 kcal/mol more stable than P-Ge. Therefore, the reaction with the
amino acid residue histidine is kinetically more penalized than with the DNA
nucleobase guanine, but more thermodynamically favored. The inclusion of
some relevant explicit water molecules is key for a proper description of the
mechanism of action of complex 1, as the study of the reactions without those
molecules did not reproduce the experimental trend for the reaction rates.

3.4.2 Influence of the Bidentate Ligand

In their original paper, Wilson and co-workers selected complex 1 from a series of
Re(I) tricarbonyl aquo complexes bearing different substituted bidentate ligands
(see Scheme 1.14).118 Among all of them, the complexes that showed the highest
cytotoxic activity are those with electron-donating substituents at the diimine
ligand (dmphen, 4,4 ′ –Me2bpy, 4,4 ′(OMe)2bpy), whereas the complex with
electron-withdrawing groups attached to the bpy ligand (4,4 ′ –(COOMe)2bpy)
display, by far, the lowest activity.118 In addition, the complexes with phen
ligands were more cytotoxic than their bpy counterparts. Thus, since they only
took into account three phen ligands (phen, dmphen, and 4,7-diphenylphen)
without considering stronger electron-donating substituents, we were motivated
by exploring the effect of adding this type of substituents to the phen lig-
and. For that purpose, we have investigated the reaction of the Re(I) com-
plexes [Re(CO)3(4,7–R2phen)(OH2)]+ (R = OMe (2), NMe2 (3)) towards H.
The theory level used is the same as for the reaction of 1 with H in the
presence of explicit water molecules, that is, CPCM-DLPNO-CCSD(T)/def2-
TZVPP//MN15/6-31+G(d,p) (LANL2DZ for Re).

The optimized structures obtained for all the species with their relative Gibbs
energies referred to the corresponding dimer (2-He or 3-He) are displayed in
Figures 3.17 and 3.18.

As expected, both TSs (2-TS-He and 3-TS-He) and products (2-P-He and
3-P-He) stabilize when each of these OMe and NMe2 substituents are present
in both 2- and 9- positions of the phen ligand. In the case of the complex with
OMe groups, 2-TS-He is 1.8 kcal/mol more stable than TS-He, whereas 2-P-
He is 6.0 kcal/mol lower in relative energy than P-He. The stabilizing effect of
the stronger electron-donating group NMe2 is more moderate than the one of
OMe, stabilizing 3-TS-He and 3-P-He 0.5 and 1.4 kcal/mol, respectively. The
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(a) 2-He
(0.0 kcal/mol)

(b) 2-TS-He
(18.3 kcal/mol)

(c) 2-P-He
(-12.6 kcal/mol)

Figure 3.17. MN15/6-31+G(d,p) (LANL2DZ for Re) optimized geometries ob-
tained for 2-He and its posterior species when considering explicit solvent wa-
ter molecules. CPCM-DLPNO-CCSD(T)/def2-TZVPP//MN15/6-31+G(d,p)
(LANL2DZ for Re) relative Gibbs energies are also included in parenthesis.

substituted bidentate ligands do not produce significant modifications on the
geometry of the species. For example, we have compared the optimized geometry
of TS-He with that of 2-TS-He and 3-TS-He (see Figure 3.19). The RMSD of
2-TS-He, and 3-TS-He with respect to TS-He (excluding the substituents at
the phen ligand) is 0.211 and 0.199 Å, respectively, which reflects the similarity
between the three species. The largest differences are found within the diimine
ligand, where its orientation slightly varies to minimize the repulsion between
the carbonyl ligands and the methyl groups of the substituents. Therefore, the
differences in energy are due to electronic effects rather than structural ones.

The aquo ligand, which is released in the TS, is a labile ligand due to its
poor overlap with the Re d orbitals. As a consequence, if the metal center is
more electron-rich, as in 2-He and 3-He, its displacement should be favoured.
Indeed, the bond length between Re and Ow increases from 2.189 Å in 1-He
to 2.200 and 2.239 Å in 2-He and 3-He, respectively. This is also related to
the larger stability of the products in the sense that, since we are comparing
relative Gibbs energies referred to the initial complexes, if 2-He and 3-He are
more unstable, the difference in energy with their corresponding product also
increases.
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(a) 3-He
(0.0 kcal/mol)

(b) 3-TS-He
(19.6 kcal/mol)

(c) 3-P-He
(-8.0 kcal/mol)

Figure 3.18. MN15/6-31+G(d,p) (LANL2DZ for Re) optimized geometries ob-
tained for 3-He and its posterior species when considering explicit solvent wa-
ter molecules. CPCM-DLPNO-CCSD(T)/def2-TZVPP//MN15/6-31+G(d,p)
(LANL2DZ for Re) relative Gibbs energies are also included in parenthesis.

3.5 Computational Design of Re(I) Carbonyl Complexes
for their Use in Photodynamic Therapy

The spectroscopic properties of a series of Re(I) carbonyl complexes bearing
pyridocarbazole and pyridine ligands with potential application as PSs in PDT
have been investigated. To that end, we have designed some derivatives of the
complexes synthesized by Megger’s group139,140 (see Scheme 1.18), which are
the Re(I) carbonyl complexes with photocytotoxicity activated at the longest
wavelength among all the examples in the literature. We were interested in
analysing the effect of increasing the conjugation of the pyridocarbazole ligand
as well as of adding certain electron-donating and withdrawing groups to that
ligand. Finally, inspired by the work of Kurtz et al.,147 we have also explored
the influence of replacing the carbonyl ligand in cis disposition to the diimine
ligand by phosphine groups.

The electronic absorption spectra of all the species have been computed
at the level of theory PCM-TD-M06/6-31+G(d) (LANL2DZ for Re)//B3LYP-
D3/6-31+G(d) (LANL2DZ for Re) in DMSO solvent. Validation calculations
have been carried out to select the functionals used both in the TD-DFT compu-
tations and in the geometry optimizations. Only the first 10 transitions between
singlet states have been computed. In this work, we will focus mostly on the
lowest-lying absorption band, which is the most interesting one for exploring
the potential use of the complexes as PSs in PDT.

3.5.1 Influence of the Conjugation at the Bidentate Ligand

To analyse the effect of the degree of conjugation at the bidentate ligand on the
absorption properties, we have selected three complexes with a stepwise expan-
sion of the pyridocarbazole ligand from complex 3 to 1, similar to those synthe-
sized by Meggers and co-workers.139 The optimized structures of the complexes
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Figure 3.19. Comparison of the optimized geometries of TS-He (grey), 2-
TS-He (blue), and 3-TS-He (red), excluding the electron-donating groups at
the phen ligand.

are displayed in Figure 3.20. Hence, complex 1 presents the highest conjuga-
tion at the bidentate ligand, with a pyridocarbazole ligand containing carbazole,
pyridine, and 1H-pyrrole-2,5-dione heterocycles. In complex 2, the 1H-pyrrole-
2,5-dione moiety is not present, whereas complex 3 has a 2-(2′-pyridyl)indolato
ligand.

(a) 1 (b) 2 (c) 3

Figure 3.20. B3LYP-D3/6-31+G(d) (LANL2DZ for Re) optimized structures
for complexes 1-3.

The computed electronic absorption spectra of those complexes, which are
in good agreement with the experimental ones, are shown in Figure 3.21. Com-
plex 1, with the longest λmax at 521 nm, is the one with the most red-shifted
absorption band, compared to the analogous λmax values of 446 nm and 373
nm for complexes 2 and 3, respectively. Therefore, the degree of conjugation
seems to be directly correlated to λmax, red-shifting the absorption bands as the
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Figure 3.21. Computed electronic absorption spectra of complexes 1 (blue), 2
(red), and 3 (green). The longest λmax in nm for each complex is also displayed.

conjugation increases from 3 to 1. The Kohn-Sham orbitals (KSOs) involved
in that band for each complex give us information about the influence of the
conjugation. For both 1 and 2 complexes, that band is mainly described as a
HOMO −→ LUMO transition, whereas the main contribution is a HOMO-1 −→
LUMO transition in the case of complex 3, with a minor participation of the
HOMO −→ LUMO transition. Those KSOs, along with their energies in eV, are
displayed in Figure 3.22.

In complexes 1 and 2 the HOMO is quite similar, both in composition and in
energy, with a difference of 0.34 eV between them. Thus, it is mainly composed
of a Re d orbital combined with the π∗ orbitals of two of the CO ligands, and
a π orbital located in the pyridocarbazole ligand, with a larger contribution of
the indole moiety than the pyridyl one. Since the pyridocarbazole π orbital at
complex 1 involves the 1H-pyrrole-2,5-dione heterocycle, which is not present
in 2, the HOMO is more stable in 1. The composition of the HOMO-1 in
complex 3, which lies 0.11 eV below the HOMO of complex 1, resembles to
the one of the HOMO at the previous complexes, with participation of the
Re d orbital combined with the two CO π∗ orbitals and the π orbital at the
pyridocarbazole ligand. Regarding the HOMO of complex 3, its energy is 0.36
eV higher than the HOMO-1, in between the one of the other two complexes.
On the other hand, the LUMO is formed by a π∗ pyridocarbazole orbital in
the three complexes, with more contribution of the pyridyl ring than the indole
moiety. As a consequence, the energy of the LUMO is greatly affected by the
number of rings at the bidentate ligand. Hence, the LUMO at complex 1 is the
most stable one, with an energy of -2.82 eV, and this energy increases 0.84 and
0.94 eV when moving to complexes 2 and 3, respectively. Therefore, comparing
complexes 2 and 3, it is clear that the effect of the conjugation at the bidentate
ligand is to reduce the HOMO-LUMO gap by destabilization of the HOMO
and stabilization of the LUMO. This fact, along with the larger contribution of
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(a) 1 HOMO (-5.98 eV) (b) 1 LUMO (-2.82 eV)

(c) 2 HOMO (-5.64 eV) (d) 2 LUMO (-1.98 eV)

(e) 3 HOMO-1 (-6.09 eV) (f) 3 LUMO (-1.88 eV)

Figure 3.22. Contour maps of the Kohn-Sham orbitals involved in the main
transition of the lowest-lying absorption band found for complexes 1-3.

the HOMO-1 than the HOMO to the lowest-lying absorption band of complex
3, explains the observed bathochromic shift at complex 2. Finally, the 1H-
pyrrole-2,5-dione heterocycle at complex 1 adds an extra ring to the bidentate
ligand, but it also has the effect of decreasing its electron density. Consequently,
both the HOMO and the LUMO suffer a stabilizing effect, which is much more
pronounced in the LUMO, and the gap between the HOMO and the LUMO
decreases compared to the other compounds, leading, in turn, to the longest
λmax among the three complexes.

Although these complexes do not present absorption bands within the thera-
peutic window, limiting their use as PSs in PDT, Meggers and co-workers have
found that they are able to produce singlet oxygen upon irradiation of light
with the proper wavelength.139 Hence, only complex 1 is able to produce 1O2
after irradiation with λ ≥ 505 nm, due to the lack of absorption of the other
two complexes in this region of the spectrum, whereas all of them produced
singlet oxygen upon irradiation with λ ≥ 330 nm. To examine their ability of
photosensitizing singlet oxygen, we have optimized their structures in the first
triplet excited state (T1) and computed the energy gap between T1 and the sin-
glet ground state (S0). It has been reported that the difference in energy must
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be at least 22.5 kcal/mol in order to transform 3O2 into 1O2.126,135 Indeed,
the S0-T1 energy gap (∆EST ) is 38.7, 47.1, and 49.1 kcal/mol for complexes
1, 2, and 3, respectively, in accordance with their production of singlet oxygen
experimentally found.139

3.5.2 Effect of the Substituents at the Bidentate Ligand

Motivated by the interesting photoproperties of a series of Re(I) substituted
pyridocarbazole complexes synthesized by Meggers’ group,140 which displayed
photocytotoxicity upon irradiation of light with λ = 620 nm, we have investi-
gated the influence of adding certain electron-donating and -withdrawing groups
to the bidendate ligand of 1 in eight Re(I) substituted pyridocarbazole com-
plexes (see Scheme 3.7).

Re

CO

CO

CO

N

N

HN

O

O

R2

R1

1a R1 = CO2Et, R2 = H

1b R1 = F, R2 = H

1c R1 = H, R2 = OMe

1d R1 = H, R2 = NMe2

1e R1 = CO2Et, R2 = OMe

1f R1 = CO2Et, R2 = NMe2

1g R1 = CO2Et, R2 = CO2Et

1h R1 = F, R2 = OMe

N

Scheme 3.7. Structure of the eight Re(I) tricarbonyl pyridine complexes bear-
ing different substituted pyridocarbazole ligands investigated.

In this sense, we have explored the effect of adding the σ-accepting CO2Et
(1a) and F (1b) substituents in the C3 atom of the pyridine ring of the pyrido-
carbazole ligand, as well as of introducing π-donating OMe (1c) and NMe2 (1d)
groups to the C5 atom of the indole moiety. Finally, we have also considered
complexes where both types of substituents are present simultaneously in the
diimine ligand (1e-1h), with the exception of complex 1g, which has CO2Et
groups at both the indole and the pyridine moieties of the pyridocarbazole lig-
and.

The electronic absorption spectra of the complexes 1a-1d, which have only
one substituent at the pyridocarbazole ligand, are shown in Figure 3.23. The
complexes bearing an electron-withdrawing group present a similar absorption
band, with a λmax value of 532 and 534 nm for complexes 1a and 1b, respec-
tively. Thus, the bathochromic shift when comparing to complex 1 is slightly
more pronounced if such a group is CO2Et. On the other hand, the introduction
of electron-donating substituents, as in 1c and 1d, has a greater effect on λmax,
shifting to 565 and 659 nm, respectively. It is noteworthy that the stronger
π-donating effect of NMe2 induces a red-shift which is 94 nm longer than the
one produced by OMe.
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Figure 3.23. Computed electronic absorption spectra of complexes 1a (red),
1b (green), 1c (purple), and 1d (brown). The longest λmax in nm for each
complex is also displayed.

Then, we decided to investigate the effect of combining the slightly better
σ-accepting group CO2Et at the pyridine ring of the pyridocarbazole ligand
with the OMe (1e) and NMe2 (1f) substituents at the indole moiety, as well as
of an extra CO2Et group (1g) to explore the effect of adding another electron-
withdrawing substituent to the bidentate ligand. A complex with OMe and a F
group instead of CO2Et (1h) has also been considered for comparison purposes.
The electronic absorption spectra of those complexes are displayed in Figure
3.24.

Comparing complexes 1e and 1f with the corresponding ones containing only
one of the substituents at the diimine ligand, it is clear that the combination
of a σ-accepting group at the pyridine ring with a π-donating one at the indole
moiety provokes a stronger bathochromic shift of the lowest-lying absorption
band. Hence, the band at 1c (565 nm) is shifted to 579 nm when the CO2Et
group is introduced. That lengthening of λmax (14 nm) is very similar to the one
produced in complex 1 when the same electron-withdrawing group is added (13
nm). This is also the case of the complex with the other σ-accepting substituent
(1h), where the longest λmax increases 13 nm when compared to 1c. The
larger effect of the NMe2 substituent is also reflected in complex 1f (678 nm),
displaying the strongest absorption at the visible region of all the complexes
so far considered. Finally, regarding complex 1g, a hypsochromic shift of the
absorption band is observed, with a λmax of 517 nm. This indicates that the
introduction of σ-accepting groups at the pyridine ring of the pyridocarbazole
ligand provokes the opposite effect to the π-donating ones.

To gain insights on the effect of the substituents in λmax, Table 3.7 reflects
the energy of the HOMO and LUMO orbitals in complexes 1a-h. In all cases,
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Figure 3.24. Computed electronic absorption spectra of complexes 1e (or-
ange), 1f (grey), 1g (blue), and 1h (pink). The longest λmax in nm for each
complex is also displayed.

the lowest-lying absorption band is mainly described by a HOMO −→ LUMO
transition, so the energy gap between those orbitals (∆EH→L) and λmax are
also included.

Table 3.7. HOMO and LUMO energies, HOMO-LUMO (∆EH→L) en-
ergy gap and the maximum wavelength (λmax) of the lowest-lying absorption
band for complexes 1a-1h computed at the theory level PCM-M06/6-31+G(d)
(LANL2DZ for Re).

Species HOMO (eV) LUMO (eV) ∆EH→L (eV) λmax (nm)
1a -6.04 -2.96 3.08 534
1b -6.04 -2.93 3.11 532
1c -5.75 -2.80 2.95 565
1d -5.35 -2.77 2.58 659
1e -5.81 -2.94 2.87 579
1f -5.40 -2.91 2.49 678
1g -6.21 -3.04 3.17 517
1h -5.80 -2.91 2.89 578

According to our results, the relation between λmax and ∆EH→L is con-
firmed, as larger energy gaps are always reflected by lower λmax values. In
this sense, the energy of the HOMO is mostly affected by the introduction of
substituents in the indole moiety of the bidentate ligand. Thus, the energy of
the HOMO in 1a and 1b (-6.04 eV) is very close to that of complex 1 (-5.98
eV), whereas this energy increases to, approximately, -5.8 eV with the OMe
group (1c, 1e, and 1h), and to -5.4 eV with NMe2 (1d and 1f), demonstrat-
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ing again the stronger electron-donating effect of this group. In the case of
complex 1g, where the substituent at the indole has an electron-withdrawing
effect, the HOMO is stabilized to -6.21 eV. Therefore, a more electron-rich indole
moiety induces a bathochromic shift on the longest absorption band through a
destabilization of the HOMO. This is consequence of the π orbital with a large
contribution from the indole in the HOMO. On the other hand, the energy of the
LUMO mainly varies when adding substituents at the pyridine ring of the pyri-
docarbazole ligand. Since all the groups introduced in that ring are σ-acceptors,
the LUMO always undergoes a stabilization effect to, approximately, -2.9 eV,
whereas it remains close to the -2.82 eV value of complex 1 in the complexes
without such substituents (1c and 1d). Compared to the variations in energy of
the HOMO, which are as large as 0.63 eV (comparing 1 and 1d), the energy of
the LUMO is much less affected by the substituents, with a maximum variation
from 1 to 1g of 0.22 eV. This is in accordance with the larger bathochromic
shifts observed when adding electron-donating groups.

(a) 1d

(b) 1f

Figure 3.25. Contour maps of the Kohn-Sham HOMO of the complexes bear-
ing a NMe2 group (1d and 1f).

Concerning the capacity of generating singlet oxygen of these complexes, we
have computed ∆EST energy gaps. All of them have a value greater than 22.5
kcal/mol, ranging from 26.8 in complex 1f to 39.6 kcal/mol in complex 1g.
Therefore, they should be able to produce singlet oxygen. However, it has been
experimentally reported that the formation of singlet oxygen is suppressed by
the strong π-donating group NMe2 in the indole moiety. The reason for that is
related to the nature of the HOMO in those complexes (1d and 1f), which are
displayed in Figure 3.25. Hence, the contribution of the Re d orbitals to that
KSO is practically negligible, changing the nature of the first singlet excited state
from a mixture of metal-to-ligand (1MLCT) and intra-ligand (1ILCT) charge
transfers, to just 1ILCT. It has been reported that the intersystem conversion to

162



3 RESULTS AND DISCUSSION

the triplet state of the PS, which is the one that reacts with 3O2, is enhanced if
the singlet excited state has a significant contribution from the metal center, due
to the heavy atom effect.379,380 This is not the case of the 1f and 1g complexes.
From this point, due the lack of capacity for producing 1O2 of the complexes
with NMe2 groups, we will not consider complexes with that substituent.

3.5.3 Effect of Replacing the Carbonyl Ligand

Aiming at shifting λmax to even longer values than those for the previous com-
plexes, and following the work of Kurtz et al.,147 we decided to replace the CO
ligand in cis disposition to the diimine ligand by the phosphines PMe3 and CAP
(complexes 1i-1r in Scheme 3.8). The CAP ligand has been chosen for its strong
σ-donating character and its water solubility. First, we have replaced the CO
ligand of complex 1 by PMe3 (1i) and CAP (1j). Then, we have introduced
substituents in the pyridocarbazole ligand of those complexes as in the previous
section (complexes 1k-1r).

Re

CO

CO

R3

N

N

N

HN

O

O

N

P

N

N

CAP

R1

R2

1i R1 = H, R2 = H, R3 = PMe3

1j R1 = H, R2 = H, R3 = CAP

1k R1 = CO2Et, R2 = H, R3 = PMe3

1l R1 = CO2Et, R2 = OMe, R3 = PMe3

1m R1 = CO2Et, R2 = H, R3 = CAP

1n R1 = CO2Et, R2 = OMe, R3 = CAP

1o R1 = F, R2 = H, R3 = PMe3

1p R1 = F, R2 = OMe, R3 = PMe3

1q R1 = F, R2 = H, R3 = CAP

1r R1 = F, R2 = OMe, R3 = CAP

Scheme 3.8. Structure of CAP and complexes 1i-r, where the carbonyl ligand
has been replaced by either PMe3 or CAP.

The computed absorption spectra of complexes 1i and 1j along that of com-
plex 1, for comparison purposes, are displayed in Figure 3.26. As expected,
the absorption band suffers a significant bathochromic shift when compared to
1, shifting to 584 and 611 nm for complexes 1i and 1j, respectively. It is re-
markable that these values are even larger than the best ones obtained from the
modifications in the pyridocarbazole ligand (excluding the NMe2 substituents).

To illustrate the effect of the replacement of the carbonyl ligand by PMe3 and
CAP in the lowest energy band, which is mainly described as a HOMO−→ LUMO
transition in both complexes, although the HOMO-1 −→ LUMO transition also
contributes in the complex with a CAP ligand, the frontier KSOs of 1i and 1j
with their corresponding energies are shown in Figure 3.27. On the one hand,
the energy and composition of the LUMO in both complexes is very similar to
that in complex 1. Therefore, the effect of the phosphine ligand in that orbital
is minimum, as it is mainly described by the π∗ orbital of the pyridocarbazole
ligand. On the other hand, the HOMO suffers notable changes. In the case of
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Figure 3.26. Computed electronic absorption spectra of complexes 1 (blue),
1i (green), and 1j (red). The longest λmax in nm for each complex is also
displayed.

complex 1i, it is described as a combination of a Re d orbital with the π∗ orbital
of one of the equatorial CO ligands, and a π orbital belonging to the bidentate
ligand, mainly centered on the indole moiety. The loss of the π∗ orbital of
the CO ligand, which has a stabilizing effect, raises the energy of the HOMO
0.37 eV when compared to complex 1. Finally, in complex 1j, the HOMO is
now composed by the combination of a Re d orbital with the π∗ orbital of the
CO ligand, a very small contribution from the π orbital of the pyridocarbazole,
and an orbital centered on the CAP ligand. Thus, the energy of the HOMO
is destabilized to -5.45 eV (a variation of 0.53 eV with respect to complex 1),
and the character of the first singlet excited state is now mainly described as a
mixture of 1MLCT and ligand-to-ligand charge transfer (1LLCT).

Table 3.8. HOMO and LUMO energies, HOMO-LUMO (∆EH→L) en-
ergy gap and the maximum wavelength (λmax) of the lowest-lying absorption
band for complexes 1a-1h computed at the theory level PCM-M06/6-31+G(d)
(LANL2DZ for Re).

Species HOMO (eV) LUMO (eV) ∆EH→L (eV) λmax (nm)
1k -5.66 -2.88 2.78 608
1l -5.54 -2.86 2.68 631
1m -5.47 -2.89 2.58 644
1n -5.44 -2.86 2.58 653
1o -5.67 -2.84 2.83 601
1p -5.54 -2.81 2.73 627
1q -5.48 -2.85 2.64 632
1r -5.45 -2.82 2.63 645
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(a) 1i HOMO (-5.61 eV) (b) 1i LUMO (-2.74 eV)

(c) 1j HOMO (-5.45 eV) (d) 1j LUMO (-2.75 eV)

Figure 3.27. Contour maps of the frontier Kohn-Sham orbitals for the Re(I)
pyridocarbazole complexes containing the phosphine ligands PMe3 or CAP (1i
and 1j, respectively).

Then, with the goal of combining the effect of replacing the carbonyl ligand
in cis disposition to the diimine ligand by either PMe3 or CAP with the one re-
sulting from modifications in the electron density of the pyridocarbazole ligand,
we investigated the spectroscopic properties of a series of complexes (1k-1r in
Scheme 3.8) where we introduced substituents at the pyridine and the indole
moieties of 1i and 1j. In all cases, the main transition of the lowest-lying ab-
sorption band is HOMO −→ LUMO, so we will pay special attention to those
orbitals, although the HOMO-1 −→ LUMO transition has a moderate contri-
bution in the complexes bearing the CAP ligand (1m, 1n, 1q, and 1r). The
energy of those orbitals, as well as the HOMO-LUMO energy gap and the λmax
for each complex are collected in Table 3.8.

First of all, it can be observed that the trend for the complexes bearing the
σ-accepting substituent CO2Et (1k-1n) is the same as for the ones with a F
group (1o-1r), although the effect of the former substituent on λmax is slightly
larger due to a higher stabilization of the LUMOs, in accordance with the results
from the previous section. Therefore, we will focus on complexes 1k-1n, as the
discussion for the remaining ones is analogous. Regarding the complexes with
the PMe3 ligand (1k and 1n), the effect of adding the CO2Et group to the
pyridine ring of the pyridocarbazole ligand is, as expected, a stabilization of the
LUMO of around 0.14 eV, similar to the one observed when comparing complex
1 with 1a and 1e (the corresponding complexes with a CO ligand instead of
PMe3). However, the raise in energy of the HOMOwhen introducing the OMe π-
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donating ligand in the indole moiety is only 0.07 eV when comparing complexes
1i and 1l, quite smaller than the difference between complexes 1 and 1e (0.17
eV). This is mainly due to the lower contribution of the π pyridocarbazole
orbital to the HOMO. Nevertheless, the red-shift induced to the absorption
band in both complexes is significant, reaching λmax values greater than 600
nm. On the other hand, the energy of the LUMO of the complexes bearing
the CAP ligand (1m and 1n) is identical to the one of the PMe3 complexes,
as the composition of the LUMO in all of them is the same, but the energy
of the HOMO does not suffer variations of more than 0.02 eV when comparing
complex 1j with 1m and 1n. The reason for that is the almost negligible
contribution of the pyridocarbazole ligand to the HOMO. Therefore, the main
reason for the 20 and 33 nm lengthening of the longest λmax, with respect to 1j,
in complexes 1m and 1n, respectively, is the stabilization of the LUMO caused
by the CO2Et group, although the minor effect of the OMe group on the HOMO
(and the HOMO-1) also contributes to make the red-shift even larger.

Concerning some of the requirements for a good PS in PDT: ∆EST > 22.5
kcal/mol and absorption at the therapeutic window (around 620-850 nm). All
the complexes considered in this study fulfill the first one, as the minimum
∆EST found, in complex 1n, is 30.3 kcal/mol (excluding 1d (28.0 kcal/mol)
and 1f (26.8 kcal/mol)). With respect to the other requirement, the complexes
with stronger absorption at that region, as shown in Figure 3.28, are 1l, 1m,
1n, 1p, 1q, and 1r, so they are potential candidates for their use in PDT.
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Figure 3.28. Computed electronic absorption spectra of complexes 1l (green),
1m (orange), 1n (yellow), 1p (blue), 1q (purple), and 1r (grey). The longest
λmax in nm for each complex is also displayed.
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3.6 Assessment of BODIPY-Oxasmaragdyrin Dyads for
Dye-Sensitized Solar Cells

A series of dyads of potential interest for DSSC formed by a porphyrin-like
compound (oxasmaragdyrin) and a BODIPY, linked by different bridges, have
been analysed. The oxasmaragdyrin is chosen because of its π-extended sys-
tem, which produces a red-shift in the absorption bands compared to regu-
lar porphyrins, with strong absorption in the visible region. The selected ox-
asmaragdyrin (S1 in Scheme 3.9) has 2,6-dimethoxyphenyl and methylamine
groups in two of its meso carbons to enhance the push-up effect towards the
BODIPY. The BODIPY, on the other hand, is able to capture light in the UV
region of the spectrum, as well as in a narrow band in the visible region. In
this study, the BODIPY (B in Scheme 3.9) is similar to a commercial BODIPY
650/660-succinimidyl ester with a decrease in the size of its side chain. It has
two substituents, a pyrrole ring, and an unsaturated chain containing a phenyl,
ether and carboxylic functionalities. These modifications extend the π conjuga-
tion of the BODIPY and ensure adsorption to the semiconductor through the
carboxylic group. The bridges of the dyads (D2-D11 in Scheme 3.9) have differ-
ent functionalities, including alkyl, phenyl, and alkynyl groups. The notation
S2-S11 will be employed for the dyads without BODIPY (the oxasmaragdyrin-
bridge fragments). We will examine the molecular structure, aromaticity and
spectroscopic properties of the dyads, paying special attention to the influence
of the bridges and to the fulfillment of the criteria for a good dye in a DSSC.

3.6.1 Molecular Structure

First, we will analyse the molecular structure starting with the isolated oxas-
maragdyrin (S1) and the S2-S11 fragments, and then, the dyads (D1-D11). For
that purpose, the planarity of the oxasmaragdyrin macrocycle (R7 in Scheme
3.9), and the disposition of B with respect to S1 in the dyads will be examined.

The theory level used for the optimization of all the structures is B3LYP/6-
311G(d,p), also including the dispersion interactions during the B3LYP energy
computations through calculation of the atom-pairwise DFT-D3 dispersion de-
veloped by Grimme and co-workers. The planarity of the oxasmaragdyrin ring
(R7) has been analysed by obtaining through least-squares fitting the best plane
defined by the non-hydrogen atoms of the ring (without the substituents) and
calculating the root mean square deviation (RMSD) of the distance from all
those atoms to the plane.

In the case of S1 (see Figure 3.29), it presents a significant deviation from
planarity, with a RMSD of 0.31 Å. This is mainly consequence of the R2 and
R5 rings, which locate out of the plane to minimize the steric repulsion with
the 2,6-dimethoxyphenyl and methylamine groups, respectively.
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Scheme 3.9. Molecular structure of the BODIPY (B) and the oxasmaragdyrin
(S1) molecules and notation of the dyads.

169



3.6 Assessment of BODIPY-Oxasmaragdyrin Dyads for DSSCs

Figure 3.29. Optimized geometry of S1, showing the deviation of planarity
due to the repulsions between R2 and R5 rings and the substituents of the
macrocycle.

Interestingly, the planarity of R7 when the bridges are connected to S1 (S2-
S11) largely increases in all cases (see Table 3.9). In those fragments, the RMSD
varies from a maximum of 0.13 Å in S5 to a minimum of 0.05 Å in S9. The
bridges where the S1 moiety is bonded to an alkynyl group present the highest
RMSD values (0.11-0.13 Å), whereas the ones connected to a phenyl group range
between 0.05 and 0.07 Å, with the only exception of S11.

Table 3.9. RMSD in Å of the non-hydrogen atoms of R7 to the plane obtained
through a least squares method for the different oxasmaragdyrin fragments (S1-
S11) and the corresponding dyads (D1-D11).

Species RMSD Species RMSD
S1 0.31 D1 0.11
S2 0.09 D2 0.15
S3 0.12 D3 0.14
S4 0.12 D4 0.13
S5 0.13 D5 0.11
S6 0.12 D6 0.11
S7 0.08 D7 0.11
S8 0.11 D8 0.14
S9 0.05 D9 0.13
S10 0.06 D10 0.13
S11 0.11 D11 0.11

On the other hand, when B is linked to the oxasmaragdyrin fragments, the
RMSD hardly varies, with a maximum change of 0.08 Å when going from S9 to
D9. Therefore, we can conclude that the presence of the BODIPY moiety does
not affect the planarity of S1. Note that this is not the case for S1 and D1,
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since the direct linkage of B to S1 has a similar effect on the planarity than the
bridges, thus decreasing the RMSD from 0.31 to 0.11 Å.

Regarding the relative orientation of B with respect to S1, there are large
variations depending on the bridge. For instance, they lay in almost perpendic-
ular planes in the dyads D1, D2, D4, D7, D8, and D10, whereas they are nearly
coplanar in the remaining ones (see Figure 3.30 for the comparison between a
dyad with each orientation). The presence of bridges with only alkynyl groups
(D3, D5, and D6) or with two sets of aryl functionalities (D9 and D11) seems
to enhance the coplanarity.

(a) D7 (b) D9

Figure 3.30. Optimized geometry of the dyads D7 and D9, illustrating the
perpendicular orientation of B with respect to S1 in the former, and the copla-
narity in the latter.

3.6.2 Aromaticity

Now, we will investigate the aromaticity at the oxasmaragdyrin ring (R7) in all
the species, along with its relationship to the planarity of S1 and the HOMO-
LUMO energy gap. To get a quantitative value of the aromaticity, we have
performed NICS calculations at the ring critical point (RCP) located inside R7.
In addition, we have also analysed the ring current densities 1 Å above the plane
to show the aromatic pathways at the oxasmaragdyrin fragment.

The NICS values, collected in Table 3.10, reflect the aromatic character of the
oxasmaragdyrin ring in all the compounds. The lowest aromaticity (-10.7 ppm)
is found for S1, in consonance with the large deviation from planarity in this
fragment. In all the other species the NICS index hardly varies as ranging from
-11.2 to -12.4 ppm. The correlation between planarity and aromaticity cannot
be properly tested with such small variations in the NICS values. However,
it is remarkable that the largest aromaticity indexes in the oxasmaragdyrin
fragments are found for S3 (-12.1 ppm), S5 (-12.3 ppm), and S6 (-12.4 ppm),
which are the ones with alkynyl bridges containing an increasing number of
triple bonds. In addition, the other species where S1 is connected to an alkynyl
functionality (S4 and S8) present the largest aromaticities (-11.8 ppm) among
the remaining fragments. Hence, the presence of a triple bond directly attached
to S1 promote the electron delocalization inside the oxasmaragdyrin ring. On
the other hand, the bridge consisting in an alkyl chain (S2) gives the lowest rise
in aromaticity (-11.2 ppm) compared to S1. Finally, when the BODIPY moiety
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Table 3.10. NICS values in ppm computed at the R7 RCP for the different
oxasmaragdyrin fragments (S1-S11) and the corresponding dyads (D1-D11).

Species NICS Species NICS
S1 -10.7 D1 -12.0
S2 -11.2 D2 -11.2
S3 -12.1 D3 -12.1
S4 -11.8 D4 -12.0
S5 -12.3 D5 -12.3
S6 -12.4 D6 -12.3
S7 -11.6 D7 -11.6
S8 -11.8 D8 -12.0
S9 -11.7 D9 -11.4
S10 -11.6 D10 -11.5
S11 -11.6 D11 -11.4

is attached to the bridge (D2-D11) the aromaticity does not suffer any changes,
with a maximum deviation of 0.3 ppm when comparing S9 with D9. Therefore,
as happened with the planarity, the linkage of B does not affect the aromaticity
at the oxasmaragdyrin macrocycle.

To get a more detailed picture of the aromatic pathways in the dyads in-
vestigated, magnetically current densities were also evaluated at the B3LYP/6-
311G(d,p) level. The magnetically induced current density vectors are associ-
ated with the aromatic character. When a magnetic field is applied along the
+Z axis (perpendicular to the ring plane) to an aromatic system, a diatropic
ring current involving the delocalized π electrons of the ring is induced, following
a clockwise direction. On the other hand, if the system is antiaromatic, the ring
current is paratropic and follow an anticlockwise direction. In between, if the
system does not present π electron delocalization, there will not be ring current.
To visualize the ring current involving the π electrons of the oxasmaragdyrin,
we have computed the current density maps of S1-S11 along a plane located 1 Å
above the oxasmaragdyrin plane (the one used in the analysis of the planarity).
Since the differences in aromaticity between the oxasmaragdyrin fragments are
small, we will compare the ring current density maps between the ones with the
lowest (S1 and S2) and the largest (S6 and S5) NICS values.

As depicted in Figures 3.31 and 3.32, the four oxasmaragdyrin fragments
present ring current. The current density always follows a clockwise direction,
reflecting the aromatic character, and it passes over all the non-hydrogen atoms
of the macrocycle. The intensity of the current density vectors is related to
their colour, being red the lowest intensity and blue the highest. Hence, we can
see that the ring current at S5 and S6 is much more intense than at S1 and S2,
confirming their larger aromatic character.
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(a) S1

(b) S2

Figure 3.31. Ring current density maps at 1 Å above the plane of the oxas-
maragdyrin macrocycle of S1 and S2 induced by a magnetic field applied along
the normal vector of the plane.
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(a) S5

(b) S6

Figure 3.32. Ring current density maps at 1 Å above the plane of the oxas-
maragdyrin macrocycle of S5 and S6 induced by a magnetic field applied along
the normal vector of the plane.

To test the potential use as dyes in DSSCs of the dyads here considered, we
need to evaluate the energy of their frontier orbitals. In this sense, the HOMO
energy must be lower than the redox potential of the mediator to permit the
recovery of the dye. One of the most popular redox mediators is I–/I3 – , with a
redox potential of -4.8 eV. In addition, the LUMO energy must be higher than
the conduction band of the semiconductor, which is -4.3 eV in the case of TiO2,
for an efficient electron injection. The energy of the HOMO, the LUMO and
the HOMO-LUMO energy gap (∆EH→L) are shown in Table 3.11.
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Table 3.11. HOMO, LUMO and difference in energy between them (∆EH→L)
in eV for all the species, computed a the theory level B3LYP/6-311G(d,p).

Species HOMO (eV) LUMO (eV) ∆EH→L (eV)
S1 -4.43 -2.02 2.41
S2 -4.45 -2.00 2.45
S3 -4.57 -2.29 2.28
S4 -4.48 -2.17 2.31
S5 -4.63 -2.47 2.16
S6 -4.68 -2.62 2.06
S7 -4.54 -2.17 2.37
S8 -4.52 -2.35 2.17
S9 -4.54 -2.15 2.39
S10 -4.57 -2.14 2.43
S11 -4.57 -2.16 2.41
D1 -4.70 -2.82 1.88
D2 -4.57 -2.86 1.71
D3 -4.80 -3.13 1.67
D4 -4.56 -2.92 1.64
D5 -4.81 -3.19 1.62
D6 -4.82 -3.26 1.56
D7 -4.66 -3.12 1.54
D8 -4.65 -2.95 1.70
D9 -4.60 -3.16 1.44
D10 -4.68 -3.14 1.54
D11 -4.62 -3.18 1.44

Starting with the oxasmaragdyrin fragments (S1-S11), none of the species
meet the first criteria for the HOMO energy, being the lowest HOMO energies
those of S6 (-4.68 eV) and S5 (-4.63 eV). On the other hand, the LUMO energy is
always above the conduction band of TiO2. With respect to the HOMO-LUMO
energy gap, conjugation has the effect of reducing that gap if the frontier orbitals
involve the π orbitals where the electrons are delocalized. This is mainly due
to a large stabilization of the LUMO. Indeed, the lowest energy gaps are found
for S6 (2.06 eV) and S5 (2.16 eV), followed by S8, S3, and S4, which are also
the species that showed the largest aromatic character (the ones where S1 is
bonded to an alkynyl group). So, again, the acetylene bridge seems to enhance
the conjugation.

In the dyads, the LUMO energy requirement is always fulfilled as well. How-
ever, there are only three dyads with energy lower (or equal) than -4.8 eV: D6
(-4.82 eV), D5 (-4.81 eV), and D3 (-4.80 eV). It is noteworthy that the LUMO
is largely stabilized when the BODIPY moiety is linked, reducing the HOMO-
LUMO energy gap in all the dyads. Now, ∆EH→L does not match the previous
trends in aromaticity, this is because the LUMO is no longer centered on S1
but on the BODIPY fragment, as shown in Figure 3.33. This fact also explains
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(a) S1 HOMO (b) S1 LUMO

(c) D1 HOMO (d) D1 LUMO

Figure 3.33. Representation of the HOMO and the LUMO of S1 and D1.

why the HOMO energy only changes slightly when the BODIPY is attached (a
maximum of -0.27 eV when comparing D1 with S1), whereas the LUMO energy
suffers variations up to -1.02 eV (from S11 to D11).

3.6.3 Spectroscopic Properties

Having analysed the geometry, aromaticity, and orbital energies of both the ox-
asmaragdyrin fragments and the dyads, we will now focus on their spectroscopic
properties. To that end, we have employed TD-DFT methodology to obtain the
absorption spectrum of all the compounds. The TPSSh functional has been cho-
sen after testing several DFT functionals against the experimental absorption
bands of the commercial BODIPY-650/660 succinimidyl ester (Bref), a oxas-
maragdyrin with phenyl substituents on the three meso carbons (Sref), and the
dyad synthesized by Kalita et al. (Dref). Hence, the level of theory for the TD-
DFT calculations is TPSSh/6-311G(d,p)//B3LYP/6-311G(d,p). Solvent effects
have been taken into account by means of CPCM, with a dielectric constant
of 8.93 to simulate CH2Cl2. The maximum error of this level of theory when
comparing the TD-DFT bands and the experimental ones is 0.07 eV.

The absorption spectrum of the isolated oxasmaragdyrin (S1) presents three
main bands: two weak Q bands located in the visible region, with the maximum
wavelength at 636 and 588 nm, and an intense Soret band in the visible zone
although close to the UV region (437 nm). Similar bands were observed in the
experimental spectrum of Sref (633, 591, and 443 nm, respectively). When the
bridges are connected to S1 (S2-S11), the three bands are preserved (see Table
3.12). However, in all species but S2, their excitation wavelengths increase. We
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Table 3.12. CPCM-TPSSh/6-311G(d,p) excitation wavelength (λ) and assign-
ment of the main absorption bands of all the species.

Species λ (nm) Band Species λ (nm) Band
S1 D1 640 BODIPY

636 Q 635 Q
588 Q 599 Q
437 Soret 438 Soret

S2 D2 629 BODIPY
615 Q 626 Q
583 Q 587 Q
431 Soret 437 Soret

S3 D3 555 BODIPY
660 Q 622 Q
610 Q 582 Q
452 Soret 459 Soret

S4 D4 639 BODIPY
653 Q 662 Q
608 Q 610 Q
452 Soret 453 Soret

S5 D5 569 BODIPY
690 Q 659 Q
629 Q 581 Q
459 Soret 459 Soret

S6 D6 585 BODIPY
719 Q 688 Q
650 Q 605 Q
472 Soret 479 Soret

S7 D7 707 BODIPY
643 Q 642 Q
596 Q 594 Q
458 Soret 448 Soret

S8 D8 667 BODIPY
691 Q 689 Q
628 Q 624 Q
470 Soret 471 Soret

S9 D9 705 BODIPY
640 Q 645 Q
595 Q 596 Q
442 Soret 448 Soret

S10 D10 697 BODIPY
687 Q 675 Q
625 Q 630 Q
453 Soret 453 Soret

S11 D11 694 BODIPY
669 Q 633 Q
620 Q 596 Q
449 Soret 452 Soret

will limit now our discussion to the lowest energy band, which is the one that
suffers the largest shifts, although the other bands undergo similar changes.
This band is mostly described by a transition from the HOMO to the LUMO,
with some contribution from a HOMO-1 −→ LUMO+1 transition. The maximum
displacement of that band, compared to S1, is produced in S6 (83 nm), S8 (55
nm), and S5 (54 nm), which are the oxasmaragdyrin fragments where ∆EH→L
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was minimum. Therefore, the presence of an alkynyl group bonded to S1 seems
to promote a bathochromic shift. In accordance, S3 has a significant red-shift as
well (24 nm). Although the red-shift of the band at S10 and S11 (51 and 33 nm,
respectively) is also remarkable, their oscillator strengths are very low compared
to the other species. This is because the lowest unoccupied molecular orbitals of
those compounds have strong contributions from the bridge (see Figure 3.34),
so new transitions from the oxasmaragdyrin to the bridge appear. On the other
hand, S7 and S9, where S1 is directly linked to a phenyl group, have the lowest
shifts in their absorption band (7 and 4 nm, respectively).

(a) S10 LUMO (b) S11 LUMO

Figure 3.34. Representation of the LUMO of S10 and S11.

In the case of Bref, its experimental absorption spectrum is characterized by a
narrow absorption band at the visible region, with a maximum absorption wave-
length of 646 nm, and two bands located in the UV region (at 351 and 288 nm).
In the dyads (D1-D11), the bands coming from the isolated oxasmaragdyrin
and BODIPY moieties still appear, although they suffer some shifts (see Table
3.12). The Soret band, which always involve only the oxasmaragdyrin macrocy-
cle, does not undergo significant changes due to the presence of the BODIPY.
Regarding the Q bands, they are not displaced more than 12 nm in D1, D2,
D4, D7, D8, D9, and D10, whereas in D3, D5, and D6 the minimum decrease of
the Q bands maximum wavelength is 31 nm. This divergent behaviour of the Q
bands depending on the bridge is mainly due to the orientation of B with respect
to S1 and the bridge. Hence, the dyads with the largest shifts are those in which
the BODIPY moiety is oriented almost coplanar to the oxasmaragdyrin, with
an alkynyl linkage between them. This disposition permits some conjugation
between B and the bridge, causing the large blue-shifts at the Q bands due to
the stabilization of the HOMO (as seen in Table 3.11). On the other hand, the
perpendicular orientation of B with respect to S1 in the other group of dyads
does not alter the composition of the orbitals centered on the oxasmaragdyrin.
D9 is the only exception to that, its low displacement of the Q bands despite
the coplanarity between the two moieties is due to the perpendicular orienta-
tion of the phenyl groups in the bridge, thus, the conjugation with the bridge is
not affected by the presence of the BODIPY, so the composition of the molec-
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ular orbitals involved in the transitions, which are mainly the HOMO and the
LUMO in S9 and the HOMO and the LUMO+1 in D9, are essentially the same
(see Figure 3.35). In the case of D11, the large hypsochromic shift of the Q
bands (36 and 24 nm) are due to the lack of contribution from the bridge in
the unoccupied orbitals that receive the transition when the BODIPY is linked,
which is mainly the LUMO in S11 and the LUMO+2 in D11 (see Figure 3.36).
Finally, the band centered on the BODIPY suffers large changes depending on
the bridge. In the dyads, this band is mostly described by transitions from the
HOMO-2/-3 to the LUMO. Compared to D1, this band is blue-shifted in the
dyads D2-D6, although D2 and D4 are hardly affected. The hypsochromic shifts
at D3, D5, and D6 can be attributed to the large stabilities of their occupied
orbitals. Contrarily, the BODIPY band undergoes a large bathochromic shift
at D7-D11 due to the stabilization of the LUMO.

(a) S9 HOMO (b) S9 LUMO

(c) D9 HOMO (d) D9 LUMO+1

Figure 3.35. Molecular orbitals with the largest contributions in the Q bands
of S9 and D9.

Interestingly, apart from the bands centered at S1 and B described above,
there is another broad and intense band, located at around 1000 nm, that
appears only in the D3 (975 nm), D5 (1031 nm), and D6 (1095 nm) dyads.
Analysing the natural transition orbitals (NTO) that describe that band (see
Figure 3.37), it is clear that a charge transfer (CT) transition from S1 to B
through the alkynyl bridge occurs. Hence, the use of alkynyl functionalities
to link both moieties enhance the CT between them, this is in accordance with
our analysis of the geometry, aromaticity, and molecular orbitals of those dyads,
which showed the largest coplanarity, aromatic character at the oxasmaragdyrin
macrocycle, and conjugation with the bridge among all the species.

As already mentioned, the absorption spectrum of an ideal dye in DSSCs
should be panchromatic, with strong absorption bands on the visible and the
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(a) S11 LUMO (b) D11 LUMO+2

Figure 3.36. LUMO of S11 and LUMO+2 of D11, which are the main electron-
receiving orbitals of their corresponding Q bands.

(a) D5 Occupied NTO (b) D5 Unoccupied NTO

Figure 3.37. Natural transition orbitals (NTO) of the separate charge excited
state of dyad D5.

near-infrared regions. The computed spectrum of all the dyads is shown in
Figure 3.38. It can be seen that the absorption at wavelengths longer than 750
nm is very low in all the species but D3, D5, and D6, where the CT transition
presents a broad and intense band. These dyads show lower absorption at
shorter wavelengths, however, their panchromatism makes them good sunlight
harvesting compounds. It is remarkable that their absorption profiles have been
improved compared to Dref. In addition, these are also the only compounds
that fulfilled the energy requirement for the HOMO (lower than -4.8 eV). As
a conclusion, the dyads D3, D5, and D6, with bridges containing only alkynyl
functionalities, are the most promising candidates for their use as dyes in DSSCs.
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(a) Absorption Spectra of D1-D6

(b) Absorption Spectra of D7-D11 and D3

Figure 3.38. CPCM-TPSSh/6-311G(d,p) electronic absorption spectra of all
the dyads. D3 has been included in both profiles for comparison purposes.
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3.7 Photophysical Properties of Modified BODIPY Units
and their Combination with Re(I) Tricarbonyl Com-
plexes: Utility in Dye-Sensitized Solar Cells and Pho-
todynamic Therapy

Inspired by the work of Rosenthal et al. on a series of isomeric [ReCl(CO)3(bpy)]
complexes bearing pendant BODIPYs,20 we have theoretically investigated the
capability as PS for dye-sensitized solar cells (DSSCs) and photodynamic ther-
apy (PDT) of such a Re(I) complex with a modified BODIPY. The selected
BODIPY is the same as the one employed in the previous section (B in Scheme
3.9), which is similar to the commercial BODIPY 650/660-succinimidyl es-
ter but with a decrease in the size of its side chain. We have analysed the
spectroscopic and electronic properties of three complexes bearing two pen-
dant B moieties attached to the x,x′ (x = 4, 5, 6) positions of the bpy ligand,
[ReCl(CO)3(x, x′ –B2bpy)] (x = 4, 5, 6). For simplicity, hereinafter, the nota-
tion x,x′-B2bpy will be referred to as BBbxx. In addition, to fully understand
all the aspects affecting the behaviour of the combined systems, we initially
analysed the photophysical properties of the isolated B, as well as of the 1:1 and
2:1 adducts formed by one B unit linked to bpy (Bbx; x = 4, 5, 6) and those
resulting from two B moieties attached to bpy (Bbxx; x = 4, 5, 6), respectively.

The electronic absorption spectra of all the species have been computed
at the level of theory PCM-TD-M06/6-31+G(d) (LANL2DZ for Re)//PCM-
B3LYP/6-31G(d) (LANL2DZ for Re). The M06 functional has been chosen
after testing the two functionals (TPSSh and M06) employed in our previous
works against the experimental spectra of the commercial BODIPY 650/660-
succinimidyl ester, and the complexes reported by Rosenthal et al.20 Although
both functionals rendered small errors for the isolated B, M06 showed much
more accurate results for all the Re complexes, with a maximum error of 0.08
eV (a value of 0.34 was obtained with TPSSh).

3.7.1 Isolated BODIPY

First, we have optimized and analysed a series of conformers of the isolated
BODIPY due to its flexibility in two substituents: the pyrrole ring, and the
unsaturated chain with phenyl, ether, and carboxylic functionalities (see Scheme
3.9). On the one hand, the pyrrole nitrogen atom can be oriented close to the
BF2 unit (‘ni’) or pointing to the opposite direction to this unit (‘no’). By
varying the dihedral angles between the pyrrole and the benzene rings with the
central rings of the BODIPY we have optimized four structures with each pyrrole
orientation, finding that ‘ni’ isomers are always, approximately, 4 kcal/mol more
stable than ‘no’ ones. The energy differences resulting from changes in the
pyrrole and benzene arms orientation are minimal, with a maximum variation
of 0.3 kcal/mol. The optimized structure of the most stable conformation, which
has a ‘ni’ orientation and almost parallel pyrrole and benzene rings, is displayed
in Figure 3.39. From this point, we will denote this conformer as B.

Since the Gibbs energy barrier found for the rotation of the pyrrole-arm is
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Figure 3.39. PCM-B3LYP/6-31G(d) optimized structure of the most stable
conformer of the isolated BODIPY (B).

only 10.2 kcal/mol measured with respect to the energy of B, we have computed
the electronic absorption spectra of three different isomers to analyse the effect
of the arms conformation on the absorption bands. The electronic absorption
spectrum of conformer B, shown in Figure 3.40, displays two main absorption
bands, one of them in the visible region (λmax = 627 nm) and another one cen-
tered at the UV region (λmax = 348 nm), although a transition with moderate
intensity also appears at 415 nm. Note that the other UV band characteristic
of B has not been computed due to the limited number of transitions included
in the calculations. The same absorption bands have been found for the other
two conformers, with a maximum variation in λmax of 4 nm. Therefore, the
conformation of the substituents at the BODIPY has a negligible effect on the
absorption bands, so we will only consider the most stable isomer. With respect
to the nature of each absorption band, the one at the visible region corresponds
to a HOMO −→ LUMO transition, whereas the peak located at 415 nm is a
HOMO-1 −→ LUMO transition. The HOMO-1, HOMO, and LUMO orbitals are
displayed in Figure 3.41, the band at the UV region is consequence of several
transitions between different molecular orbitals.

Regarding the application of B as PS for DSSCs, as already mentioned in
the previous section, it presents bands in a wide range of wavelengths, but
these bands are narrow and it lacks strong absorption at many regions of the
spectrum. Hence, it does not have a proper light harvesting capacity for its
use in DSSCs. Despite this, both the energy of the HOMO (-5.5 eV) and the
LUMO (-3.0 eV) fulfill the requirements for the dyes, as the HOMO below -4.8
eV assures the recovery of the compound from the redox couple (such as I–/I3 – ),
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Figure 3.40. Computed electronic absorption spectra of the isolated B moiety
at the PCM-TD-M06/6-31+G(d)//PCM-B3LYP/6-31G(d) level.

(a) HOMO -1 (-6.56 eV) (b) HOMO (-5.51 eV) (c) LUMO (-3.01 eV)

Figure 3.41. Contour maps of the HOMO-1, HOMO, and LUMO orbitals of
B. The energy of each orbital is also included in parenthesis.

and the LUMO energy above the conduction band of TiO2 (-4.3 eV) enhances
the electron injection after the excitation.

Finally, concerning the potential use of B as a PS in PDT, although the
absorption band at 627 nm is within the therapeutic window (620-850 nm),
the difference in energy between the singlet ground state and its first triplet
excited state (∆EST ) is only 22.2 kcal/mol. As a consequence, this compound
has a poor capacity for producing singlet oxygen, since the minimum ∆EST for
transforming 3O2 into 1O2 is 22.5 kcal/mol.

3.7.2 1:1 Adducts of BODIPY with 2,2′-Bipyridine

In a first step towards the investigation of the Re(I) complex with BODIPY
moieties attached to the bpy ligand, we have analysed the photophysical prop-
erties of the isolated bpy linked to B through its C8 atom at different bpy
positions (Bb4, Bb5, and Bb6). Due to the absence of substituents at the C1
and C7 atoms of B, we could optimize four different conformers in each case,
which differ in the relative orientation between the bpy and the B core planes.
Nevertheless, the relative energy of the 12 isomers is similar, with differences
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Figure 3.42. PCM-B3LYP/6-31G(d) optimized structures of Bb4, Bb5,
and Bb6, along with their corresponding PCM-TD-M06/6-31+G(d)//PCM-
B3LYP/6-31G(d) electronic absorption spectra.

of less than 1 kcal/mol. In addition, after computing the electronic absorption
spectra for each set of four Bbx conformers, we have found that the variation in
the absorption wavelengths is never larger than 4 nm, so it is reasonable to as-
sume that all spectra are practically coincident in a given substitution pattern,
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regardless the relative tilting of the two moieties. Then, to analyse the effect
of the bpy substitution pattern on the absorption spectra, we compare those
isomers with the same relative orientation between B and the bpy moieties.
The optimized structures along with their corresponding electronic absorption
spectra are displayed in Figure 3.42. Each 1:1 adduct between B and bpy has
been identified as BBx with x = 4, 5, and 6.

The same bands as in the isolated BODIPY are found for the Bbx species,
although the peak just above 400 nm is much more intense, forming now a
separate band. Looking at the λmax values for the three bands, there are not
significant differences between the three isomers, with a maximum variation of
10 nm. We will denote the three bands in order of increasing energy as band-1,
band-2, and band-3. Thus, the longest λmax corresponding to band-1 ranges
from 638 nm in Bb5 to 648 nm in Bb4, the next one, band-2, from 437 nm
in Bb4 to 446 nm in Bb5, and the λmax of band-3 from 349 nm in Bb4 to
354 nm in Bb6. It is noteworthy that band-2 is considerably more intense for
Bb5 than for the other compounds. Comparing the absorption bands at the
Bbx species with those at the isolated B, there are no relevant differences in
the band-3, but the band-1 suffers red-shifts of 10-21 nm. Band-2, apart from
largely increasing its intensity, is also displaced 18-31 nm.

To understand the main features of the Bbx absorption spectra, we inspect
the frontier Kohn-Sham orbitals involved in the shifted absorption bands of the
three isomers (see Figure 3.43). In the case of band-1, it is always described as
a HOMO −→ LUMO transition. The HOMO of all the species is described as a
π orbital involving the two arms of the BODIPY, as in the isolated B, whereas
the LUMO is a π∗ orbital with almost negligible contribution from the benzene
arm and some contribution from the C8 atom and the bpy ring connected to it.
The extra conjugation over the bpy ring at the LUMO of Bbx compared to B
is related to the bathochromic shift of band-1, since the HOMO-LUMO energy
gap is lower because of the larger stability of the LUMO. On the other hand,
band-2 is mainly due to a HOMO-1 −→ LUMO transition. The HOMO-1 has
now large a contribution from a π orbital at the bpy in Bb5 and Bb6, which
explains the destabilization of 0.09 and 0.08 eV of that orbital, respectively. The
significant raise in the energy of the HOMO-1 at Bb5, along with the 0.10 eV
stabilization of the LUMO previously mentioned when compared to B, explains
the 31 nm bathochromic shift at band-2 in this species.

According to their electronic absorption spectra, the Bbx adducts can be
considered more panchromatic than the isolated B, since the range of absorption
clearly enlarge towards the infrarred region of the spectrum, and the absorption
between 400 and 600 nm is enhanced due to the appearance of band-2. The
energy of the HOMO and LUMO of all the Bbx species fulfills the requirements
for the dyes in DSSCs, as the HOMO ranges from -5.51 to -5.56 eV (below -
4.8 eV), and the LUMO from -3.08 to -3.14 eV (above -4.3 eV). Therefore, the
properties of Bbx for their use as dyes in DSSCs have been improved with
respect to B. On the contrary, the gap between the ground singlet and the first
excited triplet states is even lower than for the isolated B, with values between
21.4 and 21.7 kcal/mol for the three Bbx isomers. As a consequence, these
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(a) Bb4 HOMO -1
(-6.55 eV)

(b) Bb4 HOMO
(-5.56 eV)

(c) Bb4 LUMO
(-3.14 eV)

(d) Bb5 HOMO -1
(-6.47 eV)

(e) Bb5 HOMO
(-5.54 eV)

(f) Bb5 LUMO
(-3.11 eV)

(g) Bb6 HOMO -1
(-6.48 eV)

(h) Bb6 HOMO
(-5.51 eV)

(i) Bb6 LUMO
(-3.08 eV)

Figure 3.43. Contour maps of the HOMO-1, HOMO, and LUMO orbitals for
Bbx (x = 4, 5, 6). The energy of each orbital is also included in parenthesis.

compounds are not suitable for being employed as PSs in PDT.

3.7.3 2:1 Adducts of BODIDY with 2,2′-Bipyridine

Then, we have explored the photophysical properties of the Bbx species after
appending another B moiety on the analogous position at the other bpy ring
(BBbxx; x = 4, 5, 6). We have optimized two isomers for each BBbxx system,
one of which with the same arms of the B units above and below the bpy plane
(cis isomers), and another one with different arms in each B moiety above and
below the bpy plane (trans isomers). Our calculations indicate that the six
considered isomers present very similar energies, being the trans conformers
slightly more stable than their cis counterparts, with a maximum deviation of
3.6 kcal/mol when comparing the trans isomer of BBb55 with the cis isomer of
BBb44. The comparison of the electronic absorption spectra between two two
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Figure 3.44. PCM-B3LYP/6-31G(d) optimized structures of BBb44,
BBb55, and BBb66, along with their corresponding PCM-TD-M06/6-
31+G(d)//PCM-B3LYP/6-31G(d) electronic absorption spectra.

types of conformers reveals differences of less than 2 nm in the main absorption
bands. Therefore, we will focus our discussion on the most stable trans isomers,
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which will be denoted as ‘BBbxx’ adducts.
Figure 3.44 collects the absorption spectra for the three BBbxx isomers.

The same bands as in the Bbx species appear, although it is remarkable that
their intensity doubles when introducing the extra B moiety. The bands are
slightly red-shifted when compared to those of Bbx isomers, except for BBb55,
where the shift is larger than 13 nm for all the absorption bands. Besides, band-2
in BBb55 is much more intense than the other bands.

Regarding band-1, it presents two excitation energies corresponding to tran-
sitions from HOMO-1/HOMO to LUMO/LUMO+1, with a difference of less
than 2 nm between them. The HOMO and the HOMO-1 orbitals, with no
participation from the bpy, become degenerate in each BBbxx system (see Ta-
ble 3.13). Meanwhile, LUMO and LUMO+1 are also degenerate for BBb44
and BBb66, whereas the LUMO is 0.14 eV more stable than the LUMO+1 in
BBb55. In addition, the difference in energy between the HOMO-1/HOMO
orbitals of BBbxx and the HOMO of Bbx is always less 0.04 eV, very close to
the difference between the LUMO/LUMO+1 orbitals of BBb44 and BBb66
and the LUMO orbital of the corresponding Bbx species. However, the energy
of the LUMO in BBb55 is 0.11 eV more stable than the one at Bb5 due to the
conjugation involving the two B moieties and the bpy ligand, which only ap-
pears at this compound. This explains the larger bathochromic shift observed
at this system. A similar picture is found for band-2, which is described as
HOMO-3/HOMO-2 transitions to LUMO/LUMO+1. In this sense, all those
orbitals are also degenerated for BBb44 and BBb66, but at BBb55, apart
from the more stable LUMO, the HOMO-2 is higher in energy due to a rele-
vant contribution from the bpy moiety. Consequently, band-2 for BBb44 and
BBb66 is very similar to that of Bb4 and Bb6, but it increases in intensity
and appears at longer wavelengths when comparing BBb55 and Bb5.

Table 3.13. PCM-M06/6-31+G(d) energies of some relevant frontier Kohn-
Sham orbitals in eV for adducts BBbxx (x = 4, 5, 6).

Species HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1
BBb44 -6.57 -6.56 -5.57 -5.57 -3.16 -3.15
BBb55 -6.55 -6.46 -5.57 -5.56 -3.22 -3.08
BBb66 -6.53 -6.50 -5.54 -5.53 -3.13 -3.11

Although the addition of an extra B moiety in BBb44 and BBb66 does
not produce significant shifts at the absorption bands, they do increase their
intensity, so they are more suitable for their use as dyes in DSSCs. On the
other hand, in addition to the stronger absorption, the BBb55 species displays
a significant red-shift for bands 1 and 2, so it presents the best panchromatic
features. The energy of the frontier orbitals at the BBbxx compounds, as
shown in Table 3.13, fulfills the requirements for the dyes.

Interestingly, the ∆EST value of BBb55 is now larger than 22.5 kcal/mol
(23.2 kcal/mol), so its triplet state could react with 3O2 to yield 1O2. On the
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contrary, BBb44 and BBb66 yield triplet states about 20 kcal/mol above their
corresponding singlet ground states.

3.7.4 Re(I) Tricarbonyl Complexes Bearing 2:1 Adducts of BODIPY
with 2,2′-Bipyridine

Now, we will present the results of appending the BBbxx (x = 4, 5, 6) to
a Re(I) tricarbonyl complex ([ReCl(CO)3(BBbxx)]), which will be denoted as
BBbxx-Re, comparing their photophysical properties with those of the ref-
erence [ReCl(CO)3(bpy)] complex. The electronic absorption spectra of this
isolated complex, which is displayed in Figure 3.45 along with its optimized
structure, presents two absorption bands, one with large intensity centered at
291 nm, and another one with low intensity at 405 nm, which corresponds to a
HOMO-1 −→ LUMO transition from a Re d orbital to a π∗ orbital centered at
the bpy ligand (1MLCT). The other band is a mixture of 1MLCT and 1ILCT
transfers.
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Figure 3.45. PCM-B3LYP/6-31G(d) (LANL2DZ for Re) optimized structure
of [ReCl(CO)3(bpy)], along with its PCM-TD-M06/6-31+G(d) (LANL2DZ for
Re)//PCM-B3LYP/6-31G(d) (LANL2DZ for Re) electronic absorption spectra.

Once we have covered the spectroscopic features of the reference complex,
we will turn our attention to the BBbxx-Re complexes. Note that BBbxx
adducts had to be twisted around the C2-C2′ atoms of the bpy in order to
face both N atoms to the metal. We have optimized four different conformers
for each BBbxx (x = 4, 5), all of them with similar energy, resulting from
locating the same or different arms of the B moieties above and below the
bpy plane and from varying the B-bpy dihedrals angles. As a consequence of
the proximity between the B units and the monodentate Re ligands for the
BBb66-Re conformations, only two conformers with nearly the same energy
are possible. These last isomers are less stable than the previous ones by about
16 kcal/mol. Since the electronic absorption spectra of all the isomers for a
given substitution pattern are very similar, we will only consider one of them
for each BBbxx-Re complex. The optimized structures of the selected (most
stable) isomers are shown in Figure 3.46, along with their electronic absorption
spectra.

There are significant differences in the absorption bands of the BBbxx-Re
complexes. The spectrum of the BBb44-Re complex displays two bands, one
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centered close to an intense transition at 689 nm, with a difference of 40 nm with
band-1 of BBb44, and another one at 472 nm. In the case of BBb55-Re, the
lowest-lying absorption band, at 703 nm, is less intense compared to the other
one, which appears at 474 nm. Another transition at 611 nm contributes to
its panchromatic character. Finally, the spectrum of BBb66-Re only contains
a wide absorption band, due to a very intense transition at 637 nm. We note
however the possibility of a band at around 400 nm should not be ruled out due
to the number of transitions considered in the TD-DFT computations.

As for BBbxx, the lowest-lying absorption band (band-1) for the BBbxx-
Re (x = 4, 5) complexes involve the HOMO-1, HOMO, LUMO, and LUMO+1
orbitals, and corresponds to a 1ILCT within the BBbxx fragment (see Figure
3.47). The comparison of those orbitals with the ones at the BBbxx (x =
4, 5) moieties indicates that, despite the lack of direct contribution from the
metal in that band, it promotes a large participation of the bpy orbitals at
the LUMO, thus increasing the conjugation and stabilizing this orbital by more
than 0.2 eV, yielding the observed bathochromic shift. On the other hand, the
energy of the HOMO and the HOMO-1 hardly varies. Unlike band-1, the other
band (band-2) at the BBbxx-Re (x = 4, 5) complexes changes its character
to 1MLCT, with orbitals involving the Re center. For BBb66-Re, the main
absorption involves the HOMO-1, HOMO, LUMO, and LUMO+1 orbitals and
presents a 1ILCT character (see Figure 3.47). However, the bpy moiety does not
participate in the LUMO, that is, the electron conjugation is reduced and the
maximum wavelength is shorter with respect to the previous Re complexes. The
nearly perpendicular disposition of the B moieties with respect to bpy avoids
this electron delocalization along the bpy fragment.

Concerning the potential use of these complexes as dyes in DSSCs. The
requirement for the energy of the frontier orbitals is still fulfilled, as the HOMO
and the LUMO are centered at the BBbxx moieties, suffering slight variations
of energy. On top of that, the complexes display strong absorption at both the
visible and the UV regions of the spectrum.

The ∆EST values for the complexes are again below the 22.5 kcal/mol
threshold, so we conclude that they are not adequate for PDT.
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(a) BBb44-Re
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(b) BBb55-Re
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Figure 3.46. PCM-B3LYP/6-31G(d) (LANL2DZ for Re) optimized structures
of BBb44-Re, BBb55-Re, and BBb66-Re, along with their correspond-
ing PCM-TD-M06/6-31+G(d) (LANL2DZ for Re)// PCM-B3LYP/6-31G(d)
(LANL2DZ for Re) electronic absorption spectra.
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(a) BBb44-Re HOMO -1
(-5.63 eV)

(b) BBb44-Re HOMO
(-5.62 eV)

(c) BBb44-Re LUMO
(-3.40 eV)

(d) BBb44-Re LUMO+1
(-3.30 eV)

(e) BBb66-Re HOMO -1
(-5.33 eV)

(f) BBb66-Re HOMO
(-5.30 eV)

(g) BBb66-Re LUMO
(-2.96 eV)

(h) BBb66-Re LUMO+1
(-2.92 eV)

Figure 3.47. Contour maps of the HOMO-1, HOMO, LUMO, and LUMO+1
orbitals for BBbxx-Re (x = 4, 6). The energy of each orbital is also included
in parenthesis.
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4 CONCLUSIONS

4 Conclusions
In this PhD Thesis, the following conclusions have been reached:

1. The theoretical study on the reaction between [Re(PPh2)(CO)3(N–N)]
(N–N = bpy, phen) complexes towards the activated alkyne methyl pro-
piolate (HMAD) has revealed the role of the bidentate ligand in the mech-
anism for the formation of the different types of products. In this sense,
the energetics for the coupling with the carbonyl ligand as well as for the
insertion of the non-attacked acetylene carbon into the Re-P bond are not
affected by the exchange between bpy and phen. However, the presence
of a phen ligand makes the reaction pathway leading to the coupling with
the diimine ligand more favorable by stabilizing both the transition state
and the product. Hence, the pyridine ring where the coupling is produced
is more electrophilic due to the larger conjugation of the phen ligand, low-
ering the corresponding energy barrier. In addition, the extra conjugation
alleviates the excess of electron density at the diimine ligand once the
coupling takes place, stabilizing the product. This is in accordance with
the experimental product found for the reaction of the complex with the
phen ligand.

2. The results from the investigation of the reaction between complexes
[ReX(CO)3(bpy)] (X = NH2, NHMe, NHpTol, OH, OMe, OPh, PH2,
PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) and HMAD have
clarified the influence of the nucleophilic ligand, X. First, from the com-
parison of the reaction profile in complexes with the same nucleophilic
atom directly linked to Re, we have concluded that the Me substituent at
the nucleophilic ligand makes the complex more reactive towards HMAD
due to its electron-donating effect, whereas the influence of the aryl groups
depends on the nature of the nucleophilic atom. On the one hand, if the
nucleophilic ligand has an atom from the second period (N or O), the
presence of the aryl ligand makes the reaction more unfavorable, as aryl
orbitals interact strongly with those from the heteroatom, making them
less available for the initial nucleophilic attack. On the other hand, the
phenyl groups attached to an atom from the third period (P or S) make
the reaction between the Re(I) complex and HMAD more favorable, al-
though their stabilizing effect is not as strong as the one caused by the
alkyl groups. Finally, regarding the influence of the nature of the het-
eroatom at the nucleophilic ligand, we have found that the larger size of
the heteroatoms from the third period (P and S) makes the overlap with
the Re d orbitals more effective and, thus, a general destabilizing effect
in all the species is observed, which is especially relevant for the insertion
route.

3. Apart from rationalizing the experimental products found for the reaction
of complexes [ReX(CO)3(N–N)] (X = NHpTol, OH, OMe, PPh2; N–N
= bpy, phen), we have made a series of predictions for the reaction of the
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Re(I) complexes bearing nucleophilic ligands that have not been tested
experimentally. The product resulting from the coupling to the carbonyl
ligand and the subsequent hydrogen migration from the nucleophilic ligand
to the oxygen of the carbonyl is the expected one for the N and O ligands
that contain a H atom (NH2, NHMe, NHpTol, OH), due to the low barrier
characteristic of that coupling and the large stability of the product. This
is also the case for the SH ligand, but its large initial energy barrier could
avoid the formation of such a product. On the other hand, given the
unstability of the other types of products, the insertion into the Re-X
bond is the most likely outcome for the reaction of the complexes with
OMe, OPh, SMe, and SPh ligands, although the high energy barriers for
all of them but OMe make the reactions less accessible. Finally, we predict
the coupling to the bidentate ligand for the complexes with nucleophilic
ligands containing P, as the insertion route is greatly penalized due to
the strong bond formed between P and Re, and the barriers for the other
types of couplings are similar, but the product coupled to the bpy ligand
is always more stable.

4. The computational modelling on the hydrolysis of a series of ether sub-
strates (diethyl ether, divinyl ether, and ethyl vinyl ether) catalyzed by
the aqueous molybdocene [Cp2Mo(OH)(H2O)]+ has led to the following
conclusions. To begin with, we have demonstrated that the ether func-
tionality (i.e., the ether oxygen) is not active in the catalysis of ethers by
molybdocenes. The reason for that is not related to an unfavorable coordi-
nation to Mo through that atom, as the largest barrier found for that step
is 20.3 kcal/mol, but to the activation of the other functionalities. Accord-
ingly, the intramolecular nucleophilic attack from the hydroxo ligand of
the molybdocene to either the ethyl or the vinyl functionalities is always
the rate-determining step if the ether coordinates via the oxygen atom,
being the lowest barrier for such attack 43.6 kcal/mol (to the vinyl group
of ethyl vinyl ether). However, the intramolecular nucleophilic attack to
the ethyl vinyl and divinyl ethers is much more feasible if they coordinate
to the metal through the vinyl functionality. Thus, the largest energy
barrier for that mechanism is 22.2 and 29.3 kcal/mol for ethyl vinyl ether
and divinyl ether, respectively, in both cases corresponding to the tran-
sition state for the intramolecular hydrogen migration. On the contrary,
diethyl ether can not coordinate to the metal center through a different
functionality than the ether one, so [Cp2Mo(OH)(H2O)]+ is not able to
catalyze the hydrolysis of this compound, as experimentally reported.

5. In the computational study of the reaction of Re(I) tricarbonyl complexes
bearing N -alkylimidazoles (RIm, R = Me, Mes) and 4,4′-disubstituted
2,2′-bipyridines (4,4′-R2′bpy, R′ = tBu, NMe2) towards the strong base
KN(SiMe3)2, we have been able to clarify the effect of both the bidentate
and the imidazole ligands. Regarding the complexes bearing tBu sub-
stituents at the bpy ligand, the low energy barrier and stability for the
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coupling of the deprotonated carbon of the imidazole to the external or-
tho carbon of the diimine ligand favour that product over the other ones.
However, the replacement of the tBu groups by the more electron-donating
NMe2 makes the coupling with the bpy ligand less accessible due to its raise
of electron density. In the case of the NMe2 complex with a MesIm ligand,
the destabilization for that coupling is moderate, so the product, as exper-
imentally found, is the same as for the tBu complexes. On the other hand,
the deprotonation of [Re(CO)3(4,4 ′ –(NMe2)2bpy)(MeIm)]OTf forms an
imidazo-2-yl product instead. This is a consequence of the larger nu-
cleophilic character of the MeIm ligand, which would yield an excess of
electron density at the bpy ligand and, therefore, both the coupling to
the external and the internal ortho carbon atoms of that ligand is heavily
penalized.

6. On the basis of the results obtained for the deprotonation reaction of
complexes [Re(CO)3(4,4 ′ –R′2bpy)(RIm)]OTf (R′ = tBu, NMe2; R = Me,
Mes), we reasoned that the replacement of the electron-donating tBu and
NMe2 substituents by electron-withdrawing ones would favour the cou-
pling products to the bpy ligand. In this respect, the theoretical study
of the reaction with R′ = Br, which had not been tested experimentally,
revealed that the product resulting from the coupling of the deprotonated
carbon of the imidazole ligand to the internal ortho carbon of the bpy
ligand was the most likely outcome for the reaction, with both the MeIm
and MesIm ligands. These theoretical predictions were subsequently cor-
roborated experimentally.

7. The analysis of the reaction between KN(SiMe3)2 and the Mo(II) com-
plexes [Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(RIm)]OTf (R = Me, Mes) has
confirmed that the presence of the more rigid phen ligand instead of the
bpy one makes the coupling to the internal ortho carbon, which is the ex-
perimental product for the latter ligand, more energy-demanding. Thus,
we have predicted that the complex with MesIm would yield a coupling to
the external ortho carbon of the phen ligand, whereas the complex with
MeIm would form a mixture of that type of product and an imidazo-2-yl
product. Both predictions have been confirmed by experimental findings.

8. The comparison of the computational results obtained for the interaction
of the complex [Re(CO)3(dmphen)(H2O)]+ (dmphen = 2,9-dimethylphen)
with a model of the DNA nucleobase guanine and with a derivative of the
histidine amino acid has shed light on the cytotoxic mechanism of ac-
tion of this complex. Hence, despite the slightly lower energy barriers
found for the reaction with the nucleobase, in agreement with the ex-
perimental results, the reaction with the amino acid is more favorable
thermodynamically. In this sense, the inclusion of some explicit water
molecules in the model used to elucidate the mechanism has been cru-
cial for a proper description of the reaction. Therefore, as suggested by
the experimental evidence of a mechanism of action different from that
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of cisplatin, our results indicate that the cytotoxicity of the Re(I) aquo
complex is a consequence of its reaction with proteins within the cell
rather than with DNA. In addition, the exploration of the reaction of
two new [Re(CO)3(2,9–R2phen)(H2O)]+ (R = OMe, NMe2) complexes
towards the derivative of histidine has proven that the presence of more
electron-donating substituents on the bidentate ligand enhances the cyto-
toxic activity of the complex.

9. In the theoretical investigation on the spectroscopic properties of a series
of Re(I) carbonyl pyridyl complexes with pyridocarbazole ligands we have
rationalized the effect on the lowest-lying absorption band of changing the
conjugation and the electron density at the bidentate ligand, as well as of
replacing the carbonyl ligand in cis disposition to the bidentate ligand by
different phosphines. First of all, we have found that the expansion of the
diimine ligand lowers the HOMO-LUMO energy gap, inducing a red-shift
to the longest λmax. Secondly, the addition of σ-accepting substituents,
such as CO2Et and F, to the pyridine ring of the pyridocarbazole ligand
produces a stabilizing effect on the LUMO, whereas the energy of the
HOMO raises as π-donating groups, like OMe and NMe2, are introduced
into the indole moiety. Both types of substituents result in a bathochromic
shift of the lowest-lying absorption band, which is even larger if they are
combined in the same complex. Finally, the removal of the carbonyl ligand
(with its π∗ orbital) when replaced by a phosphine group, e.g. PMe3 and
CAP, causes an extra bathochromic shift due to the destabilization of
the HOMO, which is especially large with the CAP ligand. Through the
combination of the PMe3 or CAP ligands with the adequate substituents
at the pyridocarbazole ligand, we have designed several complexes with
significant absorption at the therapeutic window. These complexes are
potential candidates for their use as PSs in PDT.

10. The computational analysis of eleven different BODIPY-oxasmaragdyrin
dyads designed for their use as dyes in DSSCs has shown the influence
of the bridge that links the two moieties in a series of structural, elec-
tronic, and spectroscopic properties. To begin with, we have found that
the coplanarity between the two moieties is promoted if the bridge is
formed by alkynyl groups or two sets of aryl functionalities. In addition,
the presence of a bridge containing an alkynyl group bonded to the oxas-
maragdyrin also enhances the aromaticity at the oxasmaragdyrin macro-
cycle, as confirmed by the computation of NICS and ring current density
maps. Regarding the electronic and spectroscopic properties, which are
key for evaluating the potential of the dyes, only the three dyads contain-
ing alkynyl bridges fulfill the requirement for the energy of the HOMO.
On top of that, the electronic absorption spectra of those dyads present
a charge transfer from the oxasmaragdyrin to the BODIPY that largely
enhances the light harvesting capacity of the compounds. Therefore, we
have concluded that the alkynyl bridges are the most suitable choice for
improving the properties of the dyads as dyes in DSSCs.
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11. The photophysical properties of the BODIPY for its use as dye in DSSCs
have also been improved by attaching one or two BODIPY moieties to a
2,2′-bipyridine, either as part of a Re(I) tricarbonyl complex or as isolated
adducts. In this sense, the BODIPY is known for its strong absorption
but in a narrow range of wavelengths. After appending a BODIPY unit
to a 2,2′-bipyridine, we have found that the panchromatic character is
enhanced, as the bands undergo bathochromic shifts and new ones also
appear. This effect is even stronger if two BODIPY moieties are attached,
forming 2:1 adducts. If those adducts are coordinated to the metal center
of a Re(I) tricarbonyl complex, the absorption bands are displaced to
even longer wavelengths, although their intensity of absorption is lower.
Nevertheless, the design of Re(I) complexes with absorption bands at the
red region of the electromagnetic spectrum is remarkable. All the species
considered in this study fulfill the energy requirements for the frontier
orbitals (energy of the HOMO below the potential of the redox couple, and
energy of the LUMO above the conduction band of the semiconductor).
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Conclusiones
Los estudios realizados en esta Tesis han llevado a las siguientes conclusiones:

1. El estudio teórico sobre la reacción del complejo [Re(PPh2)(CO)3(N–N)]
(N–N = bpy, phen) frente a propiolato de metilo (HMAD) ha servido
para esclarecer el papel que juega el ligando bidentado en el mecanismo
de formación de los diferentes tipos de productos. De esta forma, las en-
ergías tanto para el acoplamiento con el ligando carbonilo como para la
inserción del carbono no atacado en el enlace Re-P no se ven afectadas
por el intercambio entre la bpy y la phen. Sin embargo, la presencia de un
ligando phen hace que el camino de reacción para el acoplamiento con el
ligando diimina sea más favorable debido a la estabilización del estado de
transición y del producto correspondiente. Así, el anillo piridínico donde
el acoplamiento tiene lugar es más electrofílico debido al mayor grado de
conjugación del ligando phen, lo que hace que disminuya la barrera en-
ergética de ese acoplamiento. Además, ese mayor grado de conjugación
también alivia el exceso de densidad electrónica que se produce en el lig-
ando bidentado una vez tiene lugar el acoplamiento, lo que favorece un
aumento de la estabilidad relativa del producto. Estos resultados concuer-
dan con el producto encontrado experimentalmente para la reacción del
complejo con el ligando phen.

2. Los resultados alcanzados en la investigación sobre la reacción entre los
complejos [ReX(CO)3(bpy)] (X = NH2, NHMe, NHpTol, OH, OMe, OPh,
PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) y HMAD
han revelado qué influencia tiene el ligando nucleofílico, X. En primer
lugar, mediante la comparación de los perfiles de reacción en complejos
con el mismo átomo nucleofílico unido directamente al Re, hemos conclu-
ido que, mientras que el sustituyente Me en el ligando nucleofílico hace
que el complejo sea más reactivo frente a HMAD debido a su carácter
dador de electrones, el efecto de los grupos arilo varía con la naturaleza
del átomo nucleofílico. Por un lado, si este átomo pertenece al segundo
período (N u O), la presencia del ligando arilo hace que la reacción sea más
desfavorable, ya que los orbitales del arilo interaccionan fuertemente con
los del heteroátomo, haciendo que los de dicho heteroátomo estén menos
disponibles para el ataque nucleofílico inicial. Por otro lado, los grupos
fenilo unidos a un átomo del tercer período (P o S) hacen que la reacción
entre el complejo de Re(I) y HMAD sea más favorable, aunque su efecto
estabilizador es menor que el causado por los grupos metilo. Por último,
respecto al papel del heteroátomo del ligando nucleofílico, hemos descu-
bierto que el mayor tamaño de los heteroátomos del tercer período (P y S)
produce un mayor solapamiento con los orbitales d del Re y, por tanto, se
observa una estabilización relativa de todas las especies, particularmente
de las implicadas en la ruta de inserción.

3. Además de racionalizar los productos encontrados experimentalmente para
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la reacción de los complejos [ReX(CO)3(N–N)] (X = NHpTol, OH, OMe,
PPh2; N–N = bpy, phen), también hemos realizado una serie de predic-
ciones para las reacciones de los complejos de Re(I) con ligandos nucleofíli-
cos que no han sido testeados experimentalmente. El producto resultante
del acoplamiento con el ligando carbonilo y la posterior migración del
hidrógeno desde el ligando nucleofílico hacia el oxígeno del carbonilo, es el
esperado para la reacción de complejos con ligandos N y O que contengan
H (NH2, NHMe, NHpTol, OH), debido a la baja barrera característica de
ese acoplamiento y a la gran estabilidad del producto. Este también es
el caso para el ligando SH, pero la gran barrera energética inicial de la
reacción con este ligando podría evitar la formación de dicho producto.
Por otro lado, dada la inestabilidad de los otros tipos de productos, la
inserción en el enlace Re-X es el resultado más probable para la reacción
de los complejos con ligandos OMe, OPh, SMe y SPh, aunque las grandes
barreras encontradas para todos ellos menos para OMe hacen que las reac-
ciones correspondientes sean menos accesibles. Finalmente, proponemos
que el producto de reacción que se formaría en el caso de complejos con
ligandos nucleofílicos que contienen P sería el del acoplamiento con el lig-
ando bidentado, dado que la ruta de inserción está muy penalizada por el
fuerte enlace Re-P y las barreras para la formación de los otros dos tipos
de acoplamiento son similares, pero el producto de acoplamiento con la
bpy es siempre más estable.

4. El estudio computacional sobre la hidrólisis de una serie de éteres (dietil
éter, divinil éter y etil vinil éter) catalizada por el molibdoceno acuoso
[Cp2Mo(OH)(H2O)]+ ha dado lugar a las siguientes conclusiones. Para
empezar, hemos demostrado que la funcionalidad éter (el oxígeno) no es
activa frente a la catálisis de éteres por molibdocenos. La razón no está
relacionada con una coordinación desfavorable de ese oxígeno al Mo, ya
que la barrera más alta para dicho proceso es 20.3 kcal/mol, sino con la
activación de las otras funcionalidades del sustrato. De esta forma, el
ataque nucleofílico intramolecular del ligando hidroxo del molibdoceno a
las funcionalidades etilo o vinilo es siempre la etapa determinante de la
reacción si el éter se coordina por el átomo de oxígeno, siendo la barrera
más baja para dicho ataque con un valor de 43.6 kcal/mol (al grupo vinilo
del etil vinil éter). No obstante, el ataque nucleofílico intramolecular al
etil vinil y al divinil éter es mucho más favorable si se coordinan a través
de la funcionalidad vinilo. Siendo así, la barrera energética más alta es
22.2 y 29.3 kcal/mol para el etil vinil y el divinil éter, respectivamente,
siendo en ambos casos la correspondiente al estado de transición para la
migración de hidrógeno intramolecular. Por otra parte, el dietil éter no se
puede coordinar al metal a través de un átomo diferente del oxígeno, por lo
que, de acuerdo con las evidencias experimentales, [Cp2Mo(OH)(H2O)]+
no es capaz de catalizar la hidrólisis de dicho compuesto.

5. Mediante la investigación computacional sobre la reacción de complejos
tricarbonílicos de Re(I) con ligandos N -alquilimidazol (RIm, R = Me,
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Mes) y 2,2′-bipiridinas 4,4′-disustituidas (4,4′-R2′bpy, R′ = tBu, NMe2)
frente a la base fuerte KN(SiMe3)2, hemos sido capaces de esclarecer el
efecto tanto del ligando bidentado como del ligando imidazol. Respecto
a los complejos con sustituyentes tBu en el ligando bpy, la baja barrera
energética y la estabilidad del producto de acoplamiento entre el carbono
desprotonado del imidazol y el carbono orto externo del ligando diim-
ina favorece dicho producto sobre los demás. Sin embargo, si los gru-
pos tBu son reemplazados por NMe2, que es un dador de electrones más
fuerte, el acoplamiento con el ligando bpy se vuelve más desfavorable de-
bido al aumento de densidad electrónica en ese ligando bidentado. En
el caso del complejo con grupos NMe2 y un ligando MesIm, la desesta-
bilización de dicho acoplamiento es moderada, por lo que el producto,
como se encontró experimentalmente, es el mismo que para los complejos
con sustituyentes tBu. Por el contrario, la desprotonación del complejo
[Re(CO)3(4,4 ′ –(NMe2)2bpy)(MeIm)]OTf conduce a la formación de un
producto de tipo imidazol-2-ilideno porque el mayor carácter nucleofílico
del ligando MeIm provocaría un exceso de densidad electrónica en el lig-
ando bpy y, por ende, penaliza los posibles acoplamientos con dicho lig-
ando.

6. En base a los resultados alcanzados para las reacciones de desprotonación
de los complejos [Re(CO)3(4,4 ′ –R′2bpy)(RIm)]OTf (R′ = tBu, NMe2; R
= Me, Mes), hemos deducido que la sustitución de los grupos dadores de
electrones tBu y NMe2 por aceptores de electrones favorecería los pro-
ductos de acoplamiento con el ligando bpy. A este respecto, el estudio
teórico sobre la reacción con R′ = Br, que no había sido llevada a cabo
experimentalmente, puso de manifiesto que el acoplamiento del carbono
desprotonado del ligando imidazol con el carbono orto interno de la bpy
es el producto más probable de la reacción, tanto con MeIm como MesIm.
Estas predicciones teóricas fueron posterioremente confirmadas de forma
experimental.

7. El análisis de la reacción entre KN(SiMe3)2 y los complejos de Mo(II)
[Mo(η3 –C4H7)(CO)2(4,7–Cl2phen)(RIm)]OTf (R = Me, Mes) ha confir-
mado que la presencia de un ligando phen, más rígido que la bpy, hace
que el acoplamiento con el carbono orto interno, que es el producto exper-
imental con bpy, esté más desfavorecido energéticamente. En este caso,
sugerimos que el complejo con un ligando MesIm daría un producto de
acoplamiento con el carbono orto externo del ligando phen, mientras que
el complejo con MeIm formaría una mezcla de ese producto y un producto
de tipo imidazol-2-ilideno. Ambas predicciones han sido confirmadas ex-
perimentalmente.

8. La comparación de los resultados obtenidos para la interacción del com-
plejo de Re(I) [Re(CO)3(dmphen)(H2O)]+ (dmphen = 2,9-dimetilphen)
con un derivado del aminoácido histidina y un modelo de la nucleobase
guanina ha ayudado a desvelar el mecanismo de acción citotóxico de este
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complejo. En este sentido, a pesar de las barreras más bajas encontradas
para la reacción con la nucleobase, lo que está en acuerdo con las evi-
dencias experimentales, la reacción con el aminoácido es más favorable
termodinámicamente. La inclusión de moléculas de agua explícitas en el
estudio teórico realizado ha sido crucial para conseguir una descripción
más realista de las reacciones investigadas. Por lo tanto, como sugiere
la evidencia experimental de un mecanismo de acción diferente al del cis-
platino, nuestros resultados indican que la citotoxicidad del complejo aquo
de Re(I) es debida a su reacción con proteínas dentro de la célula, en vez
de con el ADN. Además, la exploración de la reacción con dos nuevos
complejos [Re(CO)3(2,9–R2phen)(H2O)]+ (R = OMe, NMe2) frente al
derivado de histidina ha demostrado que la presencia de sustituyentes con
mayor capacidad dadora de electrones en el ligando bidentado aumenta la
actividad citotóxica del complejo.

9. La investigación teórica sobre las propiedades espectroscópicas de una serie
de complejos carbonílicos de Re(I) con un ligando monodentado piridínico
y otro bidentado de tipo piridocarbazol ha servido para descubrir los efec-
tos de alterar la conjugación y la densidad electrónica del ligando biden-
tado y de sustituir el ligando carbonilo en posición cis respecto al piri-
docarbazol por diferentes fosfinas en la banda de absorción de menor en-
ergía. Primero, hemos encontrado que la expansión del ligando diimina
provoca una disminución en la diferencia de energía HOMO-LUMO, lo
que produce un desplazamiento hacia el rojo de la λmax más larga. De-
spués, los resultados obtenidos tras añadir sustituyentes σ-aceptores, tales
como CO2Et y F, al anillo piridínico del ligando piridocarbazol muestran
que se produce un efecto de estabilización en el LUMO, mientras que la
energía del HOMO aumenta al introducir sustituyentes π-dadores, como
OMe y NMe2, en el indol. Ambos tipos de sustituyentes dan lugar a un
desplazamiento batocrómico de la banda de absorción de menos energía,
que es incluso mayor si los dos tipos de sustituyentes se combinan en el
mismo complejo. Por último, la sustitución del ligando carbonilo (con su
orbital π∗) por una fosfina, como por ejemplo PMe3 y CAP, causa otro
desplazamiento batocrómico debido a la desestabilización del HOMO, que
es especialmente importante con el ligando CAP. A través de la combi-
nación de los ligandos PMe3 o CAP con los sustituyentes adecuados en el
ligando piridocarbazol, hemos diseñado varios complejos con una absor-
ción notable en la ventana terapeútica. Estos complejos son candidatos
potenciales para su uso como fotosensibilizadores en terapia fotodinámica.

10. El análisis computacional de once díadas BODIPY-oxasmaragdirina dis-
eñadas para su uso como colorantes en celdas solares sensibilizadas con
colorantes (DSSCs) ha servido para mostrar la influencia del puente que
une las dos moléculas en una serie de propiedades estructurales, electróni-
cas y espectroscópicas. Hemos descubierto que la disposición coplanaria
entre las dos especies que componen la díada se ve favorecida si el puente
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está formado o bien por grupos alquino, o bien por dos grupos de fun-
cionalidades de tipo arilo. Además, la presencia de un puente con un
grupo alquino unido a la oxasmaragdirina, también aumenta la aromati-
cidad en el macrociclo de esta molécula, como hemos confirmado medi-
ante la computación de NICS y de mapas de densidad de corriente. Con
respecto a las propiedades electrónicas y espectroscópicas, que son claves
para evaluar el potencial de los colorantes, solo las tres díadas con puentes
alquino cumplen el requisito para la energía del HOMO. Además, el espec-
tro de absorción de esas díadas presenta una transferencia de carga desde
la oxasmaragdirina hacia la BODIPY que da lugar a una capacidad de
absorción de luz mucho mejor. Por lo tanto, concluimos que los puentes
alquino son la mejor opción para mejorar las propiedades de las díadas
como colorantes en DSSCs.

11. Las propiedades fotofísicas de la BODIPY para su uso en DSSCs han
sido también mejoradas mediante la unión de una o dos BODIPYs a una
2,2′-bipiridina, tanto formando aductos aislados, como parte de un com-
plejo tricarbonílico de Re(I). En este sentido, la BODIPY es conocida
por su gran capacidad de absorción pero en un rango estrecho de longi-
tudes de onda. Tras enlazar una BODIPY a una 2,2′-bipiridina, hemos
descubierto que el carácter pancromático mejora, ya que las bandas de
absorción sufren un desplazamiento batocrómico y aparecen otras nuevas
bandas de absorción. Este efecto se acentúa si se unen dos BODIPYs en
vez de una, formando aductos 2:1. Si esos aductos se coordinan al centro
metálico de un complejo tricarbonílico de Re(I), las bandas de absorción
se desplazan a longitudes de onda todavía más largas, aunque la intensi-
dad de absorción disminuye. No obstante, el diseño de complejos de Re(I)
con bandas de absorción en la región del color rojo del espectro electro-
magnético es destacable. Además, todas las especies consideradas en este
estudio cumplen los criterios para la energía de los orbitales frontera (en-
ergía del HOMO por debajo del potencial de la pareja redox y energía del
LUMO por encima de la banda de conducción del semiconductor).
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ABSTRACT: Herein we present a theoretical study on the
reaction of [Re(PPh2) (CO)3(phen)] (phen = 1,10-phenanthro-
line) and [Re(PPh2) (CO)3(bipy)] (bipy = 2,2′-bipyridine)
toward methyl propiolate. In agreement with experimental results
for the phen ligand, the coupling of the substituted acetylenic
carbon with the nonsubstituted ortho carbon of the phen ligand is
the preferred route from both kinetic and thermodynamic
viewpoints with a Gibbs energy barrier of 18.8 kcal/mol and an
exoergicity of 11.1 kcal/mol. There are other two routes, the
insertion of the acetylenic fragment into the P−Re bond and the
coupling between the substituted acetylenic carbon and a
carbonyl ligand in cis disposition, which are kinetically less
favorable than the preferred route (by 2.8 and 1.9 kcal/mol,
respectively). Compared with phen, the bipy ligand shows less electrophilic character and also less π electron delocalization due
to the absence of the fused ring between the two pyridine rings. As a consequence, the route involving the coupling with a
carbonyl ligand starts to be kinetically competitive, whereas the product of the attack to bipy is still the most stable and would be
the one mainly obtained after spending enough time to reach thermal equilibrium.

■ INTRODUCTION

The chemistry of metal complexes holding terminal phosphani-
do ligands [M(PR2)Ln] (M = metal, L = ancillary ligands) is a
matter that attracts considerable attention, partly on account of
the participation of such complexes as intermediates in organic
synthesis and catalytic processes.1 Particularly, the reactivity of
carbonyl complexes with terminal phosphanido functionalities
toward activated alkynes has been investigated and has yielded
diverse results (see Scheme 1). Thus, the reaction of [Re(PPh2)
(CO)3(phen)] (phen = 1,10-phenanthroline) (1) with methyl
propiolate (HMAD, HCCCO2Me) and dimethyl acetylene-
dicarboxylate (DMAD, MeO2CCCCO2Me) leads to the
formation of a C−C coupling product between the acetylenic
fragment and the phen ligand (see P1 in Scheme 1).2,3 This kind
of product stands in contrast with other experimental results.4−10

On the one hand, the reaction of [CpFe(CO)2(PR2)] (Cp = η5-
C5H5; R = Ph, C6F5) (2 and 3, respectively),4 [CpM-
(CO)3(PPh2)] (Cp = η5-C5H5; M = Mo, W) (4 and 5,
respectively),5 and [Ir(ABPN2) (CO)(H) (PPh2)] (ABPN2 =

(allyl)B(Pz)2(CH2PPh2); Pz = pyrazolate) (6)6 with HMAD
and/or DMAD gives rise to the formation of metallacyclic
complexes, which contain a five-membered chelate ring formed
by the linkage of the phosphanido group, the alkyne, and the CO
ligand (see P2 in Scheme 1). Analogous five-membered
metallacyclic products were also reported both when replacing
carbonyls by other ancillary ligands like alkyl or aryl isocyanides
in certain Nb complexes7 and when using iron carbonyl
complexes containing acetyl and deprotonated phosphanido
ligands.8 On the other hand, the reaction of [Nb(η5-
C5H4SiMe3)2(CO) (PPh2)] (7) with HMAD and methyl 2-
butynoate (MeCCCO2Me) affords another type of product,
which results from the insertion of the acetylene into the σNb−P
bond (see P3 in Scheme 1).9 Furthermore, it is believed that the
reaction of a stannylphosphole complex with DMAD evolves
through an intermediate resulting from the alkyne insertion into
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the P−Sn bond.10 The last two types of products were also found
when replacing the phosphanido ligand at Re carbonyl
complexes analogous to 1 by OH,11 OMe,12 and NHpTol.13

Specifically, the reaction of the methoxo complex [Re(OMe)
(CO)3(bipy)] (bipy = 2,2′-bipyridine) with DMAD leads to the
formation of a P3-type complex while those of [Re(OH)
(CO)3(bipy)] and [Re(NHpTol) (CO)3(bipy)] with the same
acetylene afford P2-type products.
Concerning the mechanism of the reactions of terminal

phosphanido metal complexes with electron-poor alkynes, a
concerted process, on the one hand, has been invoked to explain
the formation of P2-type products when using the 2 and 3
complexes4 and of P3-type products with the 7 complex.9 On the
other hand, a nonconcerted process has been suggested for the
formation of P1-type product from the 1 complex2,3 and of P2-
type products when using the 4, 5, and 6 complexes.6,8 As seen in
Scheme 2, the first step would imply the attack of the
nucleophilic phosphanido ligand on one of the acetylenic carbon
atoms to form a zwitterionic intermediate. In this species, the
other carbon of the initially acetylenic moiety would present a
negative charge. In the second step, this last atom could attack on

either one of the ortho carbon atoms (Cortho) of a bipy or phen
bidentate ligand, ccb route, or the carbon atom of a carbonyl
ligand (CCO) in cis disposition, cco route, to give C−Cortho and
C−CCO coupling products, respectively (P1- and P2-type
products, respectively). For the [Re(OH) (CO)3(bipy)] and
[Re(NHpTol) (CO)3(bipy)] complexes, we note that the final
P2-type products obtained present a hydrogen atom bound to
the oxygen atom of the attacked carbonyl ligand due to H
migration from the OH and NHpTol ligands once the C−CCO

bond is formed.11,13 As the nucleophilic carbon of the acetylenic
moiety in the zwitterion could also attack the metal center and
produce an alkyne insertion into the M−PR2 bond (ins route),
this kind of intermediate has also been invoked to explain the
formation of P3-type products when a rhenium carbonyl
complex containing a methoxo ligand reacts with electron-
deficient alkynes.12

Theoretical studies on the reaction mechanism of terminal
phosphanido metal complexes toward electron-poor acetylenes
are scarce and limited in focus.6,9 To gain a deeper knowledge
about these interesting processes, wider theoretical investiga-
tions considering all the plausible reaction mechanisms leading

Scheme 1. Types of Products Obtained from the Reaction of Terminal Diphenylphosphanido Metal Complexes with Electron-
Poor Acetylenes
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to one or different products are needed. To that end, as a first
step and aiming at understanding the different reactivity patterns
experimentally found for the reaction of terminal phosphanido
metal complexes with electron-poor acetylenes, a computational
chemistry study was undertaken on the reaction mechanism of

[Re(PPh2) (CO)3(phen)] with HMAD. No experimental
information has been reported for the analogous reaction
where phen is replaced by bipy. In this work we analyze the
differences between these two bidentate ligands that are able to
affect their reactivity hoping that the chemical trends found may

Scheme 2. Stepwise ReactionMechanisms Suggested for the Reaction of RheniumCarbonyl Complexes Containing aNucleophilic
Ligand (XR) with Electron-Poor Acetylenes

Figure 1. PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f for Re)//PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Re) Gibbs energy profile in THF solution
of the reaction pathways obtained for the reaction between [Re(PPh2) (CO)3(phen)] and methyl propiolate. Gibbs energy values for the reaction
between [Re(PPh2) (CO)3(bipy)] and methyl propiolate are also included in parentheses.
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be helpful for designing new synthetic and catalytic processes
using these or related complexes.

■ RESULTS AND DISCUSSION
The analysis of our results will be done as follows. First, we will
report the best computational-chemistry data obtained for the
reaction between the [Re(PPh2) (CO)3(phen)] complex and the
acetylenic system HCC−CO2Me (HMAD) in tetrahydrofur-
an (THF) solution. Second, we will analyze the effect of replacing
the phen ligand by bipy in the Re complex on the reaction
mechanism. Finally, we will provide a general discussion by
comparing the results obtained with the available experimental
data and propose the expected products for the reaction with the
bipy ligand.
Elucidating the ReactionMechanism. The most plausible

nonconcerted mechanisms shown in Scheme 2, identified as the
ccb route for the coupling of the acetylene moiety with the
bidentate ligand, the cco route for analogous coupling with a CO
ligand in cis disposition to the nucleophilic ligand, and the ins
route for the insertion of the acetylene moiety between the Re−P
bond, were investigated. The species involved in these routes will
be denoted with an acronym containing the suffixes ccb, cco, and
ins, respectively. Figure 1 collects the Gibbs energy profiles
obtained in THF solution along with the optimized structures of
the species involved (more detailed information is collected in
Tables S1−S4 and Figure S1 in the Supporting Information). We
also considered the possibility of concerted mechanisms, but all
the attempts to locate the corresponding transition state (TS)
failed after an extensive search. A similar result was found in
theoretical explorations involving Ir and Nb complexes with
terminal phosphanido and activated alkynes.6,9 The hexacoordi-
nation of Re is likely to prevent a concerted interaction between
the two reactants due to steric repulsions. Hereafter, unless
otherwise stated, PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f
for Re)//PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Re) Gibbs
energies referred to the separate reactants are given in the text. A
detailed description of this theory level is given in the
Computational Details section (see below), in which we also
reason its adequacy based on the validation and rate constant
calculations collected in the Supporting Information.
According to our results, the three nonconcerted mechanisms

start with the attack of the lone pair on the phosphorus atom of
the Re-bonded phosphanido ligand on the nonsubstituted
acetylenic carbon atom (C1, see Figure 1 for atom numbering)
of HMAD via the TS TS1 (18.8 kcal/mol) to form the
intermediate I1 (10.6 kcal/mol). In agreement with previous
proposals,2,3,6,8 a natural population analysis14 on the isolated
acetylenic system confirms that C1 (−0.12 e) is slightly preferred
for a nucleophilic attack over the acetylenic carbon atom bearing
the methoxycarbonyl substituent (C2, −0.18 e). TS1 is an early
TS, where the P···C1 distance is 2.646 Å, so the carbon backbone
of the acetylenic moiety practically keeps intact the triple C1−C2
bond (d(C1−C2) = 1.236 Å, quite close to 1.209 Å at HMAD).
I1 evolves to its more stable isomer I1′ (7.3 kcal/mol) via
TS1_1′ (13.6 kcal/mol). At I1 and I1′ the P−C1 bond is clearly
formed (d(P−C1) = 1.869 and 1.823 Å, respectively) and,
consequently, the C1−C2 bond of the HMAD moiety has
practically become a double bond (d(C1−C2) = 1.324 and 1.336
Å, respectively). As a result, the carbon backbone of the HMAD
moiety has lost its linearity (C1−C2−C(O2Me) bond angles of
∼141° and 126° at I1 and I1′, respectively). As expected, the
natural bond order (NBO)14 charge of C2 increases from −0.18
e at the isolated reactant to−0.29 e at I1′ passing through a value

of −0.25 e at I1. Both I1 and I1′ can be considered the
zwitterions suggested in previous stepwise mechanistic pro-
posals,2,3,6,8 and the present theoretical characterization allows
seeing that they both exist and differ from each other in the
orientation of the lone pair at C2. At I1 the lone pair points
opposite the phen plane, whereas at I1′ it points toward phen
plane. Although a weak hydrogen bond interaction between the
alkyne carbonyl oxygen and one orthoH atom at phen exists at I1
(d(O····H−C) = 2.074 Å),15 the evolution to I1′ is needed to
predispose the lone electron pair at C2 toward electrophilic sites
of the metal complex. The most plausible and close ones are the
ortho carbon atom of the phen ligand (Cortho), the carbon atom of
a CO ligand in cis disposition to the nucleophilic ligand (CCO),
and the metal center. The first option, green line in Figure 1,
proceeds through TS2ccb (7.8 kcal/mol, d(C2···Cortho) = 2.451
Å) to give the product Pccb (−11.1 kcal/mol), which presents a
new C−C bond (d(C2−Cortho) = 1.543 Å) and consequently a
new six-membered metallacycle. Besides, this ring shows a
notable strengthening of the bond between Re and the N atom of
the attacked pyridine ring as the Re−Ndistance shortens 0.045 Å
from I1′ to Pccb. The large stability of Pccb compared to I1′
(18.4 kcal/mol) suggests that the formation of the C2−Cortho
bond and its consequences overcompensate the energy cost
associated with the loss of planarity/aromaticity of the affected
ring of the bidentate ligand. The second option, blue line in
Figure 1, gives rise to the C−C coupling product Pcco (−1.1
kcal/mol) with a C−CCO bond distance of 1.557 Å via TS2cco
(9.7 kcal/mol). An NBO analysis at I1′ shows that CCO (0.76 e)
presents larger positive charge than Cortho (0.10 e) at phen.
However, steric and electronic repulsions between the CO2Me
group of the alkyne moiety and the phen ligand are stronger at
TS2cco than at TS2ccb. For our chemical system, the balance
between charge attraction and steric repulsion makes TS2ccb
preferred. The transformation of I1′ into Pcco leads to the
formation of a five-membered metallacycle, a more strained ring
than that formed when going from I1′ to Pccb, and a significant
weakening of the Re−CCO bond implied in such a metallacycle
(an elongation of 0.173 Å was found from I1′ to Pcco). The
latter, however, is partly compensated by the strengthening of the
remaining Re−CO bonds, whose distances vary from 1.920 and
1.943 Å to 1.894 and 1.915 Å when going from I1′ to Pcco,
respectively. These facts explain why Pcco is clearly less stable
than Pccb but lower in energy than I1′. The third way, red line in
Figure 1, proceeds viaTS2ins (21.6 kcal/mol), wherein the metal
center is simultaneously interacting with the phosphorus atom
and C2 at distances of 3.034 and 2.980 Å, respectively. This
species evolves to the product Pins (−10.6 kcal/mol), in which a
new Re−C bond is formed (d(Re−C) = 2.256 Å), while the
original Re−P is clearly cleaved. The relative stability of Pins in
electronic energy terms, −25.3 kcal/mol, is comparable to that
found, −22.1 kcal/mol, for the analogous product resulting from
the insertion of HMAD into the Nb−P bond of the [Nb(η5-
C5H5)2(CO) (PH2)] complex.

9

According to our results, TS1 is the rate-determining step for
the C−C coupling routes (ccb and cco) with a Gibbs energy
barrier of 18.8 kcal/mol. This value is 2.8 kcal/mol lower than
that determined by TS2ins, the rate-determining TS for the ins
route. As TS2ccb is 1.9 kcal/mol more favored than TS2cco, and
the C−Cortho coupling product (Pccb) is 10.0 kcal/mol more
favored than the C−CCO coupling product (Pcco), theoretical
predictions agree with the formation of the product exper-
imentally detected, Pccb,2 according to both kinetic and
thermodynamic data.
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Effect of the bipy Ligand. In spite of some chemical
differences, the similarities between phen and bipy as bidentate
ligands make that both of them are frequently tested in Re and
other metal complexes to be used in analogous reac-
tions.11,12,16−19 However, as already said, there are no reported

results for the reaction between [Re(PPh2) (CO)3(bipy)] and
HMAD, and we think it may be interesting to theoretically
compare the reaction mechanisms for the reaction of both
complexes with HMAD and even to predict the expected
products. Tables S5−S8 and Figure S2 in the Supporting

Figure 2. Some relevant NBO charges and NICS(1) values (in ppm) related to the bidentate ligands at I1′_bpy, I1′, Pccb_bpy, and Pccb.
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Information collect the geometry and energy obtained for all the
located species for the reaction involving [Re(PPh2)
(CO)3(bipy)] and HMAD. By analogy, all the structures are
denoted with the same acronym as in the phen case followed by
the suffix bpy. Figure 1 shows in parentheses the Gibbs energies
of the bipy-containing system referred to the corresponding
separate reactants.
The presence of the bipy ligand at the Re complex leads to the

same reaction pathways found for [Re(PPh2) (CO)3(phen)].
Again, the ins route is clearly disfavored, with a Gibbs energy
barrier of 22.8 kcal/mol controlled by TS2ins_bpy. For ccb and
cco routes the rate-determining step continues to be the
nucleophilic attack of the phosphorus atom on C1, TS1_bpy
(19.2 kcal/mol). The relative energy of all intermediates,
products, and TSs obtained with the bipy ligand are higher
than the corresponding ones for the phen case, except for
TS1_1′_bpy, whose relative Gibbs energy becomes 0.9 kcal/mol
lower than that of TS1_1′. Particularly, species involved in the
ccb route, for the coupling of the alkyne moiety with bipy,
undergo the largest destabilization (TS2ccb_bpy and Pccb_bpy
are 4.7 and 6.4 kcal/mol less stable than the analogous phen
structures, respectively). As a consequence, the addition of the
alkyne moiety to one carbonyl ligand in cis disposition to the
nucleophilic ligand becomes kinetically preferred over the
addition to the bidentate ligand by 1.5 kcal/mol. On the one
hand, at TS2ccb_bpy, a shortening of the C2···Cortho distance by
∼0.18 Å in comparison with that at TS2ccb indicates a later TS
and, consequently, yields a rise of its Gibbs energy barrier. On the
other hand, Pccb_bpy remains more stable (now by 4 kcal/mol)
than Pcco_bpy, which means that thermodynamic stabilities
favor the formation of the product derived from the coupling
with the bidentate ligand.
Discussion and Comparison with Experiment. The

theoretical investigation on the reaction toward HMAD of the
[Re(PPh2) (CO)3(phen)] and [Re(PPh2) (CO)3(bipy)]
complexes indicates that the ccb and cco routes have in common
the same rate-determining TS, namely, TS1 (phen) and
TS1_bpy (bipy). These species are 2.8 and 3.6 kcal/mol lower
in Gibbs energy than the rate-determining TS of the ins route,
TS2ins (phen) and TS2ins_bpy (bipy), respectively, which
means that the insertion product is not formed. We have also
seen that kinetic and thermodynamic data confirm the
experimental preference for the formation of the Pccb product
in the case of Re complexes with phen ligand,2,3 whereas both
kinds of arguments point to different coupling products in the
case of bipy ligand.
The destabilization of 4.7 kcal/mol undergone byTS2ccb_bpy

in comparison with TS2ccb indicates that the nucleophilic attack
of the HMAD C2 atom at I1′_bpy is less favored than in the
phen case. A natural population analysis of I1′ and I1′_bpy
shows that the sum of the NBO charges for the non-hydrogen
atoms of the pyridine ring 1, the heterocycle that is going to be
attacked, is −0.57 e at I1′, while a notably greater value, −0.76 e,
was obtained for I1′_bpy (see Figure 2 for NBO charges and ring
numbering). In addition, the NBO charge of the nonsubstituted
ortho carbon atom (Cortho) of ring 1 is 0.10 and 0.08 e at I1′ and
I1′_bpy, respectively. Thus, the area of the bipy ligand faced to
the nucleophilic attack is more electronically dense than the
corresponding area at phen; therefore, the nucleophile atom, C2,
must overcome larger repulsive interactions. However, the
change of phen by bipy hardly affects the NBO population at the
attacked carbonyl carbon, CCO, so the relative Gibbs energy of
TS2cco-type TSs undergoes a small variation.

Thermodynamic arguments for the preference of one route
over the other rest on the relative stability of the products each
one can render. Figure 1 shows that the replacement of phen by
bipy yields a coupling product with the bidentate ligand,
Pccb_bpy, less stable than the corresponding one for phen,
Pccb, by 6.4 kcal/mol. Bader analysis20 does not provide
significant discrepancies between the electron density at the ring
critical points (RCP, purple dots in Figure 2) located at the
center of the rings 1−4 for [Re(PPh2) (CO)3(bipy)] versus
[Re(PPh2) (CO)3(phen)], I1′_bpy versus I1′, and Pccb_bpy
versus Pccb (see Table S9). Among other criteria, it is known that
nucleus-independent chemical shift values calculated 1 Å above
the corresponding RCPs (NICS(1)), black dots in Figure 2,
provide a good measure of the aromaticity/π electron
delocalization along a ring.21,22 Typical NICS(1) values, in
parts per million, are ca. −10.2 for benzene, the paradigm of an
aromatic ring,23,24−10.1 for pyridine,25,26 and−10.8 (rings 1 and
2) and −8.4 (ring 4) for isolated phen.23 In this work, NICS(1)
values for phen at [Re(PPh2) (CO)3(phen)] (−10.1, −10.3, and
−8.7 ppm for rings 1, 2, and 4 in Table S10, respectively) are
similar to those mentioned above for the isolated ligand. The
replacement of phen by bipy at the Re complex causes a small rise
of the NICS(1) values of the comparable rings 1 and 2 between
1.9 and 1.2 ppm (see Table S10), which is in good agreement
with the well-known greater π electron delocalization of phen
over bipy due to the extra fused ring. An increase of 0.5 ppm, for
instance, was obtained when going from naphthalene to benzene
owing to the loss of an aromatic ring.23 In keeping with the
foregoing, NICS(1) values of the rings 1 and 2 for I1′_bpy are
1.1 and 0.6 ppm higher than those analogous ones for I1′,
respectively (see Figure 2). All these rings show aromatic
character and strong π electron delocalization as NICS(1) ranges
from −8.2 to −9.6 ppm. However, the comparison of NICS(1)
values for the rings of Pccb_bpy versus Pccb ones in Figure 2
indicates that strong π electron delocalization still remains in the
rings of the rigid phen ligand that are nonaffected by the
nucleophilic attack, rings 2 and 4, (NICS(1) of −7.8 and −8.6
ppm for rings 2 and 4, respectively), whereas only ring 2 at the
bipy ligand remains aromatic (NICS(1) of −8.3 ppm). We
attribute the notably greater stability of Pccb compared to
Pccb_bpy to the greater π electron delocalization of the phen
ligand due to the extra fused ring.
Considering all previous arguments and taking into account

the relative Gibbs energies collected in Figure 1, the reaction of
[Re(PPh2) (CO)3(bipy)] with HMAD is expected to yield a
mixture of both Pcco_bpy and Pccb_bpy. At the beginning of the
reaction kinetic control would prevail thus rendering Pcco_bpy.
However, this is a very slightly stable product (−0.5 kcal/mol)
whose reversion to the previous intermediate, I1′_bpy, would
imply the surmounting of an accessible energy barrier (11.7 kcal/
mol). Besides, the energy barrier associated with TS2ccb_bpy is
only 1.5 kcal/mol higher than that of TS2cco_bpy but Pccb_bpy
is 4 kcal/mol more stable than Pcco_bpy, so, after some time, the
thermodynamic control would operate, and the product
corresponding to the bidentate coupling would form. When
the phen ligand is present, a different scenario was found.TS2ccb
is only 0.5 kcal/mol less stable than the previous intermediate I1′
(4.4 kcal/mol in the bipy case) and 1.9 kcal/mol more stable than
TS2cco. Besides, Pccb is now much more stable than Pcco (10.0
kcal/mol). Therefore, the reaction of [Re(PPh2) (CO)3(phen)]
with HMAD only leads to Pccb in good agreement with the high
yield experimentally found for this species.2
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It is interesting to remark how a change in the bidentate ligand
of the phosphanido carbonyl Re complexes has altered the
mechanistic evolution of their reaction with HMAD. Since the
difference between the barriers of the rate-determining steps of
the three mechanisms studied (displayed at Scheme 2) is small
(close to 3 kcal/mol) it is reasonable to think that these three
may be involved in the reaction of other phosphanido metal
complexes with similar activated alkynes. Arguments here
pointed out together with the analysis of the effect of the
metal, could be useful to understand why one particular route
becomes favorable giving rise to different products in each
situation.

■ CONCLUSIONS

The reaction mechanism of the reactive process between
[Re(PPh2) (CO)3(phen)] and methyl propiolate (HMAD)
was investigated at the PCM-B3LYP/6-311+G(2d,p)
(LANL2TZ+ f for Re)//PCM-B3LYP/6-31+G(d,p)
(LANL2DZ for Re) level. The ccb route leading to the coupling
between the substituted carbon of HMAD (C2) and the
nonsubstituted ortho carbon of the phen ligand (Cortho) is the
preferred one according to kinetic and thermodynamic data, thus
confirming the product experimentally reported. However, the
other two routes investigated by us, the insertion of the acetylenic
fragment into the P−Re bond (ins) and the coupling between C2
and a carbonyl carbon ligand in cis disposition to the nucleophilic
phosphanido ligand (cco), are kinetically less favorable than the
ccb route (by 2.8 and 1.9 kcal/mol, respectively). Analogous
reaction mechanisms were found when investigating the title
process using the bipy ligand instead of phen. However, bipy
presents less electrophile character and also less π electron
delocalization than phen; therefore, the coupling with bipy is
now kinetically disfavored. Although bipy loses π electron
delocalization in the product of the ccb route, the formation of a
less strained metallacyclic ring together with the strengthening of
one Re−N bond makes it even more stable than the cco route
product. This thermodynamic preference is expected to
determine the formation of the ccb route product once the
reaction equilibrium is reached. Therefore, the set of results
obtained in this work provides a deeper understanding of the
reactions between terminal phosphanido Re complexes and
electron-deficient acetylenes and related reactions that may have
some practical applications in the design of new synthetic and
catalytic processes.

■ COMPUTATIONAL DETAILS
For the theoretical investigation on the reactivity of [Re(PPh2)
(CO)3(phen)] and [Re(PPh2) (CO)3(bipy)] toward HMAD, the
geometry and energy of stable species (reactants, intermediates, and
products) and TS were optimized without any constraints in THF
solution from the outset with the Polarizable Continuum Model27

(PCM) and the Universal Force Field28 (UFF) radii in conjunction with
the hybrid density functional B3LYP29 and the 6-31+G(d,p) basis set for
nonmetal atoms30 together with the valence double-ζ basis set
LANL2DZ plus the effective core potential of Hay and Wadt for the
Re atom,31 and by using a modified Schlegel32 algorithm. The relatively
large (“Ultrafine”) integration grid with 99 radial shells and 590 angular
points was used in these computations. Electrostatic, cavitation,
dispersion, and repulsion terms33 were considered in the PCM
computations, wherein a relative permittivity of 7.58 was assumed to
simulate THF as the solvent experimentally used.2,3 The nature of the
stationary points was confirmed by analytical computations of harmonic
vibrational frequencies. Normal-mode analysis corresponding to the
imaginary frequency in the TS and intrinsic reaction coordinate (IRC)

calculations with the Gonzalez and Schlegel method34 were performed
to check the two minimum-energy structures connecting each TS.
Thermodynamic magnitudes (ΔH, ΔS, and ΔG) were also calculated
within the ideal gas, rigid rotor, and harmonic oscillator approximations
at a pressure of 1 atm and a temperature of 298.15 K.35 The calculation
of thermodynamic magnitudes in solution starting with molecular
partition functions developed for computing gas-phase thermodynamics
properties is a standard procedure that has proven to be a correct and
useful approach.36

For interpretation purposes a natural bond order (NBO) analysis14,37

in conjunction with a topological analysis of the electron density based
on the Atoms-in-Molecules (AIM) theory of Bader20,38 were performed.
Besides, using the Gauge-including atomic orbital (GIAO) method at
the above-mentioned theory level, nucleus-independent chemical shifts
(NICS)23,39 were also calculated at the ring critical point (RCP) located
at the center of relevant rings, NICS(0), as well as 1.0 Å above these
RCP, NICS(1), as aromaticity indexes. The latter, NICS(1), were
recommended as a better measure of the π electron delocalization as
compared to the former, NICS(0).21,22 Thus, in the present work, we
only discuss NICS(1) values.

Although the PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Re) level
selected is in the line of previous investigations involving rhenium
complexes,40 we decide to compare its performance against other
computational chemistry protocols to ensure its adequacy to the present
research (see the Validating the Computational Protocol section in the
Supporting Information). On the one hand, for the Re complex
containing the bipy ligand, we reoptimized the species involved in the
rate-determining step covering a variety of different density functional
methodologies like the generalized gradient approximation, GGA
(BP86,29a,41 PBE42), meta-GGA (TPSS43), hybrid-GGA (PBE0,44

B3P86,29a,45 BHandHLYP29b,46), hybrid-meta-GGA (TPSSh43,47), and
range-separate (CAM-B3LYP,48 LC-wPBE,49 wB97x,50 wB97xD51). On
the other hand, we performed single-point energy calculations at the
PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f for Re) level on the PCM-
B3LYP/6-31+G(d,p) (LANL2DZ for Re) optimized geometries with
both the phen and bipy ligands. At this large basis set, the nonmetal
atoms are described by the triple-ζ basis set 6-311+G(2d,p),52 while the
valence triple-ζ basis set LANL2TZ31,53 augmented with an f function54

of exponent 0.869 plus an effective core potential is used for Re.
On the basis of the density functional theory (DFT) computations

(see the Validating the Computational Protocol section in the
Supporting Information), we corroborate the adequacy of using the
B3LYP method to investigate the present processes, as all the
functionals checked give a rate-determining Gibbs energy barrier higher
than that found with B3LYP. In addition, using the thermodynamic
formulation of the transition state theory (TST),55 B3LYP predicts
reaction rate constants of∼2.51× 10−3 s−1 at room temperature (4.15×
10−3 s−1 for the phen case), while a value of 6.11 × 10−5 s−1 was found
with wB97xD, which among the checked functionals is the one that gives
the lowest rate-determining Gibbs energy barrier. The rate constants
obtained for the reactions of [Re(PPh2) (CO)3(bipy)] and [Re(PPh2)
(CO)3(phen)] toward HMAD imply fast reactive processes, as they
would take ∼7 and 4 min, respectively. The use of a more flexible basis
set in the B3LYP computations favors a slight decrease of such a barrier
for the reaction of [Re(PPh2) (CO)3(phen)] and [Re(PPh2)
(CO)3(bipy)] with HMAD and makes it possible to clarify the factors
governing the formation of the product experimentally obtained in the
case of the phen ligand. Particularly, that reduction in the rate-
determining Gibbs energy barrier confirms the experimental fact that the
reaction between [Re(PPh2) (CO)3(phen)] and HMAD is instanta-
neous,2,3 as it would take place in ∼10 s (rate constant of ∼1.03 × 10−3

s−1) on the basis of the thermodynamic formulation of TST. Therefore,
the PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f for Re)//PCM-
B3LYP/6-31+G(d,p) (LANL2DZ for Re) results are those considered
in this research.

All the quantum chemical calculations were performed with the
Gaussian 09 (G09) suite of programs.56
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Addition of Re-Bonded Nucleophilic Ligands to Activated
Alkynes: A Theoretical Rationalization
Daniel Álvarez,[a] Jesús Díaz,[b] M. Isabel Menéndez,[a] and Ramón López*[a]

Abstract: Reactions between [Re(X)(CO)3(bipy)] (X = OH, OMe,
NHpTol, PPh2; bipy = 2,2′-bipyridine) complexes and methyl pro-
piolate (HMAD) are studied to rationalize the different products
experimentally obtained. Three reaction patterns were found
with a common and limiting initial attack of X to HMAD. Thus,
the experimental selectivity depends on the kinetics and/or
thermodynamics of the last reaction stages. For X = OH and
NHpTol an easy intramolecular attack of the X-linked HMAD to
a highly electrophilic CO ligand is followed by a hydrogen trans-

Introduction

Rhenium(I) tricarbonyl complexes of the general formula fac-
[Re(CO)3(N–N)L]n, where N–N is a 2,2′-bipyridine or 1,10-phen-
anthroline-based diimine ligand and L is neutral (n = +1) or ani-
onic (n = 0) monodentate ligand, are involved in numerous, di-
verse, and important applications. Among others, that kind of
Re compounds has been investigated as photocatalysts and/or
electrocatalysts for reducing CO2 and H+ (1–16 in Scheme 1),[1–18]

molecular sensors or photoswitches (16–20 in Scheme 1),[19–26]

emitting centers in organic light-emitting diodes (1, 11, 12, 17,
18, and 21–23 in Scheme 1),[27] anticancer agents (15 and 24–
34 in Scheme 1),[28–34] cellular and biomolecular imaging
agents (1, 2, and 35–39 in Scheme 1),[35–46] or reagents for
synthesizing new organometallic compounds (3, 4, and 40–44
in Scheme 1).[47–54] These applications can be adjusted by
choosing the diimine ligand N–N or the monodentate ligand L
with the appropriate substituents. Besides this, the changes in
the non-carbonyl ligands of the ReI complexes can also drasti-
cally modify their reactivity towards other molecular systems.
Particularly, several experimental findings have shown that the
reaction between the complexes [Re(X)(CO)3(N–N)] {X = OH
(hydroxo), OMe (methoxo), NHpTol (para-tolylamido), PPh2 (di-
phenylphosphanido); N–N = 2,2′-bipyridine (bipy); 1,10-phen-
anthroline (phen)} and activated alkynes like methyl propiolate
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position to this CO, yielding very stable species (C-CCOH prod-
ucts). When X = OMe, the insertion of the X-attached HMAD
into the Re–OMe bond (ins product) takes place due to the
smallest barrier and the largest stability of the ins route. Finally,
when X = PPh2 the ins route becomes restricted and the route
for the coupling of the X-attached HMAD with bipy (C-Cbipy

product) wins over the one for the coupling with CO (C-CCO

product) only due to the larger stability of the C-Cbipy product.

(HMAD) or dimethylacetylenedicarboxylate (DMAD) gives rise
to the formation of different reaction products.[47,49–52] The

Scheme 1. Basic structures of rhenium(I) tricarbonyldiimine complexes con-
taining neutral or anionic monodentate ligands involved in diverse applica-
tions.
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product formed depends on the nucleophilic ligand (X) used,
rather than the bidentate ligand of the metal complex (see be-
low). Molybdenum(II) complexes of type [Mo(η3-allyl)(X)(CO)2-
(N–N)] (X = OH, OMe, NHpTol; N–N = bipy, phen) have also
shown the same reactivity patterns against activated alkynes as
their ReI analogues.[47–52]

According to experimental findings, it has been suggested
that all reactions between [Re(X)(CO)3(N–N)] and activated alk-
ynes start with an initial attack of the nucleophilic ligand X
to one of the acetylenic carbon atoms to form a zwitterionic
intermediate (I in Scheme 2).[51,52] In this scheme X was re-
placed by YR to better follow the formation of the different
types of reaction products. In the amido and hydroxo com-
plexes the just added alkyne binds to a CO ligand in cis disposi-
tion (see Pcco species in Scheme 2) and transposition of a pro-
ton from the nucleophilic ligand to the attacked CO takes place
(C-CCO route and Pccoh product in Scheme 2).[49,50] Alternatively,
in the alkoxo complex the alkyne inserts into the Re–OMe bond
(ins route and Pins product in Scheme 2).[47] Finally, the phos-
phanido complex leads to the formation of a different kind of
product coming from the addition of the alkyne to the bident-
ate ligand (C-Cbipy route and Pccb product in Scheme 2).[51,52]

This last reaction is remarkable because of the inertness of co-
ordinated bipy and phen. Furthermore, this result stands in con-
trast with the Pcco-type products reported for the reaction to-
wards activated alkynes of Fe, Mo, W, and Ir complexes contain-
ing the same PPh2 phosphanido ligand[55–57] and with Pins-type
product detected in case of a Nb complex.[58] It is also believed
that the reaction of a stannylphosphole complex with DMAD

Scheme 2. Reaction mechanisms suggested for the reaction of rhenium(I) tricarbonyl complexes containing a nucleophilic ligand (X) with methyl propiolate
(HMAD). For clarity, the YR label for X was used here.
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evolves through an intermediate resulting from the alkyne in-
sertion into the P–Sn bond.[59]

Within this framework, we wondered about the aspects of
the nucleophile ligand that are key to obtaining a given prod-
uct in the reaction of ReI complexes and activated alkynes. This
is particularly important to get a better understanding of such
chemistry, but above all to gather information that could guide
a strategy to tune those complexes in order to get new or im-
proved technological, biomedical or chemical synthesis applica-
tions. For instance, a systematic modification of the axial ligands
to a substituted bipy ligand has allowed for red-shifted absorb-
ance features in ReI carbonyl complexes.[60] Computations have
been crucial to show that the aforementioned result is a conse-
quence of destabilization of the Re d-orbitals. Therefore, we un-
dertook a comparative theoretical study on the reactivity of
[Re(X)(CO)3(bipy)] (X = OH, OMe, NHpTol, PPh2) complexes and
HMAD. The choice of the simplest bidentate ligand bipy and
activated alkyne HMAD in this investigation does not imply a
loss of generality of the results obtained, although there is in-
deed a significant improvement in the computational cost-effi-
ciency ratio. The reactive process involving the PPh2 ligand had
been previously investigated from a theoretical point of view.[61]

The reaction mechanism found is closely related to that shown
in Scheme 2 (see below) and confirms the product experimen-
tally found. However, the results of this single study are not
enough to rationalize the formation of different products when
PPh2 is replaced by OH, OMe or NHpTol. The type of atom di-
rectly linked to Re (O, N or P) and/or its substituents (H, Me,
HpTol or Ph2) seem to be responsible for the selectivity of the
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reaction and, consequently, the present research is needed to
clarify their particular effects.

Computational Chemistry Details

Full geometry optimizations of the species involved in the reac-
tive processes between [Re(X)(CO)3(bipy)] (X = OH, OMe,
NHpTol) and HMAD were carried out in tetrahydrofuran (THF,
ε = 7.58) solution at the PCM-B3LYP/6-31G+(d,p) (LANL2DZ for
Re) level. The nature of the critical structures located on the
different potential energy surfaces (PES) investigated was veri-
fied by means of harmonic vibrational frequency computations.
Normal-mode analysis of the imaginary frequency in the transi-
tion states (TS) and intrinsic reaction coordinate (IRC) calcula-
tions with the second order Gonzalez-Schlegel integration me-
thod[62] were carried out in order to connect each TS to the two
associated minima of the proposed mechanism. To get more
accurate energies (particularly energy barriers), single-point en-
ergy calculations on the PCM-B3LYP/6-31G+(d,p) (LANL2DZ for
Re) geometries were performed using the domain localized pair
natural orbital-coupled cluster approach with single, double,
and perturbative triple excitations [DLPNO-CCSD(T)].[63] The
balanced Karlsruhe triple-zeta basis set def2-TZVPP[64] and the
conductor-like polarizable continuum model (CPCM)[65] were
used in the DLPNO-CCSD(T) computations. All organometallic
systems investigated showed T1 diagnostic values less than
0.02,[66] suggesting that a multi-reference treatment is not nec-
essary. In general, DLPNO-CCSD(T) energies are more accurate
than B3LYP ones using at least a triple-zeta quality basis set.[67]

For comparison purposes, the single-point energy of the spe-
cies containing the PPh2 ligand, previously investigated at the
PCM-B3LYP/6-311+G(2d,p) (LANL2TZ+f for Re)//PCM-B3LYP/6-
31+G(d,p) (LANL2DZ for Re) level,[61] was also recomputed at the
CPCM-DLPNO-CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G(d,p)
(LANL2DZ for Re) one (Tables S1–S4 in the Supporting Informa-
tion). For brevity, henceforth in this work, the levels of theory
PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Re) and CPCM-DLPNO-
CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Re)
will be denoted as B3LYP and DLPNO-CCSD(T), respectively.

Thermal free energy corrections in THF solution (Gtherm) were
calculated at the B3LYP level starting with molecular partition
functions developed for computing gas-phase thermodynamics
properties within the ideal gas, rigid rotor, and harmonic oscilla-
tor approximations at a pressure of 1 atm and a temperature
of 298.15 K.[68] This is a standard procedure that has proven to
be a correct and useful approach.[69] For each species, Gibbs
free energy in solution was determined by adding Gtherm to the
highly accurate DLPNO-CCSD(T) energy. Unless stated other-
wise, for each reactive process investigated, energies discussed
in the following sections are all Gibbs free energies in THF solu-
tion referred to the corresponding separate reactants.

In order to shed light on the factors governing the formation
of the different products experimentally detected depending
on the nucleophilic ligand of the Re complex, we carried out
different theoretical analyses on the B3LYP electron density of
some of the relevant species. The natural bond orbital (NBO)[70]

method was used to obtain net atomic charges (NAC) as imple-
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mented in the Gaussian 09 suite of programs.[71] Electron delo-
calization indexes between two atoms A and B in a molecule,
δ(A,B) = DI,[72] were computed using AIMAll program[73] within
the framework of Bader's Atoms in Molecules (AIM) theory.[74]

The DI is a measure of the number of electrons shared between
two atoms and therefore, of the covalency of the bond between
them.

All B3LYP computations were carried out with the Gaussian
09 suite of programs,[71] while DLPNO-CCSD(T) calculations em-
ployed the ORCA program version 4.0.1[75] and the frozen-core
approximation. More technical details on the computational
chemistry tools mentioned above as well as a justification for
the choice of the DLPNO-CCSD(T) method are included in the
Supporting Information.

Results and Discussion

Figure 1 displays the DLPNO-CCSD(T) Gibbs energy profiles ob-
tained for the reaction of [Re(X)(CO)3(bipy)] complexes (X = OH,
OMe, NHpTol, PPh2) towards HMAD (more energy details in
Tables S1–S13 in the Supporting Information). The labeling of
the theoretically located species is in line with the acronyms
used in Scheme 2. So, I1 identifies the zwitterionic intermediate
formed in the initial attack of the nucleophile ligand on the
HMAD acetylenic carbon bearing the H atom (C1). I1′ corre-
sponds to an isomer of I1 wherein the electron lone pair of the
acetylenic carbon bearing the CO2Me group (C2) is oriented
towards the plane defined by Re and the bipy ligand. Pcco,
Pins, and Pccb are possible products generated through the
addition of C2 to a CO ligand, the Re atom, and the bipy ligand,
respectively. Pccoh is another possible product, only present for
X = OH and NHpTol, which is similar to Pcco wherein a H atom
of the nucleophile ligand has migrated to the attacked carbonyl
ligand. As seen in Figure 1, three different reaction patterns
are found. First, for the OH and PPh2 ligands initial reactive
approaches between reactants converge to I1′ after passing
through I1 via the corresponding TSs TS1 and TS1_1′. From
I1′ the reaction path splits into three routes giving rise to Pcco,
Pins, and Pccb via the TS TS2cco, TS2ins, and TS2ccb, respec-
tively. For X = OH, Pcco undergoes a posterior rearrangement
to finally give Pccoh. Second, for X = OMe the initial nucleo-
philic attack also leads to I1 via TS1 and then transforms into
Pcco passing through TS1_1′. Pcco is the splitting structure to-
wards Pins and Pccb now. Third, NHpTol ligand yields a different
surface where two approaching orientations of the reactants
render separate routes starting both with the attack of the nu-
cleophile ligand on C1 at HMAD to give the corresponding zwit-
terions I1 and I1b. At I1 the C1-bonded H atom is oriented to
the same side of the complex as the pTol substituent whereas
the opposite orientation is found at I1b (see below). On the
one hand, I1 directly becomes Pcco, which in turn can evolve
to either Pins or Pccoh. On the other hand, I1b gives rise to
Pccb after a certain rearrangement.

Let us focus in a comparative way on the formation and
rearrangement steps of I1 (blue line in Figure 1), first, and then
on the subsequent routes leading to the addition of the alkyne
moiety to CO (red line in Figure 1), the Re ion in an insertion
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Figure 1. DLPNO-CCSD(T) Gibbs energy profiles in kcal/mol for the reaction of [Re(X)(CO)3(bipy)] with HMAD, being X = a) OH, b) OMe, c) NHpTol, and
d) PPh2. For Pcco and Pccoh species with X = NHpTol, an approximate connectivity is shown (see text)

process (green line in Figure 1), and the bidentate ligand bipy
(purple line in Figure 1).

a) Formation and Rearrangement of the Initial
Intermediate

According to Figure 1, for the reaction of the complexes with
X = OH and OMe, the TS for the attack of the X ligand to C1,
TS1, leading to I1 competes with the TS for the rearrangement
of this intermediate, TS1_1′, for being the rate-limiting step. In
the case of the complexes containing X = NHpTol and PPh2,
TS1 is clearly less stable than TS1_1′ and ends up being the
rate limiting TS. As mentioned above, the complex with NHpTol,
presents an alternative reactive approach of the reactants,
which is controlled by TS1b, a TS analogous to TS1. Both TSs
present similar relative energies, but the TS1-controlled route
leads to the very stable product Pccoh, the one detected exper-
imentally, while the TS1b-controlled route gives rise to Pccb,
which is 14.5 kcal/mol less stable than Pccoh. Therefore, in this
scenario, we focus on conducting a detailed comparative analy-
sis of the TS1 species found for the four complexes (see opti-
mized geometries at Figure 2). The route leading to Pccb when
X = NHpTol will be described afterwards.

The energy barrier determined by TS1 increases from PPh2

(17.5 kcal/mol) to NHpTol (22.4 kcal/mol), OMe (25.9 kcal/mol),
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and OH (27.0 kcal/mol), in good agreement with the well-
known observation that large atoms are more easily polarizable,
and by extension more nucleophilic than small ones. However,
the size of the attacking atom is not the only feature affecting
the barrier of the nucleophilic attack. The energy of the HOMO
of a nucleophile is directly related to its nucleophilicity, being
better nucleophiles those with the largest energy HOMOs (con-
sidering the sign). For the initial [Re(X)(CO)3(bipy)] complexes
(X = OH, OMe, NHpTol, PPh2), C in Figure 2, HOMO energies are
–0.162 (NHpTol), –0.186 (PPh2), –0.199 (OMe), and –0.208 (OH),
all in eV. As seen in Figure 3, the greater stability of the HOMO
of the complexes containing OH and OMe can be ascribed to
the presence of a notable stabilizing interaction found between
a d-type orbital of Re and one of the π* antibonding orbitals
of the CO ligand trans to nucleophile ligand. This kind of inter-
action is notably reduced for complexes containing NHpTol and
PPh2. More interestingly, the HOMO energy sequence afore-
mentioned matches the trend in the barriers computationally
obtained except when comparing NHpTol and PPh2 with each
other. HOMO energies can be understood as a measurement of
the general nucleophilicity of the whole complex, where X is
one of the ligands. However, electron donation takes place from
a particular atom, so the availability of the electron density at
this atom is a matter of concern. For the Re complex with X =
NHpTol the sum of the three angles centered on N is 359.5°,
representative of a planar distribution of groups around N, in
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Figure 2. B3LYP optimized structures of the initial [Re(X)(CO)3(bipy)] complexes (X = OH, OMe, NHpTol, PPh2), C, and the species involved in their nucleophilic
attack to HMAD. Relevant bond lengths in angstroms and bond angles involving the carbon skeleton of the HMAD moiety, A(HC(1)≡C(2)-C(3)OOCH3) = A(C1-
C2-C3), in degrees are given.

good agreement with the value of 359.8° obtained from X-ray
data.[49] The same sum of angles for the complex with X = PPh2

amounts to 319.3°, far from a planar coordination around P (see
Figure 2). Both N and P ligands have at least one aromatic
group bonded to them. Thanks to the planar coordination and
the similar atomic size, the lone pair of the N atom is conju-
gated with the pTol group, so it is less available for a nucleo-
philic attack than in the case of the P ligand, where no conjuga-
tion between the electron density of the large P atom and any
of the Ph groups is present. Actually, the resonance electronic
structures where the aromaticity of the pTol ligand is lost con-
tribute to the energy destabilization of the HOMO of the
NHpTol ligand. The shape of the HOMO of these two complexes
shows the availability of the lone pair of the nucleophile ligand
in agreement with previous discussion. As seen in Figure 3, for
the complex with PPh2, HOMO is mainly described by the
p orbital of the P atom while the one containing NHpTol, the p
orbital of the N atom is combined with one of the π bonding
orbitals of the pTol substituent.

The stability of I1 with respect to TS1 amounts to 3.2, 5.7,
7.2, and 15.3 kcal/mol for [Re(X)(CO)3(bipy)] complexes with X =
OH, OMe, NHpTol, and PPh2, respectively. In this intermediate
some electron density has been transferred from the nucleo-
philic atom of the X ligand to the alkyne [0.275 e from O in the
OH complex, 0.184 e from O in the OMe complex, 0.137 e from
N, and 0.654 e from P, according to NBO population (see Figure
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Figure 3. Shape of the HOMOs for [Re(X)(CO)3(bipy)] complexes with X = a)
OH, b) OMe, c) NHpTol, and d) PPh2.

S1 in the Supporting Information)] in such a way that a concen-
tration of electron density at C2 has taken place [NAC(C2) =
–0.404 e for OH complex, –0.388 e for OMe complex, –0.317 e
for NHpTol complex, and –0.245 e for PPh2 complex]. At I1 the
incipient lone pair at C2 is in trans disposition with respect to
the attacking nucleophilic atom and needs to be reoriented
towards the equatorial plane of the Re complex where electro-
philic positions are placed (see Figure 2). This is done through
TS1_1′, a broad allene-like TS in the corresponding PES that is
4.2, 4.6, 1.8, and 2.0 kcal/mol larger in energy than I1 (see Fig-
ure 1 and Figure 4) for X = OH, OMe, NHpTol, and PPh2, respec-



Full Paper

Figure 4. B3LYP optimized structures of TS1_1′ and I1′ (when present) for the reaction of [Re(X)(CO)3(bipy)] (X = OH, OMe, NHpTol, and PPh2) towards HMAD.
Relevant bond lengths in angstroms and bond angles involving the carbon skeleton of the HMAD moiety, A(HC(1)≡C(2)-C(3)OOCH3) = A(C1-C2-C3), in degrees
are given.

tively. As already said, complexes with OH and PPh2 ligands
present I1′ corresponding to a kind of zwitterion stereoisomer
of I1 with the lone pair at C2 in cis position with respect to the
attacking nucleophilic atom (see Figure 4). NBO charges indi-
cate that both N and P lose electron density when evolving
from the initial complexes to I1 and then to I1′, when present.
At I1 with PPh2 the charge mainly concentrates at C1 of HMAD
[NAC(C1) = –0.637 e, NAC(C2) = –0.245 e], whereas with OH
[NAC(C1) = –0.059 e, NAC(C2) = –0.404 e], OMe [NAC(C1) =
–0.047 e, NAC(C2) = –0.388 e], and NHpTol [NAC(C1) = –0.154 e,
NAC(C2) = –0.317 e] the electron density is pushed towards C2.
However, we note that for the latter the charge concentration
at C1 is notably greater than that for the O ligands. For the
OMe and NHpTol ligands an exhaustive search through IRC cal-
culations from TS1_1′ failed to find a similar I1′ intermediate
but led the system to Pcco. This particular region of PES seems
to be very sensitive to the X ligand.

b) Addition of the Alkyne Moiety to a CO Ligand

As displayed in Figure 1, I1′ becomes Pcco through the TS
TS2cco for the OH and PPh2 ligands. However, Pcco is obtained
from I1 via TS1_1′ for OMe and NHpTol. Moreover, for these
ligands, I1′ and TS2cco could not be detected after an exten-
sive search.

TS2cco is for the C–C coupling between C2 and a CO ligand
in cis with respect to the attacking nucleophilic ligand, which
leads to the formation of a five-membered ring in a new bident-
ate ligand. It presents a low barrier of 2.9 kcal/mol (OH) and
5.2 kcal/mol (PPh2), when measured from I1′. According to NBO
charges, the CO ligand in cis disposition with respect to the
alkyne moiety is a strong electrophile due to the large positive
charge on its C atom (0.730 and 0.756 e for OH and PPh2 ligands
at I1′, respectively). As seen in Figure 5, both of them are early
TSs where the new C2–CO bond is still long (2.406 and 2.439 Å
for OH and PPh2, respectively) and the triple C1–C2 bond still
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short (1.308 and 1.331 Å for OH and PPh2, respectively). Geo-
metrically, CO is close to the attacking C2 atom, so both elec-
tronic and steric factors point to a small barrier, as it is indeed.

At Pcco the alkyne moiety has been fully incorporated to
the Re complex through its C1–C2 bond yielding the new five-
membered metallacycle (see Figure 5). The Gibbs energy of
Pcco is larger than that of isolated reactants for OH (15.2 kcal/
mol) and OMe (9.9 kcal/mol) complexes, but smaller for NHpTol
(–0.2 kcal/mol) and PPh2 (–9.4 kcal/mol) complexes. It is inter-
esting to note that the Re–X distance at Pcco is about 8.5 %
longer than in isolated reactants for OH, OMe, and NHpTol li-
gands, whereas it becomes reduced by about 4 % at Pcco for
the PPh2 complex. The strengthening of the Re–P bond seems
to provide extra stability to this last Pcco product. In the case
of ReI complexes with the OH and NHpTol ligands, both contain-
ing a H atom bonded to a nucleophilic atom, Pcco evolves to
a new product where that H atom has migrated to the O atom
of the attacked CO ligand (see Pccoh in Figure 5). The transfor-
mation Pcco → Pccoh could occur via an intramolecular
hydrogen shift. Several options were considered, but none of
them proved feasible (see discussion and Figure S2 in the Sup-
porting Information), so, we figured it could take place through
an intermolecular hydrogen shift. Figure 6 displays the main
structures located for the OH ligand and Tables S5–S7 collect
their energy data. The process starts with the species Pcco_
dimer where two Pcco moieties oriented themselves with the
H atoms of the OH ligands heading to the carbonyl oxygen
atoms of the ester groups of the opposite molecule. Then, TS-
H1 performs the simultaneous transfer of both H atoms with a
Gibbs energy barrier of 9.1 kcal/mol from Pcco_dimer to give
rise to intermediate I0-H1, where the carboxylate groups hold
the travelling hydrogen atoms at a distance of 1.010 Å. From
I0-H1 several low energy demanding rearrangements place the
transferred H atom closer to the attacked carbonyl ligand, as
shown in the monomer species I-H1. Finally, the last step in the
H migration occurs through TS-H2 where the migrated
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Figure 5. B3LYP optimized structures of TS2cco, Pcco, and Pccoh (when present) for the reaction of [Re(X)(CO)3(bipy)] (X = OH, OMe, NHpTol, and PPh2)
towards HMAD. Relevant bond lengths in angstroms are displayed.

hydrogen rotates and transfers to the target CO, leading to a
new stabilizing H-bond with the ester group. Geometrically, the
metallacyle at Pccoh products is tighter than that at the corre-
sponding Pcco previous species (see Figure 5). Only the C1–C2

Figure 6. B3LYP optimized structures for the H transpositions from the OH ligands to the carbonyl oxygen atoms in the Pcco structures. Relevant bond lengths
in angstroms are displayed.
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bond slightly elongates. These issues, along with the absence
of charges of Pccoh products, make them the second most sta-
ble ones (after Pins) for the reaction of these complexes (–12.0
and –21.1 kcal/mol for OH and NHpTol ligands, respectively).
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Analogous dimer intermediates and reaction path are assumed
to describe the H transfer between Pcco and Pccoh for the
complex with NHpTol. Although the notable size of the dimer
systems containing this ligand prevents the performance of the
very demanding DLPNO-CCSD(T) calculations, the similarity of
the species found for the intramolecular hydrogen migration to
those for the OH ligand seems to validate our assumption (see
Supporting Information).

c) Addition of the Alkyne Moiety to the Re Atom: the ins
Route

The C2 atom of either I1′ or Pcco species could also bond to
the Re metal evolving through TS2ins (see Figure 7). At the
intermediates previous to TS2ins the corresponding Re–X bond
is strong and starts weakening when the new C2–Re bond be-
gins to form during the concerted synchronous process charac-
terized by TS2ins. For the complex with X = OH, the barrier for
TS2ins is just 4.4 kcal/mol, from I1′. Such a small value indicates
that the energy released from the partial formation of the new
C2–Re bond nearly compensates for the cost of breaking the
Re–O bond. A different situation appears for the complex with
X = PPh2, where the barrier for TS2ins raises to 20.6 kcal/mol
from its previous intermediate, I1′. This means that the Re–P
bond is much stronger than the bond formed between Re and
O in the X = OH complex considered here. Actually, the DI
shows a value of 0.614 for the Re–P bond, notably larger than
that found for the Re–O one (0.374). The d orbitals in a third-
row atom, like phosphorus, are better sized to largely overlap
with Re ones than second-row atoms. This makes the insertion
path very unlikely for the complex with the PPh2 ligand. On
the other hand, in complexes with X = OMe and NHpTol IRC
calculations clearly demonstrate that Pcco is the structure pre-

Figure 7. B3LYP optimized structures of the species involved in the addition step to the Re atom for the reaction of [Re(X)(CO)3(bipy)] (X = OH, OMe, NHpTol,
and PPh2) towards HMAD. Relevant bond lengths in angstroms are shown.
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ceding TS2ins, with a barrier of 14.1 and 20.6 kcal/mol respec-
tively, measured from it. These large values come from the fact
that two bond breakages are needed to accomplish the inser-
tion, the Re–O or Re–N and the C2–CO ones. The products
formed at the end of this reaction path are Z-alkenyl complexes
with no charge separation. This explains why this type of prod-
ucts is more stable than reactants (between 13 and 17 kcal/mol
for OH, OMe, and PPh2 systems and 22.4 kcal/mol for NHpTol).
In the case of NHpTol the aromatic ring bonded to the N atom
is placed far away from the complex equatorial ligands, thus
avoiding repulsive interactions present in the remaining struc-
tures of its reaction profile. It has been reported that, when the
insertion product is the main one, addition of an acid like HTOf
in CDCl3 allows the release of the corresponding Z-alkenyl com-
plex with H replacing the metal.[47]

d) Addition of the Alkyne Moiety to the bipy Ligand

Although hardly electrophilic, one of the ortho C atoms bearing
a hydrogen at the bipy ligand, C6, could also be attacked by
the C2 alkyne atom, as it was experimentally observed for the
complex with PPh2 ligand.[51,52] TS2ccb represents this addition
and has been theoretically characterized for the four complexes
here considered (see Figure 8 and Figure 9). However, three
different reaction paths are computationally observed for the
formation of Pccb. As for TS2ins, TS2ccb may come from
I1′ (complexes with X = OH and PPh2) or Pcco (complex with
X = OMe). However, for the complex with X = NHpTol IRC calcu-
lations indicate that a slightly different zwitterion, I1′b, is prece-
ding TS2ccb. At I1′b the C1-bonded hydrogen atom of the alk-
yne moiety (H1) is placed outwards with respect to the bident-
ate ligand (see Figure 8), which suggests an approach of the
reactants different from that considered so far. Actually, leaving
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H1 outwards at the initial interaction between reactants leads
to a TS, TS1b, with nearly the same energy as TS1 that evolves
to I1b (see Figure 8). This intermediate resembles I1 in the
sense that the lone pair that starts forming at C2 is in trans
disposition with respect to the attacking N atom, but I1b is
6.6 kcal/mol more stable than I1. No TS but a steadily decreas-
ing energy path joins I1b with I1′b, where the lone pair at C2
is in cis orientation with respect to the nucleophilic N atom.
I1′b resembles intermediates I1′ found for the rest of com-
plexes in the sense that some electron density concentrates on
the C2 atom of the alkyne (–0.422 e) and faces towards the
electron poor area of the equatorial ligands. However, C2 elec-
tron charge is pointing to bipy in a more tilted way than in the
remaining I1′ intermediates. I1′b, with a relative Gibbs energy

Figure 8. B3LYP optimized structures for the reaction of [Re(NHpTol)(CO)3(bipy)] with HMAD to yield Pccb. Some relevant distances in angstroms are given.

Figure 9. B3LYP optimized structures of the species implied in the addition step of the alkyne moiety to the bipy ligand for the reaction of [Re(X)(CO)3(bipy)]
(X = OH, OMe, and PPh2) towards HMAD. Relevant bond lengths in angstroms are shown.
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of 9.8 kcal/mol, evolves to TS2ccb and finally to Pccb. The ap-
proach of HMAD to H1 in the outward orientation was also
found for the rest of the complexes, but did not link to the
routes leading to the experimentally observed products.

For complexes with NHpTol and mainly for those with OH
and OMe ligands, the barrier of TS2ccb is large when measured
from the reactants (31.2, 29.5, and 19.0 kcal/mol for OH, OMe,
and NHpTol systems, respectively) and the Pccb products
present no or low positive Gibbs energy stabilization (8.1, 4.9,
and –6.6 kcal/mol for X = OH, OMe, and NHpTol, respectively).
Several reasons explain the high instability of TS2ccb and Pccb
structures for X ligands with a second row element (N or O).
First, as seen in Figure S1, the C6 atom of bipy shows a small
positive charge at the intermediates preceding TS2ccb, which
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means that it is a poor electrophile. Second, as it can be seen
in Figure 8 and Figure 9, at TS2ccb a six-membered non-planar
metallacycle is starting to form and, as a consequence, the aro-
maticity in the attacked bipy ring becomes reduced, losing its
planarity. When X ligand contains an O atom the C2–C6 bond
is shorter, the aromatic ring is more distorted, that is, largest
barriers correlate with larger aromaticity reductions. For the
TS2ccb and Pccb structures when X = OH, OMe, and NHpTol
the Re–X bond is considerably longer than in the correspond-
ing reactant complex (see Figure 9). The weakening of the bond
with the metal may also contribute to the instability of these
structures. When X = PPh2, TS2ccb presents a barrier of only
4.4 kcal/mol, similar to that of TS2cco (4.6 kcal/mol) and much
smaller than that of the other TS2ccb-type species. The loss of
bipy aromaticity seems to be compensated by the formation
of a loose six-membered metallacycle where the Re–P bond
becomes stronger than in the initial reactant (with a shorter
distance), which makes it particularly stable.

e) General Discussion of the Theoretical Results and
Comparison with the Experiment

In spite of the apparent similarity of [Re(X)(CO)3(bipy)] (X = OH,
OMe, NHpTol, and PPh2) complexes, it has been experimentally
found that the nature of the X ligand determines the formation
of different products in their reactivity towards activated alk-
ynes, such as HMAD. The detailed analyses previously done for
these reactions confirm experimental observations and shed
some light on the reasons under this behavior. Actually, it is
shown that the prevalence of one of the three possible prod-
ucts, Pcco (Pccoh, when present), Pins or Pccb, depends on a
subtle balance between the kinetic barriers of the final step of
their formation, since the initial nucleophilic approach of the X
ligand to the alkyne is common for routes leading to all of the
products (see Figure 1), and their associated thermodynamic
stability. These facts are not expected to change in the event
that HMAD was computationally replaced by symmetric acti-
vated acetylenes like DMAD, since this substitution did not
modify the kind of reaction product obtained experimen-
tally.[49,51,52] The presence of DMAD will lower the energy bar-
rier of the initial nucleophilic approach to afford I1 as the acet-
ylenic carbons (C1 and C2) for the isolated DMAD are less elec-
tronically populated (≈ 0.12 e) than the analogous ones for
HMAD and also the LUMO of DMAD is lower in energy
(0.008 eV) than the analogous one of HMAD (see Table S17). By
contrast, a slight increase in energy barriers for the formation
of the different reaction products from I1 is expected, taking
into account that C2 in I1 with DMAD is less electronically pop-
ulated than that one with HMAD (see I1 for the NHpTol case in
Figure S1 and Table S17). Nonetheless, this will not affect the
selectivity of these reactive processes because the NBO charges
of the three atoms attacked by C2 (Re, CCO, and Cbipy) are very
similar to those found at I1 with HMAD (compare I1 in Figure
S1 and Table S17).

For X = OH and NHpTol the experimentally observed product
is Pccoh.[49,50] The intramolecular addition to an equatorial CO
ligand is an easy process for all four ReI complexes, to the point
that it may not require surpassing a Gibbs energy barrier when
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X = OMe and NHpTol [TS2cco was not found for these ligands
and instead it is the TS for I1 rearrangement (TS1_1′) that ends
up giving rise Pcco]. However, only Pcco-type products are
clearly more stable than the separate reactants for the PPh2

ligand and are always less stable than the corresponding Pccb
and Pins-type products. Only when X contains a nucleophilic
atom bonded to a H atom (X = OH and NHpTol), the addition
to CO is followed by an accessible H transposition that yields
the very stable species Pccoh as the preferred product in ac-
cordance with experimental findings.[45,50] For the case of the
[Re(NHpTol)(CO)3(bipy)] complex the PES has two different reac-
tion channels from the beginning of the reaction. The channel
leading to Pccb is not competitive with that for the formation
of Pccoh due to the large stabilization of this last product.

For X = OMe the experimentally observed product is Pins.[47]

The ins route is the most kinetically unfavorable for X = PPh2

due to the strong bond between Re and the third period ele-
ment, phosphorus, that has to be broken at TS2ins; is kinetically
unfavorable for X = OMe and NHpTol due to fact that the struc-
ture previous to TS2ins, Pcco, needs to break two bonds (Re–
O/N and C2–CO) to yield the corresponding Pins; and becomes
more favorable for X = OH from I1′ intermediate, where only
the Re–O bond has to be broken. Thermodynamically, the ins
route is favorable, since it yields very stable products with no
charge separation for all complexes. For the particular case of
the reaction of [Re(OMe)(CO)3(bipy)] with HMAD, the lower
Gibbs energy barrier of TS2ins compared to its potential com-
petitor TS2ccb determines, according to experimental eviden-
ces,[47] the formation of Pins as the main reaction product (be-
sides the large thermodynamic stability of the insertion product
Pins).

Eventually, for the complex with the PPh2 ligand, intermedi-
ate I1′ exists and is the separation point for the independent
routes leading to each of the products (Pcco, Pins or Pccb) via
the corresponding TS (TS2cco, TS2ins or TS2ccb). Compared to
X = OH, OMe, NHpTol, the presence of a larger nucleophilic
atom at the X ligand like phosphorus relieves the ring strain of
the four, five, and six-member metallacycles at TS2ins, TS2cco,
and TS2ccb, respectively. This causes an important stabilization
of TS2cco and TS2ccb, and to a much lesser extent TS2ins due
to the strength of the Re–P bond. As a result, the addition
routes to CO and bipy, kinetically similar, are much more favora-
ble than the insertion one. The largest stability of the Pccb
product determines a preference for the formation of Pccb, as
experimentally observed.[51,52] Except for the complex with
X = PPh2, the route for the coupling with the bipy ligand
(C-Cbipy) is quite unfavorable both kinetically and thermody-
namically.

As just said, the formation of the products experimentally
detected, Pccoh (C-CCOH coupling product) for OH and NHpTol,
Pins (insertion product) for OMe, and Pccb (C-Cbipy coupling
product) for PPh2, could be rationalized in this work and some
reactivity guidelines seem to be emerging. The understanding
of the independent or combined effects of the heteroatoms
and their substituents at the X ligand on this reactivity will ben-
efit from a systematic study involving complexes not yet experi-
mentally tested that is under way in our laboratory.
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Conclusions

A comparative mechanistic study on the reactions of [Re(X)(CO)3-
(bipy)] (X = OH, OMe, NHpTol, PPh2; bipy = 2,2′-bipyridine) to-
wards methyl propiolate (HMAD) was carried out at the CPCM-
DLPNO-CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G(d,p)-LANL2DZ
level of theory to understand the effect of ligand X on the selecti-
vity of the reaction. Three different reaction patterns were found
having in common the initial nucleophilic attack of the X ligand
on the terminal acetylenic carbon of HMAD. First, for OH and
PPh2 initial reactive approaches lead to the formation of a zwit-
terionic intermediate that subsequently becomes an isomeric
zwitterion. This species is the splitting point for the reaction
paths leading to three possible products: the addition of the X-
bonded acetylene to one of the CO ligands in trans disposition
to the bipy one (C-CCO coupling product), the Re atom in an
insertion process (ins product) or the bipy ligand (C-Cbipy cou-
pling product). Second, for OMe, the zwitterion formed at the
first step evolves directly to the C-CCO coupling species, which is
the splitting structure towards the ins and C-Cbipy products. Third,
for NHpTol two approaching orientations of the reactants render
separate routes, one leading to the C-Cbipy product and the other
to the C-CCO product to which, the ins product is linked. In addi-
tion, for X ligands containing a hydrogen atom bonded to the
nucleophilic atom, OH and NHpTol, we have found an inter-
molecular mechanism for the evolution of C-CCO species evolves
to a more stable one, C-CCOH product, where that H atom has
shifted to the oxygen atom of the attacked carbonyl ligand. Ac-
cording to our computations, the ester group in HMAD plays a
two-fold role by activating the alkyne for the initial nucleophilic
addition and by assisting an intermolecular hydrogen migration
from C-CCO to C-CCOH species in these complexes.

The reaction rate of the reactive processes investigated is
determined by the initial nucleophilic attack step. Since this
step is common for all the reactions, the preferred product de-
pends on the kinetics and/or thermodynamics ascribed to the
last part of the corresponding reaction profile. The formation
of C-CCO species is kinetically more favored than that of C-Cbipy

and ins ones, except for X = PPh2 where the energy barriers for
the generation of C-CCO and C-Cbipy species compete with each
other. By contrast, thermodynamics always favors the formation
of ins, C-Cbipy or, when present, C-CCOH species over the C-CCO

one. Specifically, when X = OH and NHpTol, an easy intramolec-
ular attack of the HMAD that was just linked to a highly electro-
philic CO equatorial ligand is followed by the formation of the
very stable C-CCOH products. When X = OMe, the ins product
forms thanks to the smaller barrier and the larger stability of
the ins route compared to that of its potential competitor, the
C-Cbipy product. Finally, when X = PPh2 the ins route becomes
restricted and, therefore the C-Cbipy coupling wins over the C-
CCO one, but only for the largest stability of the C-Cbipy product.
Based on this, the products experimentally detected, C-CCOH for
OH and NHpTol, ins for OMe, and C-Cbipy for PPh2, could be
rationalized and some general reactivity trends have been un-
veiled. Therefore, the information collected can help design
new rhenium carbonyl complexes and other related systems
with improved technological, biomedical or chemical synthesis
applications.
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Abstract: A comparative theoretical study on the reactivity of the complexes [ReY(CO)3(bipy)] (Y = NH2,
NHMe, NHpTol, OH, OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh; bipy =

2,2′-bipyridine) towards methyl propiolate was carried out to analyze the influence of both the
heteroatom (N, O, P, S) and the alkyl and/or aryl substituents of the Y ligand on the nature of the
product obtained. The methyl substituent tends to accelerate the reactions. However, an aromatic
ring bonded to N and O makes the reaction more difficult, whereas its linkage to P and S favour it.
On the whole, ligands with O and S heteroatoms seem to disfavour these processes more than ligands
with N and P heteroatoms, respectively. Phosphido and thiolato ligands tend to yield a coupling
product with the bipy ligand, which is not the general case for hydroxo, alcoxo or amido ligands.
When the Y ligand has an O/N and an H atom the most likely product is the one containing a coupling
with the carbonyl ligand, which is not always obtained when Y contains P/S. Only for OMe and OPh,
the product resulting from formal insertion into the Re-Y bond is the preferred.

Keywords: organometallic chemistry; rhenium complexes; activated alkynes; computational
chemistry; reaction mechanisms

1. Introduction

Rhenium(I) fac-tricarbonyl complexes bearing conjugated diimine bidentate ligands (i.e., bipyridines,
phenanthrolines, etc.) and neutral or anionic monodentate ligands (e.g., halides, pyridines, aqua,
phosphines, alkyls, etc.) are functional molecules with applications in several important areas, such as
catalytic reduction of CO2 [1–16], luminescence [17–30], medicinal chemistry [31–46], supramolecular
chemistry [47], etc. We reported, among others, the synthesis of the complexes [ReY(CO)3(N-N)]
(Y = alkoxo [48,49], amido [50,51], hydroxo [52], phosphido [53,54], thiolato [55]; N-N = 2,2′-bipyridine
(bipy) and/or 1,10 phenanthroline (phen)). The Y ligand in these complexes bears one or more lone
electron pairs. Due to their filled d6 electron configuration, the Y ligands cannot act as π-donors in
these complexes (see Supporting Information for more details). On the other hand, the kinetically
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inert character of these d6 third row complexes prevents the formation of Y-bridged polynuclear
species. These new compounds showed different reactivity patterns when reacting towards activated
alkynes such as methyl propiolate (HC≡CCO2Me = HMAD) and/or dimethylacetylenedicarboxylate
(MeO2CC≡CCO2Me = DMAD). The first step is common and consists in a nucleophilic attack from
the heteroatom (O, N, P) of the Y ligand onto an acetylene carbon atom, generating a zwitteronic
species, which evolves to afford different types of products [56]. Specifically, the Re complexes with
Y = NHpTol (para-tolylamido) and OH (hydroxo) led to the formation of a coupling product with one of
the carbonyl ligands in cis disposition to Y. This carbonyl oxygen is protonated while the N and O atoms
of the Y ligand have lost their respective hydrogen atoms (see A in Scheme 1, Pccoh products). It is
thought that there is another stable species prior to the formation of Pccoh, denoted as Pcco, where the
carbonyl oxygen is not protonated while the N and O atoms of the Y ligand still display the hydrogen
atom [51,52]. A coupling product with one of the non-subtituted ortho carbons of the bidentate ligand
was obtained for the Re complex containing the diphenylphosphanido (PPh2) ligand (see B in Scheme 1,
Pccb products) [53,54]. Finally, for the Re methoxo (OMe) complex, the product obtained corresponds
to the alkyne insertion into the Re-OMe bond (see C in Scheme 1, Pins products) [48].
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Scheme 1. Types of products experimentally obtained in the reaction of [ReY(CO)3(N-N)] (Y = NHpTol,
OH, OMe, PPh2; N-N = bipy and/or phen) with activated alkynes and herein denoted as A (Pccoh),
B (Pccb), and C (Pins).

Our theoretical investigations on the reaction between the complexes [ReY(CO)3(bipy)]
(Y = NHpTol, OH, OMe, PPh2) and HMAD uncovered that the reaction rate is, on the whole, controlled
by the first stage of the reaction mechanism, that is, the nucleophilic attack of the Y ligand on
the non-substituted alkyne carbon [57,58]. Nonetheless, the subtle balance between kinetics and
thermodynamics of the formation step of the plausible products determines the type of product
formed. While this detailed investigation was relevant to understand these processes, an overlap of
different factors in the nucleophilic Y ligand complicates a clear rationalization of the reactivity trends
and therefore hinders the attempts to obtain the relevant information for developing new rhenium
complexes. Two simultaneous factors are present in the Y ligand of the Re complex, namely the donor
atom directly linked to Re (O, N, P) and the nature of its substituents (one or two hydrogen, alkyl, aryl
groups). For instance, we noted that the results obtained for the Re hydroxo and methoxo complexes
allow us to understand the effect of an alkyl substituent, but not the effect of an aryl one. By contrast,
the comparison between the NHpTol and PPh2 cases is not reliable to rationalize either the effect of
an aryl group or the effect of the donor atom directly linked to Re. The situation is even worse if we
wanted to extract chemical trends when comparing the four cases mentioned above at the same time.
The results obtained for the reactivity of the [Re(PPh2)(CO)3(bipy)] complex are not comparable with
those found for [ReY(CO)3(bipy)] (Y = OH, OMe) because there are different substituents and donor
atoms belonging to different groups of the Periodic System.

Therefore, to get more general conclusions about these processes, ultimately aiming at tuning the
Re complexes in order to obtain more interesting synthetic, industrial or biochemical applications [59,60],
a more systematic computational investigation is needed. To accomplish this task, we undertook a
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theoretical study on the reaction mechanism of the reactivity towards the substrate HMAD of the
complexes [ReY(CO)3(bipy)] (Y = NH2, NHMe, OPh, PH2, PHMe, PMe2, PHPh, PMePh, SH, SMe,
SPh). The theoretical results obtained on these hypothetical reactions along with those previously
found for the reactivity between the complexes [ReY(CO)3(bipy)] (Y = NHpTol, OH, OMe, PPh2) and
HMAD may be beneficial in gaining a broader understanding of the effect of Y ligand focusing on the
alkyl and aryl substituents and the heteroatom directly bonded to Re.

2. Results

The presentation and analysis of the results obtained for the reaction between the 15 complexes
[ReY(CO)3(bipy)] (Y = NH2, NHMe, NHpTol, OH, OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh,
SH, SMe, SPh) and HMAD will be done as follows. First, we will report a general description of the
types of potential energy surfaces found taking into consideration our DLPNO-CCSD(T) data. Second,
we will analyze the effect of alkyl and aryl substituents at the nucleophilic ligand Y on the energetics of
the reactive processes investigated. The same objective will be pursued when analyzing the influence
of replacing, within Groups 15 and 16, the heteroatom of the second period by its counterpart of the
third period (i.e., P instead of N). Finally, we will provide a general discussion by considering all the
results mentioned in the previous subsections.

2.1. General Description of the Potential Energy Surfaces

As just mentioned in the Introduction section, experimental studies on the reactivity of the
complexes [ReY(CO)3(N-N)] (Y = NHpTol, OH, OMe, PPh2; N-N = bipy and/or phen) towards
activated alkynes (HMAD and/or DMAD) have shown the formation of three types of products (see
Scheme 1) [48,51–54]. Theoretical investigations using the bipy ligand and the HMAD activated alkyne
have not only corroborated the formation of such products, but also shown all the species involved
in the reaction mechanisms leading to the Pcco/Pccoh, Pccb, and Pins products [57,58]. Looking at
the reaction mechanisms involved, three different patterns of potential energy surfaces (PES) were
found [58]. The type-I PES found for Y = OH and PPh2 starts with the nucleophilic attack of the Y ligand
on the non-substituted acetylenic carbon of HMAD (C1) through the TS TS1 to give a zwitterionic
intermediate (I1), in which a new HO/Ph2P-C1 bond is formed and, consequently, the original triple
bond between C1 and the substituted acetylenic carbon of the HMAD fragment (C2) presents now
a double bond character (see Scheme 2). Evolving via TS1′, I1 isomerizes into another intermediate
(I1′) wherein C2 is readily oriented to yield any of the products. I1′ is the common precursor species
of Pcco/Pccoh, Pccb, and Pins via the TS TS2cco, TS2ccb, and TS2ins, respectively (see Scheme 2).
For OH, Pcco evolves to Pccoh through an intermolecular transformation with a Gibbs energy barrier
lower than that found for the nucleophilic attack step [58]. This fact along with the greater stability
of Pccoh over Pcco explains the formation of the former product as experimentally observed [52].
A different PES named as type II was found for OMe (see Scheme 3). Reactants evolve to I1 via
TS1, which in turn directly transforms into Pcco via TS1′. Pcco is now the species from which the
products Pccb and Pins are formed via TS2ccb and TS2ins, respectively. All these species show
structures analogous to those identified with the same acronyms on the type-I PES. The type-III PES
was obtained for the NHpTol case wherein two splitting species were found, the first one being the
reactants (see Scheme 4). On the one hand, reactants may become I1, first, and then Pcco passing
through TS1 and TS1′, respectively. Pcco can lead to either Pccoh as in the OH case [58] or Pins via
TS2ins. On the other hand, reactants may proceed through TS1b for the attack of the NHpTol ligand
on the C1 atom of the alkyne fragment, which is oriented in the opposite direction to that presented
at TS1 or TS1′ (see Scheme 4 and Figure 1). TS1b evolves to the corresponding intermediate I1b, in
which the new HpTolN-C1 bond is just established. I1b becomes an isomer I1′b without any TS to
finally give Pccb via TS2ccb. I1′b mainly differs from I1b in the orientation of the C2-bonded CO2Me
group of the alkyne moiety. This group and the C1-bonded H atom are on opposite sides of the C1=C2
double bond at I1b, while at I1′b they are on the same side to favour the attack of C2 on the bipy ligand
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(see Scheme 4 and Figure 1). All the species implied in the reaction mechanism for the formation of
Pccoh and Pins display structures analogous to those denoted with the same acronyms on the type-I
and II PES. However, for the reaction mechanism leading to Pccb, the geometry discrepancy mentioned
above between TS1b and TS1 or TS1′ is also present when comparing I1b and I1′b with I1 and I1′

(when located for OH and PPh2), respectively (see Figure 1). In addition, we also note that the plane
defined by the heteroatom of the NHpTol ligand, C1, and C2 is practically perpendicular to the plane
defined by Re and the bipy ligand at I1′, while an almost parallel disposition between these planes was
located at I1′b. A similar geometry difference was detected when comparing the TS TS2ccb located
for OH and PPh2 with the one found for NHpTol (see, for instance, TS2ccb for PPh2 and NHpTol in
Figure 1). Intermediates analogous to I1b and/or I1′b were also located when Y = OH, OMe, and PPh2,
but TS2ccb connects Pccb with I1′ (Pcco for the OMe case) instead of I1b and/or I1′b [58].
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Scheme 2. Schematic structures of the species located on the type-I potential energy surfaces (PES)
found for the reaction of the complexes [ReY(CO)3(bipy)] (Y = PR1R2 with R1 = R2 = H, Me, Ph)
towards HMAD. The connectivities among these species are also shown with arrows. Acetylenic carbon
atoms of HMAD are numbered both in the isolated reactant and in TS1. Analogous structures were
found for the Re complex with Y = OH.
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and in TS1.

With all of this in mind, we extended our theoretical mechanistic investigation by considering the
new nucleophilic ligands NH2, NHMe, OPh, PH2, PHMe, PMe2, PHPh, PMePh, SH, SMe, and SPh.
All the geometry and energy data of the species located are collected in the Supporting Information
(Figures S1–S11 and Tables S1–S33). For comparison purposes, data previously reported for the
analogous Re complexes with Y = NHpTol, OH, OMe, and PPh2 have also been included in the
Supporting Information (Figures S12–S15 and Tables S34–S45). All the PES found can be grouped
according to the number of splitting species and the type of the first splitting species. First, all the Re
complexes with a nucleophilic ligand containing a phosphorus atom directly linked to the metal center
present the type-I PES as I1′ is the only splitting species (see Scheme 2). All the optimized structures
for the five ligands with P and denoted with the same acronyms as in Scheme 2 are analogous to
those previously reported for the PPh2 case [58]. The PES obtained for the nucleophilic ligands NH2,
NHMe, SH, SMe, and SPh resemble the type III (see Scheme 4), since a separate channel to Pccb
is found from the reactants, although with some differences among them. Particularly, for SH and
SPh I1 (instead of Pcco) is the second splitting species that connects reactants with Pcco (Pccoh for
SH) and Pins. The transformations reactants→ I1, I1→ Pcco/Pccoh, and I1→ Pins are controlled
by TS1, TS2cco, and TS2ins, respectively. For NH2, NHMe, and SMe I1′ (instead of Pcco) is the
second splitting species, which in turn may transform into Pcco (Pccoh for NH2 and NHMe) and Pins.
The evolution to these products from the reactants is the same as that found for the generation of
Pcco/Pccoh and Pins with the OH and PR1R2 (R1 = R2 = H, Me, Ph) ligands (see Scheme 2). Despite
these differences in the type-III PES obtained, all the species implied in the reaction mechanism leading
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to Pcco/Pccoh and Pins with Y = NH2, NHMe, SH, SMe, and SPh show optimized structures similar to
those identified with the same acronyms for NHpTol, OH, OMe, and PPh2 (see Schemes 2–4), except I1
when Y = SH and SPh, whose respective optimized structures are analogous to those found for the
type-I1′ species (see Figure 1). For the reaction mechanism leading to Pccb when Y = NH2, NHMe, SH,
SMe, and SPh, the optimized structures of all the species found (TS1b, I1b, I1′b, TS2ccb, and Pccb) are
similar to those of their analogues when Y = NHpTol (see Scheme 4 and Figure 1). Finally, the OPh
case uncovers a new mode of PES, type IV, where reactants proceed through TS1 to I1 (see Scheme 5).
This intermediate resulting from the attack of the nucleophilic ligand on the HMAD non-substituted
carbon is the splitting species now and can evolve either to Pcco without any barrier to subsequently
transform into Pins via TS2ins or to Pccb via TS2ccb. As for SH and SPh, the optimized structure of I1
resembles that of I1′ when Y = NH2, NHMe, OH, PR1R2, and SMe. The remaining species found on
the type-IV PES display structures similar to those denoted with the same acronyms in Schemes 2–4.Molecules 2020, 25, x FOR PEER REVIEW 6 of 21 
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with arrows. Acetylenic carbon atoms of HMAD are numbered both in the isolated reactant and in TS1.

A general view of Schemes 2–5 shows that only those Y ligands with N and S atoms display
the alternative route reactants→ TS1b→ I1b→ I1′b→ TS2ccb→ Pccb. While I1b and/or I1′b are
expected to exist for PH2, PHMe, PMe2, PHPh, PMePh, and OPh, computations show that TS2ccb
connects Pccb with I1′ for the five ligands containing the phosphorus atom as for the OH and PPh2

(see Scheme 2) and with I1 when Y = OPh (see Scheme 5). Besides, OMe and OPh ligands are the only
ones whose PES do not present intermediate I1′. This is a consequence of the geometry of their I1
intermediates, whose lone pair at the C2 atom of HMAD is quite close to the electrophilic positions in
the equatorial ligands, which avoid the existence of an intermediate such as I1′ with that lone pair
ready but not reacting with these positions.
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2.2. Effect of the Alkyl and Aryl Substituents of the Nucleophilic Ligand

The substitution of one of the hydrogen atoms in the NH2 ligand by a methyl group causes a
relative stabilization of all the species between 1.3 and 7.4 kcal/mol, except I1, which slightly destabilizes
by 0.8 kcal/mol (see Table S46). It is interesting to note that such a replacement relatively stabilizes
TS1b from 19.3 to 14.0 kcal/mol whereas TS1 only changes from 18.5 kcal/mol to 17.2 kcal/mol when
going from NH2 to NHMe (see Table 1). Since TS1 and TS1b are the rate limiting steps for both
alternative routes, the presence of the methyl substituent would change the preferred product from
Pccoh (−24.9 kcal/mol) for NH2 to Pccb (−19.3 kcal/mol) for NHMe without changing the kind of PES
(type-III). The replacement of one of the hydrogen atoms in the NH2 ligand by an aryl substituent
(pTol), as in NHpTol, shows the opposite effect since all the species relatively destabilize between 2.1
and 14.8 kcal/mol (see Table S46). As seen in Table 1, the reaction channel controlled by TS1 leading to
Pcco/Pccoh and Pins is only 1.0 kcal/mol larger in Gibbs energy than that controlled by TS1b leading
to Pccb. The small difference between these determining Gibbs energy barriers and the large stability
of Pccoh (−21.1 kcal/mol) points to Pccoh as the expected product, as experimentally observed [51].

Table 1. Gibbs energy barriers, in kcal/mol, determined by the TS located along the reaction mechanisms
found for the reaction between the complexes [ReY(CO)3(bipy)] (Y = NH2, NHMe, NHpTol, OH, OMe,
OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) and HMAD at the DLPNO-CCSD(T)
level. 1,2 Gibbs energy, in kcal/mol, of the plausible products referred to that of the respective separate
reactants at the same level of theory and type of PES found for each Y ligand are also given.

Y TS1 TS1′ TS1b TS2cco TS2ccb TS2ins Pcco (Pccoh) Pccb Pins PES

NH2 18.5 8.5 19.3 4.3 9.9 11.2 −8.0 (−24.9) −15.1 −29.1 III
NHMe 17.2 4.3 14.0 0.7 9.6 9.2 −12.4 (−32.3) −19.3 −31.2 III
NHpTol 22.4 17.0 21.4 19.0 20.6 −0.2 (−21.1 3) −5.1 −22.4 III

OH 27.0 28.0 26.8 31.2 28.3 15.2 (−12.0 3) 8.1 −13.7 I
OMe 25.9 24.8 29.5 24.0 9.9 4.9 −16.4 3 II
OPh 33.5 38.8 36.5 24.2 16.2 −5.6 IV
PH2 27.6 14.6 13.5 13.5 34.2 0.1 (0.3) −9.5 −13.1 I

PHMe 30.9 6.2 5.1 5.8 21.1 −8.9 (−4.3) −16.3 −18.3 I
PMe2 17.4 4.2 5.6 4.3 20.3 −17.3 −25.5 −24.1 I
PHPh 17.6 9.7 8.2 9.4 17.5 −7.4 (−4.2) −12.8 −17.5 I
PPh2 17.5 4.2 5.2 5.0 20.6 −9.3 −20.0 3 −16.8 I

PMePh 18.7 3.9 3.7 5.1 18.7 −11.6 −20.0 −21.1 I
SH 32.7 28.0 32.9 35.8 39.1 21.1 (−2.6) 13.7 −2.4 III

SMe 23.1 26.1 21.0 24.7 26.4 32.1 11.0 3.1 −9.1 III
SPh 30.8 25.6 29.0 31.0 34.8 14.4 8.9 −5.7 III
1 All the Gibbs energy barriers are determined with respect to the sum of the Gibbs energies of the respective
separate reactants or with respect to the Gibbs energy of the immediately preceding intermediate when this species
is more stable than the corresponding separate reactants. 2 Bold data show the most preferred reaction route.
3 The product theoretically preferred is consistent with available experimental data (see Scheme 1).

Let us now consider the case of the OR ligands (R = H, Me, OPh). Taking as reference the relative
Gibbs energies of the species found for the OH case and comparing them with those for OMe and
OPh (see Table S47), similar trends to those of the NHR’ (R’ = H, Me, pTol) ligands are found. Thus,
all the species stabilize between 1.1 and 5.3 kcal/mol and destabilize between 6.5 and 9.0 kcal/mol
when replacing OH by OMe and OPh, respectively. The presence of the alkyl substituent provokes
a modification of the PES from type-I for OH to type-II for OMe (see Schemes 2 and 3). Besides,
the product observed changes from Pccoh for OH ligand to Pins for OMe ligand in good agreement
with experimental findings [48,52]. With both OH and OMe ligands TS1 and TS1′ compete against
each other to be the rate-determining TS of the overall process; TS1 is 1.0 kcal/mol more stable than TS1′

for OH, while the reverse situation was found for OMe as TS1 is 1.1 less stable than TS1′ (see Table 1).
A different situation was found for the OPh ligand. As collected in Table 1, contrary to the case with the
OH ligand (yielding the Pccoh product), the expected product for the OPh ligand would be Pins, since
this product is the most stable structure (−5.6 kcal/mol) and the Gibbs energy barrier for its formation
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(∆G,(TS2ins) = 36.5 kcal/mol) is lower than that for the formation of the alternative product Pccb
(∆G,(TS2ccb) = 38.8 kcal/mol). It has to be noted that the large values of both TS1 (33.5 kcal/mol) and
TS2ins make the reaction of OPh complex quite unlikely. In addition, the replacement of OH by OPh
changes the PES from type-I to type-IV (see Schemes 2 and 5).

How are the trends described above when the alkyl and aryl substituents are bonded to phosphorus
and sulfur atoms instead of nitrogen and oxygen, respectively? We start with ligands containing P
and take PH2 as the initial reference. As previously noted, all these ligands render the type-I PES (see
Scheme 2); in all cases TS1 is the rate-determining TS and the insertion route is highly penalized due
to the large barrier of TS2ins ranging from 17.5 kcal/mol for Y = PHPh to 34.2 kcal/mol for Y = PH2

(see Table 1). TS2cco and TS2ccb, notably less unstable than TS2ins, have similar Gibbs energy
barriers, but Pccb is always much more stable than Pcco/Pccoh (see Table 1). Despite these similarities,
particular features of each substituent deserve some comments. The substitution of the PH2 ligand
by the PHMe one relatively stabilizes all the structures between 4.6 and 13.1 kcal/mol, except TS1,
which destabilizes by 3.3 kcal/mol (see Table S48). The alkyl substituent does not change the fact that
TS1 remains the rate-determining TS and Pccb is the expected product for both ligands (see Table 1).
For the case of PMe2 the presence of a second methyl group further stabilizes all the species, including
TS1 (except TS2cco that is 0.5 kcal/mol larger for PMe2 than for PHMe) making this ligand specially
adequate to yield Pccb. On the other hand, the substitution of PH2 by PHPh also produces a relative
stabilization of all the species, including TS1, between 3.3 and 16.7 kcal/mol (see Table S48). This trend
is contrary to that found for the substitution of one H atom by an aromatic group in the Y ligands
containing the N and O donor atoms. The presence of two Ph groups at PPh2 futher stabilizes all the
species between 0.1 and 7.2 kcal/mol with respect to PHPh, except TS2ins (17.5 kcal/mol for PHPh
and 20.6 kcal/mol for PPh2) and Pins (−17.5 kcal/mol for PHPh and −16.8 kcal/mol for PPh2). As for
the alkyl substitution cases, the presence of one or two aryl groups bonded to P also points to the
formation of Pccb products due to their large stability (−12.8 and −20.0 kcal/mol for PHPh and PPh2,
respectively) and the accessible and competitive barriers for their generation (9.4 and 5.0 kcal/mol for
PHPh and PPh2, respectively). Whithin the accuracy of the computational level used, as seen in Table 1,
PMe2 and PPh2 present very similar Gibbs energies for the TSs for all the reaction routes, being the
largest difference that for TS2ccb, which is lower for PMe2 (4.3 kcalmol) than for PPh2 (5.0 kcal/mol).
Besides, all kinds of products are considerably more stable with the PMe2 substituent. On the other
hand, comparing the PHMe and PHPh cases, we see that the substitution of Me by Ph produces a
destabilization of all the species between 0.1 and 4.7 kcal/mol except TS1 and TS2ins, which stabilize
13.3 and 3.6 kcal/mol, respectively (see Table S48). We have also considered the hybrid ligand PMePh,
whose barriers parallel those of PPh2 and slightly favour the coupling route with a carbonyl ligand but
not as much as to change the preference for the formation of Pccb (see Table 1).

The three ligands SH, SMe, and SPh have in common the presence of TS1b (typical of the
type-III PES collected in Scheme 4) leading to Pccb and the fact that the route to Pins has the largest
barrier to yield the most stable product (see Table 1). The energy trends obtained for the SR ligands
(R = H, Me, Ph) resemble those found for the PR1R2 ligands. Indeed, both the alkyl and aryl substituents
give rise to a stabilization of all the species, mainly with the Me replacement in SH. In particular,
the methyl substitution relatively stabilizes all the species in the gap 6.7−10.6 kcal/mol, whereas a
relative stabilization range between 1.9 and 6.7 kcal/mol was obtained for the phenyl substitution (see
Table S49). On the whole, the degree of stabilization due to SMe is less than when replacing OH by
OMe. For SH, as seen in Table 1, the formation of Pccoh is preferred, since it has the smallest limiting
barrier (32.9 kcal/mol for TS2cco) and shows the largest stability (−2.6 kcal/mol). This image changes
when replacing SH by SMe. Now, the barrier for Pcco is still the smallest one (24.7 kcal/mol for TS2cco)
followed by the barrier to Pccb (26.4 kcal/mol for TS2ccb), but Pcco is less stable (11.0 kcal/mol) than
Pccb (3.1 kcal/mol), although both products are less stable than their isolated reactants (see Table 1).
These reasons make difficult to suggest the preferred product for the SMe case. A similar picture
was found for the SPh case in which TS1 (30.8 kcal/mol) competes with TS2ccb (31.0 kcal/mol) and
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both Pcco (14.4 kcal/mol) and Pccb (8.9 kcal/mol) are higher in energy than their reactants. Actually,
the barriers found the SH (~33 kcal/mol) and SPh (~31 kcal/mol) ligands indicate a low reaction
probability with these ligands (see Table 1).

The previous analysis shows that ligands NH2, OH, PH2, and SH are bad nucleophiles (worsening
from NH2 to SH in the previous list) for the reaction between the corresponding Re complex and
HMAD. On the one hand, a methyl group replacing one of the H atoms in these ligands enhances the
process, since it reduces the barriers involved. In some cases, this substitution determines a change in
the nature of the most favourable product. On the other hand, an aromatic ring bonded to N and O
impairs the reaction, whereas when it is a substituent bonded to P and S the reverse effect is observed.
Since the π electrons in the aromatic ring are able to conjugate with the lone pair at N atom in the
NHpTol ligand this lone pair becomes less available for the nucleophilic attack on the HMAD molecule.
The larger size of P prevents this conjugation, which explains the higher reactivity of PHPh compared
to that of NHpTol.

2.3. Effect of the Heteroatom of the Nucleophilic Ligand

We now focus on the replacement of the heteroatom of the Y ligand when going from the second
period to the third one along Groups 15 and 16 of the periodic table. The substitution of the nitrogen atom
of NH2 by phosphorus in PH2 leads to an important relative destabilization of all the species between 5.1
and 25.2 kcal/mol (see Table S50). The rate-determining Gibbs energy barrier determined by TS1, goes
from 18.5 kcal/mol for NH2 to 27.6 kcal/mol for PH2 (see Table 1). From NH2 to PH2, TS2cco, TS2ccb,
and TS2ins, increase by 9.2, 3.6, and 23.0 kcal/mol, respectively, being Pins remarkably kinetically
penalized (see Table 1). Besides, the expected product changes from Pccoh for NH2 to Pccb for PH2.
When comparing the NHMe and PHMe cases (see Table S50), all the species destabilize between 1.0 and
28.0 kcal/mol, except I1, which only stabilizes 0.3 kcal/mol and TS2ccb whose relative Gibbs energy
changes from 9.6 kcal/mol for NHMe to 5.8 kcal/mol for PHMe (see Table 1). The Gibbs energy barriers
for Pcco/Pccoh and Pins increase by 4.4 and 11.9 kcal/mol, respectively. When Y = NHMe there is a
kinetics competition between Pccb and Pcco/Pccoh formation, as previously explained, whereas for
PHMe, Pccb is clearly the preferred product (see Table 1). By contrast, the comparison of the results for
the NHpTol and PHPh cases reflects that all the species stabilize when replacing N by P between 2.9
and 9.6 kcal/mol, except Pccoh and Pins, which destabilize 16.9 and 4.9 kcal/mol, respectively (see
Table S50). Even TS2ins lowers its barrier, although it is still one of the largest. Pccoh is the product
formed for NHpTol, in good agreement with experimental evidences [51], while Pccb is expected
to be formed when [Re(PHPh)(CO)3(bipy)] reacts with HMAD. In the presence of an aromatic ring,
its available conjugation with the N atom, which does not occur with the P atom, overcomes the
destabilization observed in the two previous cases (see below).

On the other hand, for Group 16, the substitution of OH by SH relatively destabilizes all the
species between 4.6 and 11.3 kcal/mol as it was found when replacing NH2 by PH2 (see Table S51).
Again, TS2ins is the most penalized TS and, in this case, Pccoh remains as the preferred product for
both ligands. On the whole, the replacement of OMe by SMe show trends similar to those found when
replacing NHMe by PHMe. Most of the species destabilize between 1.1 and 8.1 kcal/mol, whereas
TS1, TS2ccb, and Pccb, stabilize by 2.8, 3.1, and 1.8 kcal/mol, respectively (see Table S51). As deduced
from Table 1, Pins becomes again the most kinetically penalized product as found for the PHR (R = H,
Me, Ph) ligands. Pcco and Pccb compete with each other to be the preferred product for SMe while
Pins is the most stable one. In contrast, when replacing OPh by SPh, all the species stabilize between
0.1 and 9.8 kcal/mol. TS1, TS2ccb, and TS2ins (TS2cco was not located for OPh) become 2.7, 7.8,
and 1.7 kcal/mol more stable when going from OPh to SPh, with TS2ins again the highest in energy
(see Table 1 and Table S51). As previously said, for OPh Pins is the expected product, which changes to
a competition between Pcco and Pccb for SPh, although both OPh and SPh ligands are quite unreactive
towards HMAD.
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With respect to the heteroatom of the Y ligand directly linked to Re, it is clear that the insertion
route is greatly penalized for P and S ligands, although Pins is very stable. This fact can be atributed to
the strong bond formed between these large atoms and Re, which is weaker in the case of N and O
atoms, as later explained. This bond needs to be broken for the insertion of the HMAD fragment in the
Re-Y bond. Besides, P and S ligands tend to yield Pccb as the main product, which is not the general
case for O and N ones. On the other hand, when the Y ligand has an O/N heteroatom bonded to an H
atom the most probable product is Pccoh, which is not always obtained when Y contains P/S.

2.4. General Discussion

The investigation on the reaction mechanism of the reactivity of the 15 Re complexes [ReY(CO)3(bipy)]
(Y = NH2, NHMe, NHpTol, OH, OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh)
towards HMAD displayed a variety of PES. However, all of them can be grouped into four different
types on the basis of the number and the first splitting species as collected in Scheme 2, Schemes 3–5.
Whereas all ligands of the PR1R2 family always present the type-I PES the three ligands of the OR family
(R = H, Me, Ph) show three different types of PES named as I, II, and IV, respectively. The remaining Y
ligands (NH2, NHMe, NHpTol, SH, SMe, SPh), which present two splitting species, have been grouped
within the type-III PES.

On the whole, the overall reaction rate is determined by the first stage of the reaction mechanism,
that is, the TS for the attack of the nucleophilic Y ligand of the Re complex on HMAD (TS1 or TS1b, when
present). For the sake of generality, we also consider TS1 as the determinant step for complexes with
OH, OPh, and SH ligands, although their TS1′, TS2ins, and TS2cco are only 1.0, 3.0, and 0.2 kcal/mol
higher in energy than their TS1, respectively (see Table 1).

As seen in Table 1 the replacement of a hydrogen atom by a methyl substituent at the NH2,
OH, and SH as well as the change from the PH2 to the PMe2 ligands reduces the Gibbs energy
barrier controlled by TS1 by 1.3, 1.1, 9.6, and 10.2 kcal/mol, respectively. It is well-known that the
higher the Y-centered HOMO energy of the Re complex, the greater the nucleophilic character of the
ligand and, consequently, the lowest Gibbs energy barrier for TS1. Accordingly, as seen in Figure 2,
the energies of the HOMOs of the complexes with methyl substituents are always higher than those
unsubstituted ones. Figure 3 shows how the presence of a methyl substituent adds an extra antibonding
π interaction in the Y ligand environment, which explains the instability of the HOMO of these methyl
substituted complexes.
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Figure 3. Pictures of the computed HOMO of the reactant complexes [ReY(CO)3(bipy)] (Y = NH2,
NHMe, NHpTol, OH, OMe, OPh, PH2, PMe2, PHPh, SH, SMe, SPh).

For the aryl substitution at the Y ligand the HOMOs of the complexes with Y = NHpTol, OPh,
PHPh, and SPh are 0.015, 0.007, 0.004, and 0.001 eV higher in energy than those with Y = NHMe,
OMe, PHMe, and SMe, respectively (see Figure 2). The presence of an aromatic ring bonded to the
nucleophilic atom increases even more the antibonding interactions above mentioned (see Figure 3).
However, a reduction in the Gibbs energy barrier of TS1 only happens for PHPh and SPh but not
for NHpTol and OPh (see Table 1). As previously reported [58], apart from the HOMO energy of the
reactant complex, other factors must be considered to rationalize this unexpected trend, so we now
focus on the availability of the attacking electron lone pair of the nucleophilic atom at the Y ligand.
Firstly, the N atom of the NHpTol ligand presents a sp2 hybridization, whereas a sp3 one happens for
the NHMe ligand. As seen in Figure 3, sp2 hybridization reduces the availability of the electron lone
pair of the nitrogen atom due to its conjugation with the aromatic ring, which provokes a rise of the
Gibbs energy barrier for the nucleophilic addition. To confirm this point, the electron delocalization
indexes (DI) of the bonds between the N atom at NHMe and NHpTol and the carbon atom (CS) of
the alkyl or aryl substituent directly linked to it have been calculated, obtaining the values 1.0399
and 1.1322, respectively (see Table 2). The increase in DI agrees with the 0.089 Å shortening of the
N-CS bond distance when replacing NHMe by NHpTol. Similar but less accentuated trends were
found when comparing the DI of the O-Me (0.9459) and S-Ph (1.1956) bonds at the corresponding
reactant complexes. This bodes well with the fact that the O-Me bond distance is 0.071 Å longer than
the O-Ph one. In addition, when analyzing the reactant Re complexes, we note that the net natural
atomic charge (NAC) of the donor atoms N, O, P, and S reflects an electron depopulation of 0.009, 0.074,
0.048, and 0.294 e when going from NHMe, OMe, PHMe, and SMe to NHpTol, OPh, PHPh, and SPh,
respectively (see Table 2).

In summary, for complexes wherein the aryl group is electronically conjugated with a lone pair
at the donor atom, as for NHpTol and OPh, the negative effect of the unavailability of the electron
lone pair prevails over the positive effect of the increase in the HOMO energy and, consequently,
the instability of TS1 increases. By contrast, when the aryl group is not strongly conjugated with the
nucleophilic atom, as for PHPh (see Figure 3), the availability of the electron lone pair further favours the
positive effect of the rise in the HOMO energy, thus provoking a notable stabilization of TS1 (see Table 1).
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Table 2. Bond distances between Re and the heteroatom of the Y ligand and between the heteroatom and
the carbon of the alkyl or aryl substituent directly linked to it (d(Re-Y) and d(Y-CS) in Å, respectively),
electron delocalization indexes at the bond critical points located between each of the two pairs of
atoms mentioned above (DI(Re-Y) and DI(Y-CS), respectively), and net natural atomic charges of the
nucleophilic atom of the Y ligand, the attacked carbon of the carbonyl ligand in cis disposition to
the Y ligand, and the attacked non-substituted ortho carbon of the bipy ligand (NAC(Y), NAC(CCO),
and NAC(Cbipy) in e, respectively) of the reactant complexes [ReY(CO)3(bipy)] (Y = NH2, NHMe,
NHpTol, OH, OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) at the B3LYP level.

Y d(Re-Y) d(Y-CS) DI(Re-Y) DI(Y-CS) NAC(Y) NAC(CCO) NAC(Cbipy)

NH2 2.174 0.6687 −1.164 0.734 0.063
NHMe 2.156 1.461 0.6689 1.0399 −0.799 0.733 0.066
NHpTol 2.147 1.372 0.6218 1.1322 −0.790 0.734 0.068

OH 2.115 0.6145 −1.016 0.724 0.069
OMe 2.096 1.400 0.5998 0.9459 −0.752 0.724 0.067
OPh 2.134 1.329 0.5231 0.9925 −0.678 0.728 0.069
PH2 2.586 0.6736 −0.128 0.739 0.056

PHMe 2.582 1.882 0.6803 0.9166 0.180 0.737 0.059
PMe2 2.602 1.876 0.6661 0.8962 0.462 0.734 0.058
PHPh 2.591 1.844 0.6525 0.9337 0.232 0.735 0.062
PPh2 2.614 1.864 0.6352 0.8793 0.519 0.739 0.060

PMePh 2.615 1.847 0.6341 0.9256 0.510 0.735 0.058
SH 2.551 0.6541 −0.482 0.747 0.068

SMe 2.535 1.841 0.6758 1.1198 −0.188 0.745 0.066
SPh 2.545 1.782 0.6427 1.1956 −0.085 0.740 0.068

The replacement of the N- and P-containing Y ligands by the O- and S-containing analogues
disfavours their reactivity with HMAD (see Table 1). As displayed in Figure 2, the HOMO of the
reactant complexes with NH2, NHMe, and NHpTol are 0.013, 0.022, and 0.020 eV higher in energy
than those with OH, OMe, and OPh, thus yielding an increase in the Gibbs energy barrier of 8.5, 8.7,
and 11.1 kcal/mol when going from NHR to OR (R = H, Me, pTol/Ph), respectively. In consonance
with this, the HOMO of the OH and OMe reactant complexes shows a simultaneous bonding overlap
of a Re d orbital with three CO antibonding π orbitals, whereas only two CO antibonding π orbitals
interact with a Re d orbital for the NH2 and NHMe cases (see Figure 3). For both NHpTol and OPh
the HOMO display a bonding overlap similar to that mentioned for the OH and OMe cases, but the
greater antibonding nature of the π orbital of the NHpTol that interacts with the Re d orbitals explains
the greater stability of the HOMO of the OPh reactant complex. The same reasoning cannot be used to
explain the instability rise of TS1, between 5.1 and 13.2 kcal/mol, when replacing ligands with P by the
ones with S since the HOMO energy is practically the same when comparing analogous complexes
(see Figure 2). Looking at the pictures of the HOMO of the reactant complexes with P ligands in
Figure 3 and Figure S16, we note that such orbitals are mainly composed of a P-centered π orbital,
whereas for the SR (R = H, Me, Ph) complexes the HOMO shows a notable antibonding π overlap
between a Re d orbital and a π orbital of the SR ligand (see Figure 3). Therefore, the attacking electron
lone pair of the S atom is less available to attack the activated alkyne than that of the P atom, thus
involving a more energy-demanding step as mentioned above.

On the other hand, as previously mentioned, the regioselectivity of these processes is controlled by
the Gibbs energy barriers for the formation of the possible products (Pcco/Pccoh, Pccb, Pins) and their
relative stability. As seen in Table 1, despite the remarkable relative stability of Pins, this product is the
most kinetically penalized except for the OR ligands. This fact is related to the strength in the Re-Y bond
that can be quantified by the variation of the DI values of the Re-Y bond when going from reactants to
I1′, the intermediate immediately prior to the formation of Pins in most cases. Tables 2 and 3 show that
all DIs reduce, but mainly those for N and O-containing ligands. The important weakening of the Re-O
bond at I1′ (or I1) explains why TS2ins competes with TS2ccb and TS2cco (when located), and Pins is
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the detected product for OMe, as experimentally found [48], and the suggested one for OPh. On the
other hand, ligands with P and S display the smallest weakening of the R-Y bond (the DI reduction
is 0.0046 and 0.0307 for the PMePh and PHMe cases, respectively). The similar size of the atomic
orbitals of the P and Re atoms promotes a large overlap between them that makes their bond strong,
so difficult to break in the insertion process. Concerning the Gibbs energy barriers for the formation of
Pcco/Pccoh and Pccb, TS2cco is, on the whole, less energy-demanding than TS2ccb as the attacked
carbon of the carbonyl ligand in cis disposition to Y is less electronically populated than the attacked
non-substituted carbon of the bipy ligand. Only for PPh2 TS2cco is 0.2 kcal/mol larger in energy than
TS2ccb while for PH2 TS2cco and TS2ccb show the same relative instability. This explains why Pcco
(or Pccoh when present) is the preferred kinetic product. Nonetheless, when those TSs compete each
other, Pccb is the predominat product as these products are always notably more stable than Pcco.

Table 3. Bond distances between Re and the heteroatom of the Y ligand (d(Re-Y) in Å), electron
delocalization indexes at the bond critical points located between Re and Y (DI(Re-Y)), and net
natural atomic charges of the nucleophilic atom of the Y ligand, the attacked carbon of the carbonyl
ligand in cis disposition to the Y ligand, the attacked non-substituted ortho carbon of the bipy ligand,
the non-substituted acetylenic carbon, and the substituted acetylenic carbon (NAC(Y), NAC(CCO),
NAC(Cbipy), NAC(C1), and NAC(C2) in e, respectively) at the intermediate I1′ when Y = NH2, NHMe,
NHpTol, OH, OMe, OPh, PH2, PHMe, PMe2, PHPh, PPh2, PMePh, SH, SMe, SPh) at the B3LYP level.

Y d(Re-Y) DI(Re-Y) NAC(Y) NAC(CCO) NAC(Cbipy) NAC(C1) NAC(C2)

NH2 2.271 0.4893 −0.825 0.740 0.081 −0.155 −0.348
NHMe 2.292 0.4650 −0.646 0.727 0.080 −0.139 −0.336

NHpTol 1 2.314 0.4594 −0.652 0.737 0.078 −0.154 −0.317
OH 2.253 0.3747 −0.706 0.730 0.082 −0.004 −0.392

OMe 1 2.256 0.3930 −0.568 0.725 0.089 −0.047 −0.388
OPh 1 2.316 0.3269 −0.544 0.726 0.087 0.003 −0.370
PH2 2.514 0.6458 0.686 0.762 0.079 −0.671 −0.298

PHMe 2.518 0.6496 0.956 0.763 0.081 −0.681 −0.295
PMe2 2.534 0.6412 1.199 0.761 0.080 −0.679 −0.290
PHPh 2.525 0.6389 0.970 0.762 0.081 −0.669 −0.290
PPh2 2.561 0.6135 1.225 0.756 0.078 −0.671 −0.293

PMePh 2.544 0.6295 1.215 0.756 0.080 −0.672 −0.288
SH 1 2.572 0.5528 0.199 0.756 0.083 −0.456 −0.333
SMe 2.565 0.5593 0.444 0.756 0.084 −0.479 −0.319
SPh 1 2.582 0.5372 0.470 0.750 0.085 −0.464 −0.311

1 For the sake of some degree of comparison, the non-appearance of I1′ led us to analyze I1 instead.

3. Computational Methods

Based on our previous theoretical studies on the reactions of [ReY(CO)3(bipy)] (Y = NHpTol,
OH, OMe, PPh2) complexes towards HMAD [57,58] and for comparison purposes, the present
research was carried out using the levels of theory PCM-B3LYP/6-31+G(d, p)-LANL2DZ and
CPCM-DLPNO-CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G(d, p)-LANL2DZ for obtaining molecular
geometries and energies, respectively (see Computational Chemistry Details in the Supporting
Information for a more detailed description). For brevity, the levels of theory PCM-B3LYP/6-31+G(d,
p)-LANL2DZ and CPCM-DLPNO-CCSD(T)/def2-TZVPP//PCM-B3LYP/6-31+G(d, p)-LANL2DZ have
been denoted as B3LYP and DLPNO-CCSD(T), respectively. A relative permittivity of 7.58 was
assumed in these calculations to simulate THF as the solvent experimentally used when investigating
the reactivity of [ReY(CO)3(N-N)] (Y = NHpTol, OH, OMe, PPh2; N-N = bipy and/or phen) towards
activated alkynes [48,51–54]. All the B3LYP species located present singlet electronic state without spin
contamination. Similarly, all the DLPNO-CCSD(T) species investigated showed T1 diagnostic values
less than 0.02 [61], suggesting that a multi-reference treatment is not necessary.
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Thermal free energy corrections in THF solution (Gtherm) were calculated at the B3LYP level using
the standard procedure starting from the molecular partition functions developed for computing
gas-phase thermodynamics properties within the ideal gas, rigid rotor, and harmonic oscillator
approximations at a pressure of 1 atm and a temperature of 298.15 K [62,63]. For each species, Gibbs
free energy in solution was determined by adding Gtherm to the highly accurate DLPNO-CCSD(T) energy.
Unless stated otherwise, for each reactive process investigated, energies discussed in the following
sections are all Gibbs free energies in THF solution referred to the corresponding separate reactants.

For interpretation purposes, the electronic structure of some relevant critical structures along
the reaction mechanisms found was analyzed using the natural bond orbital (NBO) method [64] and
the Bader’s Quantum Theory of Atoms in Molecules [65–67] to get, among other electron properties,
net atomic charges (NAC) and electron delocalization indexes (DI) [68,69], respectively. The DI is a
measure of the number of electrons shared between two atoms in a molecular system and therefore,
of the covalency of the bond between them.

All B3LYP computations were carried out with the Gaussian 09 suite of programs [70], while
DLPNO-CCSD(T) calculations employed the ORCA (version 4.0.1) program [71] and the frozen-core
approximation. NAC and DI were computed with the NBO (version 3.1) and AIMAll (version 10.12.11)
programs, respectively [72,73].

4. Conclusions

The systematic study of the reaction of [ReY(CO)3(bipy)] complexes (with Y being 15 different
ligands of general formula NHR, OR, PR1R2, or SR; R1 = R2 = R = H, Me, Ph or pTol) with HMDA
gave rise to several potential energy surfaces, all of them with an initial large energy TS for the
nucleophilic attack of Y to HMAD followed by diverse reaction channels towards three kinds of
products, Pcco/Pccoh, Pccb, and Pins. Ligands with N and S show an alternative approach of the
reactants leading to Pccb. The particular features of each ligand cause slight differences that determine
the resulting product. Thus, ligands NH2, OH, PH2, and SH are poorer nucleophiles for the reaction
with HMAD, whereas the presence of a moderate electron-donating substituent like a methyl group
replacing one of the H atoms in these ligands favours the processes. The energy destabilization of
the HOMO of the reactant complexes seems to be responsible for the diminution of the Gibbs energy
barrier corresponding to the nucleophilic attack step. The presence of an aryl substituent replacing one
of the H atoms in these ligands increases even more the energy destabilization of the HOMO of the
reactant complexes, but this does not always imply an easier process as factors other than the HOMO
energy may be predominant. Particularly, an aromatic ring bonded to N and O makes the reaction
more difficult, whereas its linkage to P and S favours it. Since the π electrons in the aromatic ring
conjugate with the lone pair at N atom in NHpTol, this pair becomes less available for the nucleophilic
attack on the HMAD molecule. The larger size of P prevents this conjugation, which explains the easier
reactivity of PHPh compared to that of NHpTol. It is also interesting to note that a more contracted
donor atom at the Y ligand tends to disfavour the reactivity of these Re complexes towards HMAD.
On the whole, ligands with N and P atoms show lower rate-determining Gibbs energy barriers than
ligands with O and S atoms, respectively. This trend is ascribed to the stability of the HOMO of the
reactant complexes and the availability of the attacking electron lone pair of the donor atom of the
Y ligand.

Concerning the reaction products, the insertion route is greatly penalized for P and S ligands
(although Pins is very stable) due to the strong bond formed between these large atoms and Re, which
is weaker in the case of N and O atoms. P and S ligands tend to yield Pccb as the main product, which
is not the general case for O and N ones. When the Y ligand has an O/N and an H atom the most likely
product is Pccoh, which is not always obtained when Y contains P/S. For OMe and OPh, the weakness
of the Re-O bonds together with the instability of Pcco and the absence of an O-bonded hydrogen atom
explain why Pins is the preferred product only for these two situations.
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Supplementary Materials: The following are available online, Explanation about the d6 electron configuration on
these Re complexes, Computational Chemistry Details, Figures S1–S15: B3LYP optimized geometries of the species
involved in the reaction between [ReY(CO)3(bipy)] (Y = NH2, NHMe, OPh, PH2, PHMe, PMe2, PHPh, PMePh, SH,
SMe, SPh, NHpTol, OH, OMe, and PPh2) towards HMAD, Tables S1–S45: B3LYP and DLPNO-CCSD(T) absolute
and relative energies and entropies as well as Cartesian coordinates of the key species implied in the reaction
of [ReY(CO)3(bipy)] (Y = NH2, NHMe, OPh, PH2, PHMe, PMe2, PHPh, PMePh, SH, SMe, SPh, NHpTol, OH,
OMe, and PPh2) towards HMAD, Figure S16: Pictures of the HOMO of the reactant complexes [ReY(CO)3(bipy)]
(Y = PHMe, PPh2, PMePh), Table S46: Variation of the DLPNO-CCSD(T) relative Gibbs energies for all the
analogous species when going from NH2 to NHMe and NHpTol, Table S47: Variation of the DLPNO-CCSD(T)
relative Gibbs energies for all the analogous species when going from OH to OMe and OPh, Table S48: Variation
of the DLPNO-CCSD(T) relative Gibbs energies for all the analogous species when going from PH2 to PHMe,
PMe2, PHPh, PPh2, and PMePh, Table S49: Variation of the DLPNO-CCSD(T) relative Gibbs energies for all the
analogous species when going from SH to SMe and SPh, Table S50: Variation of the DLPNO-CCSD(T) relative
Gibbs energies for all the analogous species when going from NH2, NHMe, and NHpTol to PH2, PHMe, and PHPh,
respectively, Table S51: Variation of the DLPNO-CCSD(T) relative Gibbs energies for all the analogous species
when going from OH, OMe, and OPh to SH, SMe, and SPh, respectively.
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Abstract: The reaction mechanism of [Cp2Mo(OH)(OH2)]+-cata-
lyzed hydrolysis of ethyl vinyl, divinyl, and diethyl ethers was
theoretically investigated. The reaction pathway evolving
through the coordination of the ether oxygen to Mo is notably
disfavored, as experimentally suggested. This is the only opera-
tive coordination mode for diethyl ether and explains why this
monofunctional ether is not hydrolyzed by molybdocenes.
However, difunctional ethers containing a functionality suscep-
tible to activation like the vinyl group present an alternative
reaction pathway proceeding through the coordination of the

Introduction
The interest in designing compounds and chemical processes
that reduce or eliminate the presence of chemical substances
dangerous to human health and the environment comes from
the last decade of the twentieth century.[1] One way to make
chemistry less polluting is to find alternatives to the organic
solvents frequently used.[2–7] Several research lines are under-
way today: reactive systems “without solvent”,[8–15] immobiliza-
tion of solvents,[7] ionic liquids,[16–19] biphasic solvents,[20] and
harmless and renewable solvents like CO2 and H2O.[21–26] The
aqueous reaction medium is the classic alternative to organic
solvents because water is cheap, abundant, and harmless, but
also has many unique physical and chemical properties: wide
range of temperatures for liquid state, high dielectric constant,
extensive hydrogen bonds, high heat capacity, and optimal oxy-
gen solubility to maintain aquatic life forms. Numerous chemi-
cal transformations such as oxidations, reductions, formation
and breakage of carbon–carbon and carbon–heteroatom
bonds, etc. successfully proceed in water owing to the presence
of transition metals.[26,27] Nowadays, it is known that many or-
ganometallic compounds of transition metals are perfectly
compatible with aqueous environments since the hydrolysis of
their metal-carbon bonds is kinetically disadvantaged. Besides,
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vinyl terminal carbon to Mo with accessible rate-determining
Gibbs energy barriers of 29.3 kcal/mol (divinyl ether) and
22.2 kcal/mol (ethyl vinyl ether). In these cases, the catalyst
withdraws electron density from the unsaturated bonds and
prepares the group for an easy OH-nucleophilic attack. This ex-
plains the molybdocene-catalyzed hydrolysis of ethyl vinyl
ether experimentally observed and, more interestingly, reveals
what the crucial role of the functional groups linked to the
ether oxygen really is in the viability of these reactive processes.

owing to their accessible d orbitals, the transition metals can
interact selectively with soft nucleophilic and electrophilic or-
bitals (π and π*, respectively) of alkynes, olefins, and arenes,
but not with hard nucleophilic groups that can be present in
any concentration in aqueous solution.[28]

Molybdocenes (Cp2MoX2; Cp = cyclopentadienyl or η5-C5H5

and derivatives, X = halide or pseudo halide) are water-soluble
MoIV complexes whose aqueous chemistry has received much
attention in order to investigate their possible use as an anti-
tumor agent[29–35] as well as their catalytic properties in organic
synthesis and polymerization processes.[36–39] Experimental
studies on the coordination chemistry between Cp2MoCl2 and
different DNA (deoxyribonucleic acid) models allowed to pro-
pose that [Cp2Mo(OH)(OH2)]+ is the dominant species at physio-
logical pH and, therefore, the active species in chemical trans-
formations catalyzed or mediated by Cp2MoCl2 in water.[29] A
theoretical study carried out in our laboratory has confirmed
this fact, but it has also revealed the reactive role of the species
[Cp2Mo(OH)]+.[40] The presence of an open coordination site
and an internal hydroxo ligand in these hydroxo complexes
significantly enhances the catalytic effectiveness of aqueous
molybdocenes. Specifically, they have proven to be efficient
when catalyzing a variety of organic reactions: H/D exchange
in alcohols,[41–43] hydrogenation of olefins,[36] nitrile hydra-
tion,[37–39,44–46] carbon monoxide oxidation,[45] and hydrolysis
of ethers,[45] esters of carboxylic acids,[36,37,45] and various or-
ganophosphates.[37,45–51]

Recent in-depth theoretical studies on the hydrolysis of ethyl
acetate,[52] the acrylonitrile hydration,[53] and the carbon mon-
oxide oxidation[54] catalyzed by [Cp2Mo(OH)(OH2)]+ have been



Full Paper

valuable to corroborate and rationalize the experimental belief
that the intramolecular nucleophilic attack of the hydroxo li-
gand on the Mo-coordinated substrate is the operative mecha-
nism (see Scheme 1).[36,44,45] In accordance with experimental
suggestions,[44,45] this mechanism begins with the replacement
of the aqua ligand of the catalytically active complex [Cp2Mo-
(OH)(OH2)]+ by the substrate (XY in Scheme 1). The next step
implies the attack of the hydroxo ligand to the substrate coordi-
nated to the molybdocene metal center resulting in the forma-
tion of a metallacyclic intermediate. Then, this metallacycle
opens by the addition of water from the reaction medium fol-
lowed by the formation of the corresponding product with the
subsequent recovery of the catalyst. More interestingly, those
theoretical results have also shown that the rate-determining
step of this kind of organometallic processes depends on the
organic substrate considered. Specifically, the attack of the
hydroxo ligand is the most energy-demanding step for the sub-
strates acrylonitrile and carbon monoxide.[53,54] Kinetic trends
found experimentally for the hydration of several nitriles could
be satisfactorily rationalized from that theoretical fact.[53] How-
ever, in case of the hydrolysis of the ethyl acetate substrate,[52]

the ethanol release from the metallacycle intermediate formed
just after the attack of the hydroxo ligand competes with the
acetic acid formation to be the rate-determining step.

Scheme 1. General mechanism found for the intramolecular nucleophilic
attack of the hydroxo ligand in the catalysis by molybdocenes {e.g.,
[Cp2Mo(OH)(OH2)]+} of different organic substrates (XY).

Taking into consideration the rich information provided by
Computational Chemistry in the aforementioned studies, we ex-
tended our theoretical research on the reactivity of molybdoce-
nes to the hydrolysis of ethers containing vinyl and/or ethyl
groups. Metal-catalyzed hydrolysis of vinyl (alkenyl) ethers is
relevant in asymmetric synthesis owing to the high availability
and low preparation cost of such substrates.[55] Investigating
the catalytic cleavage of C–O bonds in alkenyl and aliphatic
ethers by hydrolysis is also interesting because it provides in-
sight on the decomposition pathways of biomass into fuels and
chemicals.[56] Experimentally, it has been found that difunc-
tional ethers like ethyl vinyl ether and 2-methoxyacetonitrile

Eur. J. Inorg. Chem. 2019, 2924–2932 www.eurjic.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2925

hydrolyze in aqueous solution with [Cp′2Mo(OH)(OH2)]+ (Cp′ =
η5-C5H4CH3), but monofunctional ethers like diethyl ether do
not.[45] The reasons for these behaviors have not been fully elu-
cidated. It has been reasoned that the coordination of the ether
to the catalyst via the oxygen atom is prevented because the
ether functionality is a weak ligand and is sterically hindered.
As only the difunctional ethers previously mentioned hydrolyze,
it has been suggested that their hydrolysis occurs after precoor-
dination of one of the ether substituents to the catalyst. Particu-
larly, we wonder if it is the mono/difunctional character of an
ether or the presence of a vinyl moiety the determinant feature
for its hydrolysis catalyzed by molybdocenes, so we undertake
a density functional theory (DFT) study on the reaction mecha-
nism of this kind of organometallic reactions. To accomplish
this task, we selected [Cp2Mo(OH)(OH2)]+ as a very good model
of the catalyst used experimentally, [Cp′2Mo(OH)(OH2)]+, as well
as the real organic substrates ethyl vinyl ether and diethyl ether.
To go further in the analysis of the influence of the ether func-
tional groups, we also considered in the computations the
equally substituted divinyl ether case.

Methodology

Based on previous computational investigations on the reactiv-
ity of molybdocenes towards organic substrates other than
ethers[52–54] and for comparison purposes, the reaction mecha-
nism of the hydrolysis of mono- and difunctional ethers cata-
lyzed by [Cp2Mo(OH)(OH2)]+ was carried out at the level of
theory PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-PP for Mo)//PCM-
B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo). That is, full
geometry optimizations of stable species (reactants, intermedi-
ates, and products) and transition states (TS) were carried out
from the outset in water solution at the PCM-B3LYP/aug-cc-
pVDZ (aug-cc-pVDZ-PP for Mo) level using a modified version
of the Schlegel's algorithm.[57] Polarizable Continuum Model
(PCM) approach of Tomasi and co-workers[58] together with the
Bondi radii[59] were used to take into account solvent effects on
both geometry and energy. Electrostatic contributions to the
solvation energy[60] and a relative permittivity of 78.39 to simu-
late the water solvent used in the experiments on the ether
hydrolysis catalyzed by molybdocenes[45] were considered in
the PCM computations. B3LYP is the popular three-parameter
hybrid DFT functional that combines the Becke's nonlocal ex-
change functional, the Hartree–Fock exchange energy, the non-
local correlation functional of Lee, Yang, and Parr (LYP), and
the Vosko–Wilk–Nusair (VWN) fitting to the correlation energy
derived from the local spin density approximation.[61] The non-
metal atoms are described by the correlation consistent dou-
ble-� basis set augmented by diffuse functions aug-cc-pVDZ,[62]

while for Mo the valence electrons are represented explicitly
by aug-cc-pVDZ and the core electrons are modelled by the
corresponding double-� Stuttgart–Koln energy-consistent rela-
tivistic pseudopotential.[63] The character of all critical points
located on the potential energy surface (PES) was confirmed by
means of analytical calculations of harmonic vibrational fre-
quencies. Normal-mode analysis corresponding to the imagi-
nary frequency in the TS was used to verify the expected con-
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nections between the first-order saddle points and local min-
ima on the PES. However, in some doubtful cases, the connec-
tivity was also checked through intrinsic reaction coordinate
(IRC) computations with the second order Gonzalez-Schlegel
integration method.[64]

Electronic energies were refined by carrying out PCM-B3LYP/
aug-cc-pVTZ (aug-cc-pVTZ-PP for Mo) single-point energy cal-
culations on the PCM-B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for
Mo) optimized geometries. In these computations, the non-
metal atoms are described with the consistent correlation tri-
ple-� basis set augmented by diffuse functions aug-cc-pVTZ,[62]

while Mo is represented by the basis set aug-cc-pVTZ-PP,[63] in
which the valence electrons are considered explicitly by the
consistent correlation triple-� basis set cc-pVTZ augmented by
diffuse functions while the core electrons are modelled by the
corresponding triple-� Stuttgart–Koln energy-consistent relativ-
istic pseudopotential. In these calculations, both electrostatic
and non-electrostatic (cavitation, dispersion, and repulsion)
terms were considered.[60] Dispersion interactions in the B3LYP
energy calculations were assessed by computing the atom-pair
wise DFT-D3 dispersion correction (Edisp) developed by Grimme
and co-workers.[65] The single-point DFT-D3 calculations were
done on the PCM-B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP for Mo)
geometries using the Becke–Johnson damping function[66] as
in the previous study on the [Cp2Mo(OH)(OH2)]+-catalyzed hy-
drolysis of ethyl acetate.[52] Hereafter, unless otherwise stated,
the computational level PCM-B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-
PP for Mo)//PCM-B3LYP/aug-cc-pVDZ (aug-cc-pVDZ-PP) includ-
ing the energy dispersion correction will be identified in the
text as PCM-B3LYP-D3/VTZ//PCM-B3LYP/VDZ.

Thermodynamics magnitudes (ΔH, ΔS, and ΔG) were calcu-
lated in water solution at the PCM-B3LYP/VDZ theory level start-
ing with molecular partition functions developed for comput-
ing gas-phase thermodynamics properties within the ideal gas,
rigid rotor, and harmonic oscillator approximations at a temper-
ature of 298.15 K and a pressure of 1 atm.[67] This is a standard
procedure that has proven to be a correct and useful ap-
proach.[68]

Electronic structure of some relevant critical structures ob-
tained for [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of the ethers
investigated in this work was analyzed by the natural bond or-
bital (NBO) method.[69]

All the quantum-chemical computations mentioned above
were carried out with the Gaussian 09 series of programs.[70]

Results and Discussion

This section is organized in three subsections. First one is de-
voted to the description of the intramolecular reaction mecha-
nism found for the hydrolysis of ethyl vinyl ether catalyzed by
[Cp2Mo(OH)(OH2)]+ to give ethanol and acetaldehyde. In the
second subsection the variations of this mechanism for the hy-
drolysis of diethyl and divinyl ethers are analyzed. Finally, a gen-
eral discussion of the results is performed aiming at under-
standing experimental findings and uncovering relevant trends.
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a) Overview of the Intramolecular Mechanism of Ethyl
Vinyl Ether Hydrolysis

Figure 1, Figure 2, and Figure 3 display a schematic view of all
the structures located in the PCM-B3LYP-D3/VTZ//PCM-B3LYP/
VDZ investigation on the intramolecular mechanism of the
[Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of ethyl vinyl ether (see
Figure S1 and Tables S1 and S2 for optimized geometry and
energy data of the implied species, respectively). Hereafter, un-
less otherwise stated, the Gibbs energy of all those species will
be referred to that of the separate reactants, [Cp2Mo(OH)(OH2)]+

+ ethyl vinyl ether. As seen in Figure 1, the typical initial step
of the intramolecular mechanism is the de-coordination of the
aqua ligand from the starting complex [Cp2Mo(OH)(OH2)]+,
without energy barrier, to form a more stable species
[Cp2Mo(OH)]+ (–7.4 kcal/mol). A NBO analysis of the [Cp2Mo-
(OH)(OH2)]+ and [Cp2Mo(OH)]+ complexes reflects that Mo
presents a positive net atomic charge of +0.45 and +0.57 e,
respectively. For the case of isolated ethyl vinyl ether, the NBO
charges at the terminal carbon atom of the vinyl group (C1),
the oxygen atom (O3), and the terminal carbon atom of the
ethyl group (C5) amount to –0.56, –0.61, and –0.66 e, respec-
tively (see Figure 1 for atom numbering), which suggest that,
from the electronic charge point of view, any of these atoms
could coordinate to Mo. Next, we describe the reaction mecha-
nisms found for these coordination modes, starting with the
most favorable ones.

Figure 1 and Figure 2 display the Gibbs energy profiles ob-
tained for the mechanism proceeding through the vinyl coordi-
nation to Mo. As displayed at Figure 1, C1 coordinates to Mo
through TS0 (11.1 kcal/mol) for the formation of intermediate
I1 (6.2 kcal/mol). At TS0 the Mo···C1 distance is 3.049 Å while
a value of 2.472 Å was found at I1, clearly indicating the forma-
tion of the Mo–C1 bond and, consequently, a certain loss of the
double bond character of the C1–C2 bond, whose bond length
varies from 1.340 Å at the isolated ether to 1.380 Å at I1. Then,
the oxygen atom of the hydroxo ligand (Ohydroxo) attacks C2,
activated by the C1–Mo linkage, to give the four-membered
metallacycle I2 (5.0 kcal/mol) via TS1 (12.2 kcal/mol). The
Ohydroxo···C2 distance notably shortens from 2.119 Å at TS1 to
1.502 Å at I2 wherein the Ohydroxo–C2 bond has already been
formed. Besides, the C1–C2 bond length of the vinyl moiety
lengthens from 1.434 to 1.508 Å when going from TS1 to I2,
thus becoming a single C–C bond. I2 undergoes a 1,3-hydrogen
shift from Ohydroxo to O3 with simultaneous cleavage of the
C2–O3 bond of the ether moiety through TS2 (35.0 kcal/mol) to
release ethanol, a very stable molecule and one of the reaction
products, and the corresponding intermediate I3 (–9.5 kcal/
mol). As in previous theoretical investigations on the reac-
tivity of [Cp2Mo(OH)(OH2)]+ towards different organic sub-
strates,[52–54] a more realistic simulation of this type of H-shift
was obtained by using a discrete-continuum solvation model
that allows the description of the essential role of some water
molecules in this step. The inclusion of two explicit water mole-
cules in the computations on TS2 (TS2_2w) and I2 (I2_2w), see
Figure 1, reduces the energy difference between them from
30.0 kcal/mol, G(TS2)-G(I2), to 9.8 kcal/mol, G(TS2_2w)-G(I2_
2w), and, therefore, the Gibbs energy of TS2 becomes now
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Figure 1. PCM-B3LYP-D3/VTZ//PCM-B3LYP/VDZ Gibbs energy profile of the steps leading to the formation of a η3-vinyloxyl Mo complex (I3) along the C1–Mo
coordination mechanism for the [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of ethyl vinyl ether. For comparison purposes, relative Gibbs energy values in paren-
thesis have also been included for some relevant analogous species implied in the [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of divinyl ether.

Figure 2. PCM-B3LYP-D3/VTZ//PCM-B3LYP/VDZ Gibbs energy profiles of the steps going from the η3-vinyloxyl Mo complex I3 to the separate products along
the C1–Mo coordination mechanism for the [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of ethyl vinyl ether.
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14.8 kcal/mol with respect to the separate reactants. The result-
ant energy reduction, 20.2 kcal/mol, is in consonance with val-
ues close to 16 kcal/mol obtained for analogous migrations in
the case of ethyl acetate hydrolysis[52] and acetonitrile hydra-
tion[53] catalyzed by [Cp2Mo(OH)(OH2)]+. At I3 Mo is simultane-
ously interacting with Ohydroxo and the C1 and C2 atoms of the
original vinyl group of the ether at distances of 2.130, 2.355,
and 2.350 Å, respectively. This coordination resembles the typi-
cal η3-allyl–metal interaction found in pseudo-octahedral Mo
complexes and other related ones.[71] As seen in Figure 2, I3
can evolve through the cleavage of either the Mo–C1 or Mo-
Ohydroxo bond to give the open intermediates I4-1 (–5.8 kcal/
mol) or I4-2 (1.4 kcal/mol) via TS3-1 (0.3 kcal/mol) or TS3-2
(4.3 kcal/mol), respectively. At both intermediates Mo presents
a vacant coordination site, which is immediately occupied by
one water molecule from the aqueous reaction medium with-
out any TS. Thus, I4-1 and I4-2 become I5-1 (–2.9 kcal/mol) and
I5-2 (–3.8 kcal/mol) after forming a new bond between Mo and
the oxygen atom of the aqua ligand (Owater) at distances of
2.217 and 2.199 Å, respectively. Besides this, I5-2 is stabilized
by a six-membered ring consequence of a hydrogen bonding
interaction between one hydrogen atom of the water ligand
(Hwater) and the terminal Ohydroxo atom with a bond length of
1.647 Å and Owater–Hwater···O3 bond angle of 158.1°. At I5-1,
however, such an interaction is not present [distance(Hwater···
Ohydroxo) = 2.086 Å, angle(Owater–Hwater···Ohydroxo) = 101.4°] be-
cause its existence would imply the formation of a very strained
four-membered ring (Owater–Hwater···Ohydroxo–Mo). Therefore,
the transformation I4-2 + H2O → I5-2, energetically disfavored
by the entropy, is partly overcompensated by the energy stabili-
zation caused by the establishment of a hydrogen bond at I5-
2, but this does not happen in the I4-1 + H2O → I5-1 transfor-
mation. I5-1 and I5-2 proceed through TS4-1 (5.1 kcal/mol) and
TS4-2 (6.5 kcal/mol) for another hydrogen migration from Owa-

ter to Ohydroxo, directly or non-directly linked to Mo, leading to
the intermediates I6-1 (4.6 kcal/mol) and I6-2 (7.5 kcal/mol),
respectively. The vinyl alcohol moiety present at both interme-
diates is released in the next step by means of the cleavage of the
Mo-Ohydroxo (TS5-1, 11.9 kcal/mol) and Mo–C1 bonds (TS5-2,
12.8 kcal/mol), respectively, thus recovering the active catalyst
[Cp2Mo(OH)]+. We clarify that I6-2 is 1.0 kcal/mol larger in Gibbs
energy than the previous TS4-2, but in terms of electronic en-
ergy is 0.2 kcal/mol lower than it. Finally, vinyl alcohol would
tautomerize into acetaldehyde, the other product experimen-
tally observed, through a H migration from Ohydroxo to C1. The
experimental activation energy reported for this intramolecular
rearrangement (15.2 kcal/mol)[72] is lower than the Gibbs en-
ergy barriers found for previous steps.

The reaction mechanism evolving through the coordination
of O3 to Mo allows two mechanistic routes depending on
whether the vinyl or the ethyl group is the one closest to the
hydroxo ligand. For the first option whose PCM-B3LYP-D3/VTZ//
PCM-B3LYP/VDZ Gibbs energy profile is collected in Figure 3
(species denoted with the v_O label), O3 coordinates to the
metal center of [Cp2Mo(OH)]+ via TS0v_O (11.4 kcal/mol) to
yield intermediate I1v_O (8.3 kcal/mol), in which the newly
formed Mo–O3 bond has a distance of 2.375 Å. Then, the nu-
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cleophilic attack of Ohydroxo on C2, the vinyl carbon directly
bonded to O3, occurs with simultaneous cleavage of the C2–O3
bond through TS1v_O (36.2 kcal/mol). Afterwards, intermediate
I2v_O (5.9 kcal/mol), wherein the {Cp2Mo2+} fragment is at-
tached to the ethoxo and vinyl alcohol monodentate ligands
via O3 and Ohydroxo, respectively, forms. The notable diminution
of the NBO charge of Ohydroxo from –0.90 e at I1v_O to –0.63 e
at I2v_O is due to the formation of the Ohydroxo–C2 bond, with
the concomitant lengthening of the Mo-Ohydroxo bond length,
0.270 Å, when going from I1v_O to I2v_O. On the other hand,
the shortening of the Mo–O3 bond length, 0.365 Å, along with
the cleavage of the O3–C2 bond is in consonance with the
moderate increase of the NBO charge of O3 from –0.503 e at
I1v_O to –0.689 e at I2v_O. In addition, that nucleophilic attack
at TS1v_O involves a very strained four-membered metallacycle
(Mo-Ohydroxo–C2–O3) with an Ohydroxo–Mo–O3 bond angle of
62.0°, which also contributes to the high instability of TS1v_
O. Analogous four-membered interactions were found in the
nucleophilic attack of the hydroxo ligand on [Cp2Mo(OH)]+-
coordinated ethyl acetate, acetonitrile, and even ether with
C1–Mo coordination, but those TSs are between 10 and 25 kcal/
mol more stable than TS1v_O with respect to their correspond-
ing reactants. In the easiest cases, the OH nucleophilic attack
partially breaks an activated double or triple bond, but a simple
one, together with the bond in the vinyl fragment, are affected
in the ether case with O3–Mo coordination, becoming the sub-
strate split in two moieties.[52,53] Next, the vinyl alcohol ligand
at I2v_O de-coordinates through TS2v_O (10.4 kcal/mol) and,
then, would tautomerize to acetaldehyde in water solution. The
new complex formed [Cp2Mo(OEt)]+ (I3v_O, –6.6 kcal/mol) has
a vacant coordination site, which is immediately occupied by
one water molecule without any TS to render the correspond-
ing complex [Cp2Mo(OEt)(OH2)]+ (I4v_O, 1.1 kcal/mol). The en-
tropic factor is mainly responsible for the energy destabilization
in the I3v_O + H2O → I4v_O transformation. The Mo-coordi-
nated water molecule transfers one of its hydrogen atoms to
O3 through TS3v_O (4.0 kcal/mol), thus yielding intermediate
I5v_O (1.0 kcal/mol). This species has an ethanol ligand that
de-coordinates via TS4v_O (11.0 kcal/mol) to finally give the
ethanol product and the recovery of the [Cp2Mo(OH)]+ catalyst.

The second orientation of the ethyl vinyl ether for the O3–
Mo coordination is even less favored for the ether hydrolysis
than the previous one (species are now identified with the
e_O label). The coordination of the substrate with the ethyl
group close to the OH ligand has an energy barrier of 18.5 kcal/
mol, TS0e_O, with respect to the most stable previous species,
[Cp2Mo(OH)]+, similar to those above described for the different
coordination modes of this ether (18.5 kcal/mol, TS0, and
18.8 kcal/mol, TS0v_O). Now, at I1e_O Ohydroxo points to C4, a
carbon atom with all its valences saturated and whose electron
density has hardly reduced, which makes the TS for the nucleo-
philic attack, TS1e_O, 3.3 and 27.3 kcal/mol less stable than
TS1v_O and TS1, respectively. As TS1v_O, TS1e_O brings
about the ether cleavage into two fragments anchored to Mo
through O3 (O3–CH=CH2) and Ohydroxo (Ohydroxo–CH2–CH3), as
evidenced by intermediate I2e_O (–2.1 kcal/mol). After releas-
ing the ethanol ligand, I2e_O will evolve to products following
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Figure 3. PCM-B3LYP-D3/VTZ//PCM-B3LYP/VDZ Gibbs energy profile of the most favored O3–Mo coordination mechanism for the [Cp2Mo(OH)(OH2)]+-catalyzed
hydrolysis of ethyl vinyl ether. For comparison purposes, relative Gibbs energy values in parenthesis and square brackets have also been included for some
relevant analogous species implied in the [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of divinyl and diethyl ethers, respectively.

the sequence I4-1 → I5-1 → TS4-1 → I6-1 → TS5-1 displayed
in Figure 2.

Finally, the coordination of the ethyl vinyl ether to Mo via C5
has been discarded as neither TS nor intermediate were found
as a consequence of the saturated nature of the carbon atoms
of the ethyl functionality.

The comparison of the most favorable hydrolysis mecha-
nisms of ethyl vinyl ether, displayed in Figure 1, Figure 2, and
Figure 3, shows that the ones with vinyl coordination to the
catalyst (C1–Mo) are clearly preferred over those with O3–Mo
coordination. The most favored C1–Mo route proceeds through
the breakage of the C1–Mo bond at I3 and comprises six steps
(initial coordination of the ether; intramolecular nucleophilic
OH attack; 1,3-H transfer with elimination of the first alcohol;
recovering of a three coordination of Mo; H transfer from just
linked water; and elimination of the second alcohol), being the
1,3-H transfer, assisted by two water molecules, the rate-limiting
step with an energy barrier of 22.2 kcal/mol measured from its
most stable previous species, [Cp2Mo(OH)]+. Along this route
the number of ligands coordinated to Mo varies from 3 {at
[Cp2Mo(OH)]+, I2, I3, and I4-1} to 4 {at [Cp2Mo(OH)(OH2)]+, I1,
I5-1, and I6-1}. Besides, for the former case, the hapticity dis-
played by the non-Cp ligand can be 1 {at [Cp2Mo(OH)]+ and
I4-1}, 2 (at I2), or even 3 (at I3). This coordination versatility
involves an easy deformation capability of the Cp2Mo part of
the catalyst and is one of its relevant features. As a conse-
quence, it is noteworthy that the energy barrier for the initial
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coordination of ethyl vinyl ether to the catalyst has always a
value between 18 and 19 kcal/mol, irrespective of the ether
atom, C1 or O3, which links to Mo or even the ether orientation
in the O3–Mo coordination. It is the intramolecular OH nucleo-
philic attack that makes the difference between the possible
routes. Thus, for the C1–Mo coordination the vinyl moiety is
activated by the bonding of C1 to the molybdocene and the
attack of OH to C2 is quite easy (TS1, with an energy barrier of
19.6 kcal/mol), whereas for the O3–Mo coordination no activa-
tion of the C atoms singly bonded to O3 (no matter whether
they are part of a double or simple C–C bond) is achieved and
this step becomes the rate limiting one (TS1v_O, with an en-
ergy barrier of 43.6 kcal/mol). Actually, C2 is greatly affected by
the C1–Mo coordination since at I1 the C1–C2 bond length
increases in 0.040 Å relative to that at the isolated ether and
C2 acquires a positive NBO charge of +0.35 e at I1. The elonga-
tions in C2–O3 and O3–C4 bond lengths are much smoother at
I1v_O (0.024 and 0.020 Å, respectively) and the electron density
reduction at O3 neighbor atoms is also much smaller (NBO
charges of +0.14 e and –0.07 e for C2 and C4, respectively).

b) Influence of Replacing Functionalities at the Ethyl Vinyl
Ether to Obtain Equally Substituted Ethers

To gain a deeper insight into ether hydrolysis catalyzed by
molybdocenes, we investigated the influence of replacing both
the ethyl group by a vinyl one (to yield divinyl ether) and the
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vinyl group by an ethyl one (to obtain diethyl ether) on the
intramolecular attack mechanisms described in the previous
subsection. Given the chemical resemblance, it is reasonable to
assume that analogous reaction paths happen for the difunc-
tional and the equally substituted ethers, so we focus on their
most relevant steps, i.e., the coordination of the ether to Mo,
the nucleophilic attack of the hydroxo ligand to the Mo-coordi-
nated ether, and 1,3-hydrogen migration from the hydroxo li-
gand to the Mo-coordinated ether (which only happens in the
C1–Mo coordination). To denote the species involved in the hy-
drolysis of the equally substituted ethers, we will use the same
acronyms as in the case of ethyl vinyl ether plus the suffixes dv
or de for divinyl or diethyl ether, respectively. For the O3–Mo
coordination mechanism, we note however that letters v and e,
used in the ethyl vinyl ether, have been removed in the equally
substituted ones for obvious reasons. Figure S2 and Figure S3
collect the optimized geometry of the involved species, while
the corresponding energy data are shown in Tables S3–S6. For
comparison purposes, relative Gibbs energies of the relevant
species involved in the [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis
of divinyl ether are displayed in parenthesis in Figure 1 and
Figure 3, whereas those of diethyl ether are collected in square
brackets in Figure 3.

As for ethyl vinyl case, divinyl ether can coordinate to Mo
through either one terminal carbon atom of the vinyl function-
ality (C1) or the oxygen atom (O3). Again, the first coordination
mode is more favorable than the second one (see relative Gibbs
energy values in parenthesis in Figure 1 and Figure 3). As seen
in Figure 1, all the species involved in the relevant steps of
the C1–Mo coordination mechanism are less stable than the
analogous ones for the difunctional ether between 0.3 kcal/mol
(I2_dv) and 3.5 kcal/mol (TS1). The C1 atom of divinyl ether
coordinates to Mo via TS0_dv (12.3 kcal/mol above reactants)
to give rise to intermediate I1_dv (8.3 kcal/mol), in which the
distance of the formed Mo–C1 bond is 2.517 Å (2.925 Å at TS0_
dv). The next step implies the nucleophilic attack of the
hydroxo ligand to C2 via TS1_dv (15.7 kcal/mol) to render the
four-membered metallacyle I2_dv (5.3 kcal/mol). At TS1_dv the
distance between Ohydroxo and C2 is 2.118 Å, which is similar to
that in TS1 (2.119 Å). One may then wonder why the presence
of a second vinyl group in the ether makes the barrier for the
OH attack slightly larger (by 1.4 kcal/mol) than that for ethyl
vinyl ether. The comparison of the geometries of I1 and
I1_dv reflects that a second vinyl fragment makes the interac-
tion between the ether and the catalyst slightly weaker, with
the C1–Mo bond length a bit larger (by 0.045 Å) and the C1–
C2 bond a bit shorter (by 0.011 Å) than in I1. As a consequence,
the C1–C2 bond is less activated and C2 presents smaller elec-
trophilic character (NBO charge of 0.02 e lower in I1_dv than
in I1). At I2_dv one hydrogen migrates to the ether oxygen
atom from the hydroxo one through TS2_dv (38.7 kcal/mol) to
provoke the release of the vinyl alcohol with a simultaneous
formation of I3 (–10.6 kcal/mol), the same species as in the
analogous H-shift step when ethyl vinyl ether is coordinated to
Mo via C1. Again, to get a better modelling of such a H-migra-
tion in water solution, we re-compute I2_dv and TS2_dv in-
cluding two explicit water molecules, and the difference in
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Gibbs energy between the corresponding species I2_2w_dv
and TS2_2w_dv amounts to 16.6 kcal/mol (see Figure 1 and
Figure S2), 6.8 kcal/mol more than in the analogous assisted
step for the ethyl vinyl ether. In this case, unlike in TS2_2w, at
TS2_2w_dv water transfers a proton to C5, the terminal C atom
of the non-interacting vinyl group, thus rendering directly acet-
aldehyde instead the vinyl alcohol. Actually, C5 in the divinyl
ether has a significant negative charge and geometrical disposi-
tion ready for a proton acceptance. All the attempts to locate a
TS analogous to TS2_2w failed.

On the other hand, the alternative coordination of divinyl
ether to Mo could take place via TS0_O_dv (13.4 kcal/mol),
in which the Mo···O3 distance is 2.686 Å. This TS evolves to
intermediate I1_O_dv (11.5 kcal/mol) wherein the Mo–O3 bond
is clearly formed with a bond length of 2.433 Å. The next step
corresponds to the nucleophilic attack of the hydroxo ligand to
the C4 atom through TS1_O_dv (38.1 kcal/mol) to split the
ether into two moieties. One of them remains linked to Mo via
the ether oxygen (O–CH=CH2), while the other one is now
linked to the hydroxo oxygen (HO–CH=CH2). Considering both
possible reaction routes, it can be seen that the hydrolysis of
divinyl ether catalyzed by molybdocene follows the same
mechanism as that found for the hydrolysis of ethyl vinyl ether,
that is, through C1–Mo coordination.

Regarding the monofunctional diethyl ether, the oxygen
atom (O3) is the only one able to coordinate to Mo since the
coordination by a saturated terminal carbon of one ethyl func-
tionality is not viable, as previously checked. Relative Gibbs en-
ergy values in square brackets in Figure 3 show that the energy
barrier for the coordination of diethyl ether to Mo slightly in-
creases by 1.5 kcal/mol compared to that of ethyl vinyl ether.
In consonance with this similarity, the Mo···O3 distance at
TS0_O_de (2.828 Å) is close to the analogous one at TS0_0
(2.801 Å). As for all routes involving O3–Mo coordination, the
nucleophilic attack of OH to one of the saturated C atoms
bonded to O3 (C2/C4) is the rate-limiting step with a very large
energy relative to isolated reactants (44.3 kcal/mol, 8.1 kcal/
mol larger than the corresponding energy barrier for ethyl vinyl
ether). Such an energy demanding step means that the hydroly-
sis of this ether catalyzed by molybdocenes will be much slower
(or even forbidden) than that of any ether containing at least
one vinyl group linked to the ether O atom.

c) Comparison with Experimental Findings

Our theoretical investigation on the intramolecular nucleophilic
attack mechanism for the hydrolysis of ethyl vinyl ether cata-
lyzed by [Cp2Mo(OH)(OH2)]+ shows that the coordination of the
end vinyl carbon atom of this difunctional ether to Mo is by far
more favorable than routes involving ether oxygen coordina-
tion to Mo. Hydrogen migration from OH catalyst ligand to
ether oxygen already bonded to the catalyst is the most energy
demanding step with a Gibbs energy barrier of 22.2 kcal/mol.
This barrier is consistent with the experimental suggestion that
the precoordination of the second functional group (i.e., the
ether vinyl group) is essential for the ethyl vinyl ether to be
hydrolyzed under mild conditions by the Mo catalyst.[45] On
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the other hand, a barrier of 22.2 kcal/mol fits well with the
experimental activation Gibbs energy found for the same chem-
ical process catalyzed by perchloric acid in water solution
(17.1 kcal/mol at 299.85 K)[73] as well as with the Gibbs energy
barrier (ca. 23–26 kcal/mol at 313.15 K)[55b] derived from the
experimental reaction time using the thermodynamic formula-
tion of the transition state theory[67] for the hydrolysis of benzyl
vinyl ether catalyzed by various metal complexes [PdCl2-
(MeCN)2, PtCl2(MeCN)2, HgSO4, Sc(OTf )3, CuCl2, etc.] in water/
acetonitrile solution. Regarding the monofunctional diethyl
ether, it can only coordinate to Mo via the ether oxygen, so the
rate-determining step is now the intramolecular nucleophilic
OH attack on an internal ethyl C atom with a large energy bar-
rier of 51.7 kcal/mol. Consequently, such an ether does not
hydrolyze in the presence of molybdocenes as experimentally
observed.[45]

In addition, the results obtained for the mechanistic investi-
gation on the hydrolysis of the equally substituted divinyl ether
are similar to those found for ethyl vinyl ether. The coordination
of one of the two terminal carbon atoms of divinyl ether to Mo
is again the most favored mechanism with a rate determining
Gibbs energy barrier of 29.3 kcal/mol controlled by the same
hydrogen transposition. The comparison of the Gibbs energy
barriers for the [Cp2Mo(OH)(OH2)]+-catalyzed hydrolysis of the
three ethers investigated in this work is in good agreement
with the experimental fact that ethyl vinyl ether is more reactive
than divinyl one, which in turn is more reactive than diethyl
ether, for the molybdocene[45] and the acid-catalyzed hydrolysis
process.[74]

Conclusions

The theoretical study (PCM-B3LYP-D3/VTZ//PCM-B3LYP/VDZ
level) of the hydrolysis of one difunctional, ethyl vinyl, and two
equally substituted, divinyl and diethyl, ethers catalyzed by
[Cp2Mo(OH)(OH2)]+ leads to the following conclusions.

The ether functionality by itself is not active for the hydroly-
sis of ethers catalyzed by molybdocenes, as experimentally ob-
served. Our investigation shows that all reaction routes with
ether oxygen coordination to Mo produce very large energy
barriers (43.6 and 46.9 kcal/mol for ethyl vinyl ether when the
catalyst OH attacks a vinyl and an ethyl carbon, respectively,
and 45.5 and 51.7 kcal/mol for divinyl and diethyl ethers, re-
spectively). As a consequence, the second functionality (i.e., the
ether non-alkane substituent) is crucial for the viability of the
ether hydrolysis in the presence of molybdocenes. Only if the
second functionality has a double or triple bond this will coor-
dinate to Mo and start an accessible hydrolysis process. Thus,
ethyl vinyl and divinyl ethers hydrolyze through the coordina-
tion of the vinyl group to the metal with Gibbs energy barriers
of 22.2 and 29.3 kcal/mol, respectively. The barriers found in
our study agree with the experimental reactivity trend observed
for hydrolysis of the ethers here considered. In this sense, we
have seen that a second vinyl substituent does not reduce the
barrier for the hydrolysis, but the opposite; it renders a weaker
coordination of the ether with the catalyst and a costlier nu-
cleophilic OH addition.
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The preference for a terminal vinyl coordination over the
ether oxygen one could be thought to depend on the steric
hindrance produced by the ramification in the ether oxygen
atom. However, all the energy barriers for the initial Mo coordi-
nation of the three ethers here handled present similar values,
in the range of 18.5–21.8 kcal/mol. This fact goes against that
reasoning and can be explained on the basis of observed flexi-
bility of the Cp2Mo fragment at the catalyst. The comparison of
our reaction mechanisms shows that the main effect of the kind
of ether coordination relates to the energy cost of the second
reaction step, the intramolecular OH nucleophilic attack on the
atoms directly bonded to the one linked to Mo. For a vinyl
coordination (or for the coordination of any unsaturated func-
tionality like carbonyl or nitrile ones) the catalyst withdraws
electron density from the functionality, which activates the
group for an easy nucleophilic attack. Such an activation is not
possible for an Oether–Mo coordination, so the nucleophilic at-
tack, which is the rate-limiting step, is energetically very expen-
sive in these cases.
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Regiochemistry Control by Bipyridine Substituents in the
Deprotonation of ReI and MoII N-Alkylimidazole Complexes

Maialen Espinal-Viguri,[b] Sergio Fombona,[b] Daniel ]lvarez,[d] Jesffls D&az,*[c]

M. Isabel Men8ndez,[d] Ramjn Ljpez,*[d] Julio P8rez,[a, b] and Luc&a Riera*[a]

Abstract: Compounds containing N-alkylimidazoles (N-RIm)

and 4,4’-disubstituted 2,2’-bipyridines (4,4’-R’2bipy) coordi-

nated to cationic {Mo(h3-C4H7)(CO)2} and {Re(CO)3} fragments
undergo deprotonation of the C2-H group of the N-RIm li-

gands in their reactions with KN(SiMe3)2. The resulting inter-
nal nucleophile adds either to one pyridyl ring, which be-

comes dearomatized and can undergo ring opening in the
subsequent reaction with excess MeOTf, or to the metal

center, yielding imidazol-2-yl complexes, which in turn add

HOTf or MeOTf, affording N-heterocyclic carbene complexes.
Which pathway is followed is dictated by the metal and the

nature of the imidazole (R) and bipyridine (R’) substituents.

For ReI compounds, addition to pyridine is found with R’=
tBu and OMe, whereas for R = Me and R’= NMe2, imidazolyl
formation is preferred. Coordination of 4,7-Cl2-1,10-phenan-

throline to MoII favors C@C coupling, in contrast to the anal-
ogous parent bipy or phenanthroline complexes, for which

formation of the imidazol-2-yl complexes had been found.
DFT calculations showed the theoretically expected products

in each case, and following their predictions new types of

products were obtained experimentally.

Introduction

The study of the dearomatization of pyridines mediated by

transition metal complexes is expected to provide homogene-

ous models for the industrially relevant, yet poorly understood,
hydrodenitrogenation process.[1] The first examples of pyridine

ring opening, reported by Wolczanski et al.[2] and Wigley
et al. ,[3] involved strongly reducing early transition metal com-

plexes capable of binding pyridines in the very rare k2-C,N
mode. In such compounds, the strong backdonation from the
metal fragment weakens the metal-coordinated C@N bond so

much that the complex can be regarded as a metallaaziridine.
As a consequence, the electrophilic character of its a-carbon

atom increases. Mindiola and co-workers effected pyridine ring

opening by a completely different approach, namely, cycload-
dition between the pyridine C=N bond and a highly reactive ti-

tanium alkylidine intermediate.[4] Diaconescu et al.[5] achieved

the ring opening of substituted imidazoles by group 3 metals
Sc and Y[6] as well as by U alkyl complexes. More recently, Luo

and Hou reported the extrusion of a nitrogen atom from a pyr-
idine or quinoline ring at a trinuclear titanium polyhydride

complex through reduction of a HC=N unit followed by cleav-
age of the two C@N bonds.[7]

In the chemistry of main group metals, several reagents are

known to dearomatize pyridine rings.[8] In the cases in which
mechanistic information is available, the initial formation of a
metal pyridine complex is followed by intramolecular metal-to-
pyridine group transfer of NH2, R, H, or F.[9] Formally related are
alkyl transfers from f-block metals to pyridines. In the over-
whelmingly large majority of their transition metal complexes,

pyridine donors are k1-N coordinated.[1a, 10] Outer-sphere nucle-
ophilic attack on coordinated pyridines in these species has
been proposed long ago by Gillard and Lyons,[11, 12] but the few

uncontroversial examples required hydrothermal conditions.[13]

We have demonstrated several examples of pyridyl ring

dearomatization by intramolecular nucleophilic attack of a de-
protonated N-alkyimidazole (N-RIm) ligand on coordinated 2,2’-
bipyridine (bipy) and 1,10-phenanthroline (phen).[14] In the

products of these reactions one of the C@N bonds has been
activated and transformed into a single bond. Bipy and phen

have been widely employed in all areas of coordination
chemistry;[15] however, prior to our work, examples of dearo-

matization of transition-metal-coordinated bipy and phen
under mild conditions were hardly known.[16, 17] In one instance,
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we found that two successive methylations of the dearomat-
ized pyridyl moiety cleave a C@N bond with formation of a pyr-

idyl ring-opening product.[14g] Herein, we report a study on the
effect of the nature of bipy or phen backbone substituents on

the deprotonation outcome of MoII and ReI imidazole com-
plexes.[18] The electronic properties of these substituents deter-

mine the type of product obtained, and allow one to favor
either intramolecular C@C coupling products (involving bipy
C2 or C6, depending on the nature of the substituent) or for-

mation of imidazol-2-yl products. Some of the substituents em-
ployed herein promote the pyridyl ring-opening reaction, of

which a single example was previously known.

Results and Discussion

We started our study on the effect of the nature of the groups
at the 4- and 4’-positions of 2,2’-bipyridine ligands by employ-

ing tert-butyl groups as substituents. The addition of equimolar

amounts of KN(SiMe3)2 to THF solutions of [Mo(h3-
C4H7)(CO)2(4,4’-tBu2bipy)(N-RIm)]OTf (R = Mes (2,4,6-trimethyl-

phenyl), 1 a ; Me, 1 b)[19–21] at @78 8C resulted in a color change
from orange to brown, and in a shift to lower wavenumbers of

the IR nCO bands consistent with the formation of neutral prod-
ucts (e.g. , from 1950, 1868 to 1930, 1848 cm@1 for 1 a). The sta-

bility of these species was not high enough to allow their iso-

lation, so electrophilic interception was performed by addition
of an equimolar amount, in each case, of HOTf or MeOTf to

afford 2 a,b or 3 a,b, respectively (see Scheme 1).

Similar spectroscopic key features were found for all of the
new compounds, indicating that the same type of product was

formed. The IR nCO bands indicate retention of the cis-
{Mo(CO)2} unit, shifted to higher wavenumbers compared to
the neutral intermediates as a consequence of the reaction

with the electrophilic reagents (e.g. , 1946, 1865 cm@1 for 2 a).
NMR spectra clearly showed the presence of a molecular

mirror plane, so formation of the corresponding N-heterocyclic
carbene (NHC) complexes can be proposed, via the C-bonded

imidazol-2-yl neutral species, which are subsequently protonat-

ed or methylated on the nonsubstituted nitrogen atom. Ac-
cordingly, 1H NMR spectra of 2 a,b and 3 a,b showed only the

signals for two imidazole CH groups, and the low-intensity
signal corresponding to the Mo-Ccarbene atom in the 13C NMR

spectra, in the range 185.2–186.8 ppm, is good evidence of the
formation of NHC complexes. The solid-state structure determi-

nation by X-ray diffraction of compounds 2 a and 2 b con-

firmed the formation of MoII NHC complexes (Figure 1).[22]

In both structures the NH-NHC ligand is in trans disposition

to the h3-methallyl ligand, whereas the bipy and the two car-
bonyl ligands define the meridional plane of the pseudoocta-

hedral molybdenum coordination environment. The Mo@
Ccarbene bond lengths of 2.247(4) and 2.228(4) a for compounds

2 a and 2 b are in the range from 2.143(2) to 2.285(9) a estab-

lished for MoII NHC complexes.[23]

This behavior is reminiscent of that previously found for the

nonsubstituted MoII bipy complexes,[24, 25] whereas for 4,4’-
X2bipy (X = Cl, Br) derivatives products of C@C coupling be-
tween imidazole C2 and bipy C2 were observed.[14d]

To carry out similar studies on ReI compounds, cationic fac-

{Re(CO)3} N-alkylimidazole complexes were prepared by simple
substitution of the triflate anion by the N-RIm ligand in [Re-
(OTf)(CO)3(4,4’-R’2bipy)] (R’= tBu, OMe, NMe2) complexes.[19] We

had previously found that for the nonsubstituted bipy com-
plexes [Re(CO)3(bipy)(N-RIm)]OTf, deprotonation of the central

CH group of the imidazole ligand triggered nucleophilic attack
on the C6 atom of bipy, which became dearomatized.[14g] This

reaction can be regarded as a C@C coupling reaction in which

a nucleophile generated in situ (the deprotonated imidazole
carbon atom) attacks an electrophile (the bipy ligand). There-

fore, for ReI N-alkylimidazole species, electron-donating sub-
stituents were chosen in an attempt to increase the electron

density of the aromatic diimine ligand, diminish its electrophil-
ic character, and hence discourage the C@C coupling reaction

Scheme 1. Reactivity of [Mo(h3-C4H7)(CO)2(4,4’-tBu2bipy)(N-RIm)]OTf (1 a,b).
Synthesis of MoII NHC complexes.

Figure 1. Molecular structure of the cations of: a) 2 a, and b) 2 b with ther-
mal ellipsoids at 30 % probability.
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and encourage the reaction to follow a different pathway. The
reaction of the tert-butyl derivatives [Re(CO)3(4,4’-tBu2bipy)(N-

RIm)]OTf (R = Mes, 4 a ; Me 4 b) with an equimolar amount of
KN(SiMe3)2 afforded immediately, as indicated by the IR nCO

values, neutral species, which in the case of 5 b could be char-
acterized in solution by means of 1H NMR spectroscopy. The
1H NMR spectrum showed distinct signals for each nucleus of
the bipy moiety and strongly upfield shifted signals of one
ring (at 5.70, 5.54, and 4.92 ppm). These features indicate that

the reaction involved a transformation of the bipy ligand, so
we can propose that complex 5 b results from the intramolecu-
lar nucleophilic attack at a bipy C6 atom by the deprotonated
imidazole, which generates a new C@C bond with consequent
dearomatization of the involved pyridyl ring (Scheme 2), in a
similar reaction pathway to that found for the nonsubstituted

bipy N-RIm complexes.[14g]

The addition of excess MeOTf in CH2Cl2 to neutral intermedi-
ates 5 a,b led to two successive methylations and cleavage of
the C@N bond of the dearomatized ring, resulting in formation
of ring-opening products 6 a,b (Scheme 2). The new com-

pounds were spectroscopically characterized in solution, and,
for 6 a, also by X-ray diffraction in the solid state (Figure 2 a).[22]

The most striking feature of these new complexes is the fact
that, in the overall reaction, one of the pyridine rings of the
bipy chelate underwent nitrogen extrusion to afford an N-

bonded cyclopentadienyldimethylamino group. Activation of
bipy ligands is very rare, as they form very stable five-mem-

bered chelate rings with transition metals,[26] and cleavage of
their pyridine C@N bonds remains unknown, apart from our

previous example with the parent bipy [Re(CO)3(bipy)(N-

MeIm)]OTf complex.[14g] Even when an excess of MeOTf was
used with the analogous N-mesitylimidazole derivative, [Re-

(CO)3(bipy)(N-MesIm)]OTf, pyridine ring opening did not take
place; instead, only the product of C@C coupling and mono-

methylation was obtained. A product of this latter type,
namely 7 a, was obtained from the reaction of 5 a with HOTf

(Scheme 2) and was fully characterized. As shown in Figure 2 b,
the central imidazole C atom (C22) is bonded to an ortho bipy

C atom (C6), dearomatization of that pyridyl ring is maintained,

and protonation has occurred on the nitrogen atom of the
dearomatized ring (N1), transforming it from an amido nitro-

gen atom, in 5 a, to an amino-like nitrogen atom in 7 a.
It is remarkable that the strongly electron releasing tert-

butyl substituents not only do not prevent nucleophilic attack
on the bipy ligand by the N-bonded 2-imidazolyl group

formed in the deprotonation reaction, but also in fact enhance

the reactivity of the complexes, as for the 4,4’-tBu2bipy deriva-
tives the less nucleophilic N-MesIm ligand is able to cause the
ring-opening process, too. Presumably, the remote 4,4’-location
of the tert-butyl substituents deprives them of steric influence

on the attack at bipy Cortho, while their electron-releasing char-
acter makes the C@C coupling product more reactive towards

the MeOTf electrophile.
Similar results have been found for the methylation reaction

(excess of MeOTf) of the 4,4’-dimethoxy-2,2’-bipy rhenium
complexes once deprotonated.[27] For both N-alkylimidazole li-
gands, N-MesIm and N-MeIm, C@C coupling and pyridyl ring-

opening products were obtained (species 8 a and 8 b, respec-
tively). The solid-state structure of N-methylimidazole deriva-

tive 8 b was determined by X-ray diffraction (Figure 3).[22] These

results highlight the generality of this new type of ring-open-
ing process, which takes place under very mild condition, and

starts from stable and easily available metal complexes.
In an attempt to block the nucleophilic attack at the ortho

C6 atom of the diimine ligand (C2 for phen), 2,9-dimethyl-1,10-
phenanthroline (2,9-Me2phen) was used instead. The reaction

Scheme 2. Reactivity of [Re(CO)3(4,4’-tBu2bipy)(N-RIm)]OTf towards the
strong base KN(SiMe3)2, and afterwards towards an electrophile (HOTf or
MeOTf).

Figure 2. Molecular structure of the cation of compounds: a) 6 a, and b) 7 a
with thermal ellipsoids at the 30 % probability (R’= tBu).
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of [Re(CO)3(2,9-Me2phen)(N-MesIm)]OTf (9) with the strong
base KN(SiMe3)2 and then MeOTf led to deprotonation and

methylation of an a-methyl group, affording an asymmetric 2-

ethyl-9-methyl-1,10-phenanthroline ligand coordinated to the
{Re(CO)3(N-MesIm)} fragment, as was evidenced spectroscop-

ically in solution and by X-ray diffraction in the solid state
(compound 10, see Supporting Information for further experi-

mental details).
When the even more electron-donating dimethylamino

groups were used as substituents at 4- and 4’-positions of the

bipy ligand in fac-{Re(CO)3(N-RIm)} fragments, a different reac-
tivity pattern was found for methyl- and mesitylimidazole com-

plexes. The reactivity pattern found for the latter was reminis-
cent of that described above, that is, C@C coupling between

the deprotonated imidazole central carbon atom and C6 of the
bipy ligand, affording a dearomatized neutral product that is

too unstable to be characterized. Subsequent addition of an

equimolar amount of HOTf led to formation of cationic rheni-
um complex 12 bearing a methylenic group at the 5-position

of the dearomatized pyridyl ring as a consequence of the pro-
tonation reaction (Scheme 3). This fact was evidenced by
1H NMR spectroscopy in solution. The 1H NMR spectrum
showed signals corresponding to a nonsymmetric dearomat-

ized bipy ligand, and a 2D 1H–1H COSY study clearly estab-

lished that the two 1 H multiplets at 2.33 and 2.89 ppm corre-
sponded to the CH2 moiety. A 2D HSQC study showed that

these signals correspond to a peak at 27.1 ppm in the 13C NMR
spectrum, and a DEPT-135 experiment confirmed that it corre-

sponds to a CH2 group.
The solid-state structure of 12, determined by X-ray diffrac-

tion (Figure 4),[22] confirmed the presence of a tridentate ligand

formed by coupling between the deprotonated imidazole C2
atom and the C6 carbon of the bipy ligand. The bond lengths

around C5 (C5@C6 1.513(4), C5@C4 1.498(4) a), which are indi-
cative of single C@C bonds, are good evidence for the forma-

tion of the CH2 unit at this position, in accordance with the
NMR data in solution.[28]

As shown in Scheme 3, the reaction of the N-MesIm complex

11 a with KN(SiMe3)2 and MeOTf in excess afforded another ex-
ample of a C@C coupling and ring-opening product, namely,

compound 13, as those described above for 4,4’-di-tert-butyl-
and 4,4’-dimethoxy-2,2’-bipy rhenium compounds (see Sup-

porting Information for full spectroscopic characterization and

X-ray structure in the solid state).
A different reactivity pattern was found, in contrast, for N-

methylimidazole complex 11 b. Deprotonation of [Re(CO)3(4,4’-
(NMe2)2bipy)(N-MeIm)]OTf (11 b) in THF at low temperature

(@78 8C) led to the formation of neutral complex 14, as indicat-
ed by its nCO IR bands (at 2000, 1884, and 1878 cm@1). The

Figure 3. Molecular structure of the cation of compound 8 b with thermal el-
lipsoids at 30 % probability.

Scheme 3. Different reactivity pathways found for [Re(CO)3(4,4’-
(NMe2)2bipy)(N-RIm)]OTf (11 a,b) depending on the nature of the imidazole
substituent (Me vs. Mes).

Figure 4. Molecular structure of the cation of compound 12 with thermal el-
lipsoids at 30 % probability.
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1H NMR spectrum of 14 in CD2Cl2 clearly showed that the out-
come of this reaction was different from those described

above, since no features of dearomatization were observed. In-
stead, a symmetric 4,4’-(NMe2)2-2,2’-bipy ligand was detected,

and, in agreement with the deprotonation of the imidazole
central CH group, only two signals at 6.90 and 6.86 ppm for

this ligand could be found. Furthermore, the 13C NMR spec-
trum of 14 showed a low-intensity signal at 178.5 ppm attrib-
utable to a Re-bonded C atom. Thus, it seems that the di-

methylamino substituents at the 4- and 4’-positions make the
bipy ligand so electron rich that the nucleophilic attack by the

carbeniate generated in situ, which is also very rich in electron
density, as it results from the deprotonation of N-MeIm, is di-
rected to the rhenium atom instead, affording an imidazol-2-yl
complex (Scheme 3). Complexes featuring C-bonded imidazol-

2-yl ligands with a nonsubstituted N atom are very rare and
have been proposed as intermediates in the tautomerization
of N-alkylimidazoles to NHC ligands.[29] Addition of the equimo-

lar amount of MeOTf to a solution of imidazol-2-yl complex 14
in CH2Cl2 led to methylation of the non-substituted nitrogen

atom, and corresponding NHC compound 15 a was obtained.
Figure 5 shows the molecular structure of the cation of 15 a
confirming its carbenic nature.[22] The Re@C(22) distance of

2.192(8) a is similar to those of other NHC complexes with an
{ReI(CO)3} fragment.[30]

The spectroscopic data of 15 a in solution are in agreement

with the formation of the N,N’-dimethylimidazol-2-ylidene
ligand. The 1H NMR spectrum of 15 a in CD2Cl2 shows the pres-
ence of an intact 4,4’-(NMe2)2-2,2’-bipy ligand and the signals

of a symmetric Me2-NHC ligand: one singlet at 6.80 ppm for
the two equivalent C@H groups, and other at 3.53 ppm that in-

tegrates for 6 H, attributable to the two methyl substituents.
The 13C NMR spectrum of 15 a is consistent with the formula-

tion given above and the presence of a mirror plane. It shows

two signals, one of double intensity compared with the other,
for the three carbonyl ligands, and a low-intensity signal at

177.1 ppm, characteristic of the carbene carbon atom of the
NHC ligand.

The analogous reaction of imidazol-2-yl complex 14 with
HOTf instead of MeOTf afforded, in a similar way, the corre-

sponding NH-NHC compound 15 b (see Scheme 3). Complexes
containing NH-NHC ligands are less common, as their synthesis

is more difficult because the most common preparation
method of deprotonation of N,N’-dialkylimidazolium salts

cannot be used.[29a, 31] The spectroscopic data in solution (IR, 1H
and 13C NMR) of 15 b are similar to those found for compound

15 a. The characteristic signal of the carbene C atom is ob-
served in the 13C NMR spectrum as a low-intensity peak at
177.0 ppm. The NH group is clearly observed in the 1H NMR

spectrum as a broad singlet at 9.54 ppm, and the IR nCO bands
of compound 15 b in CH2Cl2 solution at 2022, 1909 cm@1 are in-
dicative of a cationic fac-{Re(CO)3} fragment (nCO bands of neu-
tral imidazol-2-yl complex 14 are observed at 2000, 1884, and

1878 cm@1). On the other hand, the solid-state structure of
compound 15 b was determined by X-ray diffraction and, al-

though the data were very poor because of twinning, con-

firmed the connectivity of the cationic complex and formation
of the NHC ligand (see Supporting Information). Although the

study of transition metal NHC complexes is an ongoing, promi-
nent field of organometallic chemistry, the chemistry of rheni-

um(I) NHC complexes has been little explored, and in the vast
majority of the reported complexes the NHC moiety is part of

a bidentate ligand.[32] The incorporation of strong donor sub-

stituents into the bipy skeleton can be an alternative for the
preparation of NHC complexes with the {Re(CO)3(bipy)} frag-

ment, which is widely employed in several areas of chemical
research.[33]

A DFT study was carried out with the aim of understanding
the different behaviors experimentally observed for the depro-

tonation of [Re(CO)3(4,4’-R’2bipy)(N-RIm)]OTf (R’= tBu, NMe2 ;

R = Me, Mes) compounds in THF solution (see Computational
Details and Supporting Information for a discussion about the

chosen computational protocol). The starting structures to de-
velop the potential-energy surface for the four mechanisms

studied (M in Scheme 4) are the neutral species resulting from
the deprotonation of the central CH group of the N-RIm ligand

of [Re(CO)3(4,4’-R’2bipy)(N-RIm)]OTf compounds. These possible

reaction pathways have been already considered in our previ-
ous studies[14d, 24, 34] and comprise: 1) C@C coupling reactions

between the deprotonated imidazole C atom (CIm) and an
ortho pyridyl C atom of the bipy ligand, that is, bipy C6 or C2

(pathway A1 or A2, respectively, in Scheme 4) to afford the cor-
responding dearomatized products PA1 and PA2, respectively,

and 2) formation of C-bonded imidazol-2-yl product PB by a
two-step mechanism starting with nucleophilic attack at a cis-
CO ligand (pathway 1B in Scheme 4) or by formation of a k2-

C,N-imidazolyl transition state (pathway 2B in Scheme 4).
Table 1 lists the Gibbs energy of each species (transition states,

intermediates, and products) relative to the corresponding M
of each reactive process. The optimized structures and ener-

gies of all the species located are shown in Figures S1–S4 and

Tables S1 and S2, respectively (see Supporting Information).
As shown in Table 1, for the tBu substituent the formation of

CIm@C6 (PA1-tBu) and CIm@C2 (PA2-tBu) coupling products is fa-
vored over the reaction to yield the imidazol-2-yl product (PB-
tBu). The formation of PA1-tBu and PA2-tBu, controlled by their
respective transition states TSA1-tBu and TSA2-tBu, has lower

Figure 5. Molecular structure of the cation of compound 15 a with thermal
ellipsoids at the 30 % probability level.
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energy barriers than those for the formation of PB-tBu.[35] TSA1-
tBu has a higher energy barrier than TSA2-tBu, as C6 (net
atomic charge, NAC, of + 0.078 e) is less electrophilic than C2

(NAC of + 0.220 e). However, PA1-tBu is more stable than PA2-
tBu, as the CIm-C2 coupling significantly disrupts the p-electron
delocalization between the two pyridyl rings. The proximity of

the energy barriers for PA1-tBu and PA2-tBu formation, along
with the greater stability of PA1-tBu compared to PA2-tBu, allow

the formation of PA1-tBu, as experimentally observed (com-
plexes 5 a,b, see above).

When a more electron donating group, such as NMe2, is at-

tached to the bipy ligand at the 4- and 4’-positions, a different
picture is found. As shown in Figure 6 a, the molecular electro-

static potential (MEP) map for M species shows a notable in-
crease of the electron density at the bipy core atoms (more

pronounced green color compared to the MEP map of the
4,4’-tBu2bipy ligand).[36] As a consequence, the nucleophilic

attack at the 4,4’-bis(dimethylamino)bipy ligand is more

energy demanding than that at 4,4’-tBu2bipy.
On the other hand, the MEP map of M complexes clearly

shows higher electron density of the deprotonated central C
atom of N-MeIm compared to that of N-MesIm (see Figure 6 b).
For the N-MesIm species the attack at the 4,4’-(NMe2)2bipy

ligand is energetically favored over formation of the imidazol-
2-yl complex (see Table 1), a fact that jointly with the stabilities

of the dearomatized products PA1-NMe2 (@6.5 kcal mol@1) and
PA2-NMe2 (@3.3 kcal mol@1) explains the formation of the

former. In contrast, the higher electron density of the N-MeIm

ligand makes the attack at the electronically enriched 4,4’-bis-
(dimethylamino)bipy ligand similar in energy cost to that

found for imidazol-2-yl formation via pathway 1B.[38] The high
stability of the imidazol-2-yl species (PB-NMe2), along with the

instability of the dearomatized C@C coupling products, deter-
mines the formation of the former (complex 14).

Scheme 4. Schematic view of the DFT structures involved in the formation of the CIm@C6 (PA1, blue) and CIm@C2 (PA2, purple) coupling products, and those in-
volved in the formation of the imidazol-2-yl product (PB, red) starting from [Re(CO)3(4,4’-R’2bipy)(N-RIm)] (M) complexes. Relative Gibbs energies [kcal mol@1]
depicted in the figure are those corresponding to the deprotonation of [Re(CO)3(4,4’-NMe2bipy)(N-MeIm)]+ ; for the full energy values, see Table 1.

Table 1. Gibbs energies [kcal mol@1] of all the TSs, intermediates, and product types relative to the corresponding starting complex M[a] for the four differ-
ent reaction pathways depicted in Scheme 4.

M R’ R TSA1 PA1 TSA2 PA2 TSI1B I1B TSII1B PB TS2B

[Re] tBu Me 10.6 @6.4 9.8 @2.3 14.2 2.2 13.4 @18.9 16.4
[Re] tBu Mes 7.5 @11.4 5.3 @7.8 8.4 1.2 9.5 @21.5 14.4
[Re] NMe2 Me 14.9 0.8 12.9 3.0 13.1 3.3 14.7 @17.0 18.9
[Re] NMe2 Mes 9.1 @6.5 5.7 @3.3 11.4 4.6 9.3 @23.0 13.8
[Re] Br Me 5.4 @12.6 3.4 @9.8 10.4 @0.4 10.8 @20.3 13.9
[Re] Br Mes 6.4 @15.9 3.6 @11.7 11.3 0.4 9.6 @21.8 15.1
[Mo] Cl Me 7.9 @13.9 7.7 @6.5 8.6 @3.4 4.0 @15.5 –[b]

[Mo] Cl Mes 5.1 @16.5 6.3 @10.3 6.9 @3.4 6.1 @16.9 –[b]

[a] [Re] = [Re(CO)3(4,4’-R’2bipy)(N-RIm)] ; [Mo] = [Mo(h3-C4H7)(CO)2(4,7-Cl2phen)(N-RIm)] . [b] Non-located TS.[37]
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The electron-rich 4,4’-bis(dimethylamino)bipy ligand is on
the edge of deciding the reactivity towards C@C coupling or

formation of an imidazol-2-yl complex, depending on the

nature of N-alkylimidazole co-ligand. We then explored, by
means of DFT calculations, the reactivity of analogous ReI(CO)3

compounds bearing bipy ligands with electron-withdrawing
groups, such as bromo substituents, at the 4- and 4’-positions.

The presence of these substituents would make the bipy
ligand more electrophilic, and therefore should favor the dear-

omatization and C@C coupling reactions (see Scheme S1, Fig-

ures S5 and S6, and Table S3 in the Supporting Information).
Indeed, the MEP analysis for M species containing a 4,4’-dibro-

mobipy ligand shows a notable loss of electron density at the
bipy backbone (less pronounced green color) compared to

those bearing tBu and NMe2 (see Figure 6 a, wherein the non-
substituted 2,2’-bipyridine M complex has been included for
comparison purposes).

Table 1 shows that for 4,4’-dibromobipy complexes the
lowest Gibbs energy barrier is that corresponding to CIm@C2
coupling via TSA2-Br to yield PA2-Br products, notably more
stable than the analogous ones with tBu and NMe2 substitu-

ents. Therefore, in this case, kinetic control prevails, and PA2-Br
are the theoretically expected products for both N-MeIm and

N-MesIm ligands.
In the case of {MoII(h3-allyl)} complexes, the coordination of

4,7-dichloro-1,10-phenanthroline was included in the present

work. DFT computations performed at the same level of theory
as those for Re complexes highlighted that the greater rigidity

of phen compared to bipy particularly disfavors the attack on
the fused ortho C atoms, that is, C11 or C13,[39] namely, Cbridge

herein (see Figures S7 and S8 and Table S4 in the Supporting

Information). For the N-MesIm complex, the Gibbs energy bar-
rier for the formation of the imidazol-2-yl product (PB-Clphen)

is notably higher than those for the formation of C@C coupling
products, precluding the formation of this product (see

Table 1). These data together with the enhanced stability of
the CIm@C2 coupling product compared with the CIm@Cbridge

product, allow us to predict the formation of the former, PA1-
Clphen product. For the N-MeIm ligand, the Gibbs energy bar-

riers corresponding to the formation of the three types of
products are very similar (Table 1). Therefore, the higher stabili-

ty of the CIm@C2 coupling product (PA1-Clphen) and imidazol-
2-yl (PB-Clphen) would be responsible for the formation of a
mixture of these two types of products.

The results of the computational calculations prompted us
to study experimentally the deprotonation of fac-{Re(CO)3}
imidazole complexes bearing a 4,4’-dibromo-2,2’-bipyridine
ligand. The addition of an equimolar amount of KN(SiMe3)2 to

a low-temperature solution of [Re(CO)3(4,4’-Br2bipy)(N-MeIm)]-
OTf (16 b) afforded a neutral complex (17 b, as judged by the

lower-frequency IR nCO bands, at 2012, 1908, 1895 cm@1 in
THF), which was spectroscopically characterized in solution at

low temperature (253 K).[19] The 1H NMR spectrum showed that

the bipy ligand was no longer symmetrical, and signals at 5.77
and 4.32 ppm were clearly indicative of dearomatization of

one of the pyridyl rings. In the same way, in the 13C NMR spec-
trum three signals of the bipy ligand were remarkably upfield

shifted at 95.3, 91.8, and 78.9 ppm. A 2D HMBC NMR spectrum
of 17 b showed a two-bond correlation between the bipy hy-

drogen atom at 5.77 ppm and the 13C NMR signal at 78.9 ppm,

assigned to a bipy quaternary carbon atom (DEPT-135), dem-
onstrating that the attack occurred at C2 of the bipy ligand, as

predicted by DFT calculations (Scheme 5). Analogous nucleo-
philic attack at quaternary C2 atoms of 4,4’-dihalobipyridines

upon deprotonation of N-alkylimidazole ligands had been pre-
viously found by us at {Mo(h3-allyl)(CO)2} fragments, with simi-

lar spectroscopic features.[14d]

Deprotonation and subsequent protonation of N-MesIm

complex 16 a afforded a new species 18 a resulting from the
formation of a dihydropyridyl group (see Scheme 5). The
1H NMR spectrum of 18 a shows, therefore, an asymmetric

dearomatized 4,4’-dibromo-2,2’-bipyridine ligand, and a 2D 1H–
1H COSY study clearly established that the 2 H multiplet at

3.58 ppm corresponds to the methylenic unit. Accordingly, a
2D HSQC study showed that this signal correlates with a peak

at 38.4 ppm in the 13C NMR spectrum, the CH2 nature of which

was confirmed by a DEPT-135 experiment. DFT calculations
showed that the C3-protonated complex bearing the N-MesIm

and 4,4’-Br2-2,2’-bipy ligands is 2.2 kcal mol@1 more favorable
than that protonated at C5-, which is the most likely alterna-

tive carbon atom for protonation in this type of complexes
(see Figure S9 in the Supporting Information).

Figure 6. MEP map for the starting deprotonated complexes [Re(CO)3(4,4’-
R’2bipy)(N-RIm)] (M) showing visually the change of the electron density of:
a) the bipy ligand depending on the electronic nature of the substituents at
the 4- and 4’-positions (R = Me; R’= Br, H, tBu or NMe2), and b) the substitu-
ent of the N-alkylimidazole ligand (R = Me or Mes; R’= NMe2).

Scheme 5. Reactivity of [Re(CO)3(4,4’-Br2bipy)(N-RIm)]OTf compounds to-
wards the strong base KN(SiMe3)2, and afterwards towards HOTf.
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Finally, to ascertain whether a different kind of products
could be obtained by deprotonation of N-RIm complexes of

the {Mo(h3-allyl)(CO)2} fragment, we used the 4,7-dichloro-1,10-
phenanthroline ligand, as suggested by the theoretical calcula-

tions. Thus, addition of an equimolar amount of KN(SiMe3)2 to
a THF solution of [Mo(h3-C4H7)(CO)2(4,7-Cl2phen)(N-MesIm)]OTf
(19 a) at @78 8C resulted in formation of neutral product 20 a
(IR nCO bands in THF at 1931 and 1847 cm@1).

The 1H and 13C NMR spectra of 20 a featured distinct signals

for every nucleus of the phen and allyl moieties, as well as for
each of the three methyl groups of the mesityl substituent.
The two carbonyl ligands appeared also as two singlets in the
13C NMR spectrum. These features reflect the asymmetry of the

molecule of 20 a, and therefore indicate that the reaction in-
volved a transformation of the phen ligand. The subsequent

addition of an equimolar amount of HOTf in CH2Cl2 afforded a

more stable cationic product, namely, 21 a, which showed in
the NMR spectrum the formation of a product of C@C coupling

between the deprotonated central carbon atom imidazole and
the C2 carbon atom of the phen ligand (see Scheme 6).

The N-methylimidazole compound 19 b afforded, upon a de-
protonation–protonation sequence, an analogous dearomat-

ized species, namely, 21 b, which could be structurally charac-
terized in the solid state by X-ray diffraction (Figure 7 a).[22]

The cationic complex contains a new tridentate N-donor
ligand formed by C@C coupling between the central imidazole

C atom (C22) and the C2 carbon atom of the phen ligand. As a

consequence of the formation of this new single C21@C2
bond, the pyridyl group is dearomatized, as evidenced by the

bond lengths (C2@C3 1.50(2), C2@N1 1.52 (1), and N1@C11
1.46(1) a), which are clearly longer than those expected for an

aromatic ring. The C2 atom is, therefore, sp3-hybridized and
shows angles consistent with an approximately tetrahedral ge-

ometry [C3-C2-N1 111.9(8), C3-C2-C22 117.7(8), C22-C2-N1
102.5(8)8] . A similar situation is encountered for the angles

around N1 of 107.8(6), 110.1(6), and 110.6(9)8, in agreement
with a pyramidal geometry of this atom (the sum of the angles

around N1 is 330.68), which has been protonated. However, as
already evidenced by the DFT calculations (see above), for the

N-methylimidazole derivative 19 b, another protonation prod-

uct was obtained along with 21 b that was found to be the
NH-NHC species 22 (Scheme 6). It seems, therefore, that in the

case of N-MeIm, the higher electron density of this ligand does
not preclude the formation of the imidazol-2-yl complex, as

found for the [Mo(h3-C4H7)(CO)2(N-N)(N-RIm)]OTf complexes
with nonsubstituted bipy and phen,[24] and a mixture of both

kind of compounds, C@C-coupled and imidazol-2-yl, are ob-

tained. Compound 22 was also characterized by X-ray diffrac-
tion in the solid state (Figure 7 b).[22] The cationic complex of

22 shows a pseudooctahedral geometry around the metal
center. The intact 4,7-dichlorophen ligand is coplanar with the

two CO ligands, and the carbene moiety is trans to the h3-
methallyl ligand. The Mo@C22 bond distance of 2.242(3) a is in

good agreement with reported MoII@CNHC bond lengths (see
above).

Conclusions

Two families of cationic complexes bearing mutually cis 4,4’-
disubstituted-2,2’-bipyridine and N-alkylimidazole ligands were

synthesized, and it was shown that the combination of imid-

azole and bipy substituents at the same metal fragment deter-
mines the type of product obtained on deprotonation. Two

kinds of products were obtained: 1) complexes in which a new
C@C bond between the central carbon atom of the imidazole

ligand and one ortho carbon atom of the bipyridine ligand (C2
or C6) was formed, and in which the involved pyridine ring

Scheme 6. Different reactivity pathways found for [Mo(h3-C4H7)(CO)2(4,7-
Cl2phen)(N-RIm)]OTf (19 a,b) compounds depending on the nature of the
imidazole substituent (Me vs. Mes).

Figure 7. Molecular structures of the cations of: a) 21 b, and b) 22 with ther-
mal ellipsoids at 30 % probability.
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became dearomatized, and 2) imidazol-2-yl complexes. Both
are consistent with initial deprotonation of the imidazole cen-

tral CH group and subsequent intramolecular addition of the
thus-generated nucleophile to the bipy ligand or to the metal

center. Which type of compound is formed was found to
depend on the metal, the nature of the substituent at the

imidazole ring, and the nature of the substituents of the bipy
backbone (see Figure 8).

For the {Mo(h3-methallyl)(CO)2} fragment formation of imid-
azol-2-yl products is preferred over C@C coupling and dearo-

matization, unless dihalo-substituted a-diimines are used to
favor the C@C coupling products (with C2 of 4,4’-Cl2bipy, as re-

ported in the preliminary communication,[14d] and with C2, i.e. ,

analogous to bipy C6, of 4,7-Cl2phen reported herein).
For {Re(CO)3} derivatives, formation of dearomatized C@C

coupling products is preferred over the formation of imidazol-
2-yl complexes, which can be attributed to the lower lability of

the imidazole ligand compared to the MoII fragment. The use
of strongly electron releasing substituents (R’= tBu, OMe,

NMe2) does not prevent nucleophilic attack at the 4,4’-R’2bipy
ligand. Rather, it enhances the reactivity of the C@C coupling
complexes towards MeOTf affording new pyridine ring-open-

ing products. Only in the case of the combination of the most
electron-rich ligands tested herein (4,4’-(NMe2)2bipy and N-

MeIm) formation of the rhenium imidazol-2-yl complex was
observed.

DFT calculations have shown that the reactivity patterns

found depend on a delicate balance between kinetic and ther-
modynamic factors. In general, energy barriers for the forma-

tion of C@C coupling products are lower than those for the for-
mation of the imidazol-2-yl product. Furthermore, the barrier

for nucleophilic attack on the C2 atom of the bipy ligand is
lower than that for the bipy C6 carbon atom, but the stability

of the CIm@C2 coupling product is lower than that of the CIm@
C6 coupling product. Therefore, CIm@C6 coupling products are

formed when the difference in energy barriers for such attacks
is small. Thermodynamically, the imidazol-2-yl product is

always the most stable species. For the {Re(CO)3} species, the
presence of electron-donor groups such as tBu, OMe, and

NMe2 at the 4,4’-positions of the bipy ligand increases the elec-
tron density of this ligand and thus disfavors the formation of
CIm@Cbipy coupling products. However, this does not overcome

the energy cost required for the formation of the imidazol-2-yl
product, except for [Re(CO)3(4,4’-(NMe2)2bipy)(N-MeIm)]OTf. On
the other hand, DFT calculations also predicted that the pres-
ence of an electron-withdrawing group, such as bromo, at the

4- and 4’-positions of the bipy ligand would produce a remark-
able decrease of the energy barrier for the formation of the

CIm@C2 coupling product, along with notable stabilization of

such C@C coupling product, which indeed has been experi-
mentally obtained.

Experimental Section

General

All manipulations were carried out under a nitrogen atmosphere
by using Schlenk techniques. Solvents were distilled from Na (tolu-
ene and hexanes), Na/benzophenone (THF), and CaH2 (CH2Cl2).
Deuterated dichloromethane (Cambridge Isotope Laboratories,
Inc.) was stored under nitrogen in a Young’s tube and used with-
out further purification. 1H NMR and 13C NMR spectra were record-
ed on a Bruker Avance 300, DPX-300, or Avance 400 spectrometer.
NMR spectra were references to the internal residual solvent peak
for 1H and 13C{1H} NMR spectroscopy. Solution IR spectra were ob-
tained with a PerkinElmer FT 1720-X spectrometer by using
0.2 mm CaF2 cells. NMR samples were prepared under nitrogen by
using Kontes manifolds purchased from Aldrich. Full experimental
details of all compounds are given in the Supporting Information,
whereas herein only representative compounds are included. La-
beling scheme for bipy and phen derivatives:

Crystal structure determination

For compounds 2 a, 2 b, 7 a, 8 b, 21 b, and 22, crystal data were col-
lected with an Oxford Diffraction Xcalibur Nova single-crystal dif-
fractometer by using CuKa radiation (l= 1.5418 a) at 100(2) K.
Images were collected at a 65 mm fixed crystal–detector distance,
by using the oscillation method, with 18 oscillation and variable ex-

Figure 8. Summary schematic view of the types of compounds obtained de-
pending on the metal and the nature of the substituents at imidazole ring
or of the bipy/phen backbone. Shaded compounds have been previously re-
ported.[14d,g, 24]
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posure time per image (4–16 s). Data collection strategy was calcu-
lated with the program CrysAlisPro CCD.[40] Data reduction and cell
refinement was performed with the program CrysAlisPro RED.[40] An
empirical absorption correction was applied by using SCALE3 AB-
SPACK.[40] For compounds 6 a, 12, and 15 a, data collection was per-
formed with a Bruker APPEX II diffractometer by using graphite-
monochromated MoKa radiation (l= 0.71073 a) from a fine-focus
sealed-tube source at 100 K. Data Computing and reduction were
done with the APPEX II software.[41] In all cases empirical absorp-
tion corrections were applied by using SADABS.[42] In all cases the
structures were solved with SIR92[43] or SIR97[44] and finally refined
by full-matrix, least-squares based on F2 by SHELXL.[45] Molecular
graphics were made with ORTEP 3.[46]

Computational details

Quantum chemical computations at the PCM-B97D/6–31 + G(d)
(LANL2DZ for Br, LANL2DZ + f for Re and Mo) level of theory were
carried out with the Gaussian 09 series of programs.[47] The updat-
ed version of Schlegel’s algorithm[48] was used from the outset to
fully optimize the geometry of stable species (reactants, intermedi-
ates, and products) and transition states (TSs) in THF solution with
the polarizable continuum model (PCM)[49] and the universal force
field (UFF) radii[50] in conjunction with the dispersion-corrected
generalized gradient approximation (GGA) density functional
B97D[51] and the 6-31 + G(d)[52] basis set for H, C, N, O, and Cl com-
bined with the LANL2DZ[53] basis set for the remaining atoms with-
out (Br) and with f polarization functions[54] of exponents 1.043
(Mo) and 0.869 (Re). B97D is a reparametrized version of the origi-
nal B97 functional including Grimme’s second generation disper-
sion correction (D2). A relative permittivity of 7.43 was assumed in
the calculations to simulate THF as the solvent experimentally
used. The nature of the stationary points was verified by analytical
computations of harmonic vibrational frequencies. The analysis of
the normal mode corresponding to the imaginary frequency in the
TS was carried out to check that the two minimum-energy struc-
tures connecting each TS. Thermodynamic quantities (DH, DS, and
DG) were also calculated within the ideal gas, rigid rotor, and har-
monic oscillator approximations at a pressure of 1 atm and a tem-
perature of 298.15 K.[55] The calculation of thermodynamic quanti-
ties in solution starting with molecular partition functions devel-
oped for computing gas-phase thermodynamics properties is a
standard procedure that has proven to be a correct and useful ap-
proach.[56] The electronic structure of some relevant species was
analyzed in terms of the natural bond orbital (NBO) method of
Weinhold et al.[57] and the molecular electrostatic potential
(MEP).[58]

Synthesis of 2 a

KN(SiMe3)2 (0.20 mL of a 0.7 m solution in toluene, 0.140 mmol) was
added to a solution of [Mo(h3-C4H7)(CO)2(4,4’-tBu2bipy)(N-
MesIm)]OTf (1 a, 0.100 g, 0.123 mmol) in THF (20 mL) previously
cooled to @78 8C. The solvent was evaporated to dryness under re-
duced pressure, a solution of HOTf (12 mL, 0.136 mmol) in CH2Cl2

(20 mL) was then added, and the reaction mixture was stirred for
10 min. The reaction mixture was filtered through a cannula and
evaporated to a volume of 5 mL. The addition of hexane (20 mL)
caused the precipitation of an orange solid, which was washed
with hexane (1 V 15 mL) and diethyl ether (1 V 15 mL) and dried in
vacuo. Yield: 45 mg (45 %). IR (CH2Cl2): 1946, 1865 cm@1 (nCO).
1H NMR (CD2Cl2): d= 10.71 (sbr, 1 H, NH), 8.38 (d, J = 5.8 Hz, 2 H,
H6,6’), 8.07 (d, J = 1.7 Hz, 2 H, H3,3’), 8.07 (dd, J = 5.8, 1.7 Hz, 2 H, H5,5’),
7.37 (m, 1 H, CH N-MesIm), 6.86 (s, 2 H, Mes), 6.71 (m, 1 H, CH N-

MesIm), 2.91 (s, 2 H, Hsyn h3-C4H7), 2.41 (s, 3 H, CH3 N-MesIm), 1.61
(m, 8 H, Hanti h3-C4H7 and CH3 N-MesIm), 1.46 (s, 18 H, CH3 tBu), 0.71
(s, 3 H, CH3 h3-C4H7). 13C{1H} NMR (CD2Cl2): d= 225.3 (CO), 186.1
(Mo-C), 164.0, 153.8, 153.2, 125.2, 119.6 (4,4’-tBu2bipy), 139.7, 136.7,
135.9, 129.3 (Mes), 123.5, 121.8 (CH N-MesIm), 87.5 (C2 h3-C4H7),
59.4 (C1 and C3 h3-C4H7), 36.0 (C(CH3)3), 30.5 (6CH3 tBu), 21.4 (CH3 N-
MesIm), 19.1 (CH3 h3-C4H7 and 2 CH3 N-MesIm). Elemental analysis
(%) calcd for C37H45F3MoN4O5S: C 54.81, H 5.59, N 6.91; found: C
55.22, H 5.31, N 7.25.

Synthesis of 3 b

Compound 3 b was prepared as described above for the synthesis
of 2 a starting from [Mo(h3-C4H7)(CO)2(4,4’-tBu2bipy)(N-MeIm)]OTf
(1 b, 0.100 g, 0.141 mmol), KN(SiMe3)2 (0.25 mL of a 0.7 m solution
in toluene, 0.175 mmol) and MeOTf (17 mL, 0.155 mmol). Com-
pound 3 b was obtained as an orange microcrystalline solid. Yield:
0.43 g (42 %). IR (CH2Cl2): 1945, 1862 cm@1 (nCO). 1H NMR (CD2Cl2):
d= 8.86 (d, J = 5.9 Hz, 2 H, H6,6’), 8.07 (d, J = 1.7 Hz, 2 H, H3,3’), 7.61
(dd, J = 5.9, 1.7 Hz, 2 H, H5,5’), 6.87 (m, 2 H, CH N-MeIm), 3.42 (s, 6 H,
N-CH3), 3.33 (s, 2 H, Hsyn h3-C4H7), 1.88 (s, 2 H, Hanti h3-C4H7), 1.41 (s,
18 H, CH3 tBu), 0.89 (s, 3 H, CH3 h3-C4H7). 13C{1H} NMR (CD2Cl2): d=
226.1 (CO), 186.8 (Mo-C), 165.5, 154.7, 153.5, 124.0 120.6 (4,4’-
tBu2bipy), 125.0 (CH N-MeIm), 89.0 (C2 h3-C4H7), 60.1 (C1 and C3 h3-
C4H7), 39.6 (2CH3 N-CH3), 36.2 (C(CH3)3), 30.5 (6 CH3 tBu), 17.8 (CH3

h3-C4H7). Elemental analysis (%) calcd for C30H39F3MoN4O5S: C 50.00,
H 5.45, N 7.77; found: C 49.68, H 5.59, N 8.01.

Synthesis of 6 a

KN(SiMe3)2 (0.13 mL of a 0.7 m solution in toluene, 0.091 mmol) was
added to a solution of [Re(CO)3(N-MesIm)(4,4’-tBu2bipy)]OTf (4 a,
75 mg, 0.086 mmol) in THF (20 mL) previously cooled to @78 8C.
The solvent was evaporated to dryness under reduced pressure,
the residue dissolved in CH2Cl2 (20 mL), and MeOTf (21 mL,
0.189 mmol) added. The mixture was stirred at room temperature
for 30 min., filtered through a cannula, and evaporated to dryness.
The resulting yellow solid was washed with hexane (3 V 15 mL) and
dried in vacuo. Yield: 54 mg (69 %). IR (CH2Cl2): 2033, 1928,
1922 cm@1 (nCO). 1H NMR (CD2Cl2): d= 8.78 (d, J = 5.9 Hz, 1 H, H6’),
7.69 (d, J = 1.5 Hz, 1 H, CH N-MesIm), 7.51 (dd, J = 6.0, 2.0 Hz, 1 H,
H5’), 7.25 (d, J = 2.0 Hz, 1 H, H3’), 7.21 (sbr, 1 H, N-MesIm), 7.15 (d, J =
1.5 Hz, 1 H, CH N-MesIm), 7.04 (sbr, 1 H, N-MesIm), 6.51, 6.48 (d, J =
1.6 Hz, 1H each, H3 and H5), 3.44, 2.80 (s, 3H each, N-CH3), 2.42,
2.07 (s, 3 H each, CH3 N-MesIm), 1.28 (s, 9 H, CH3 tBu), 1.24 (s, 3 H,
CH3 N-MesIm), 1.13 (s, 9 H, CH3 tBu). 13C{1H} NMR (CD2Cl2): d= 195.9,
195.0, 194.3 (CO), 166.8, 166.1, 158.4 (C4, C4’ and C2’), 153.6 (C6’),
141.8, 139.4, 135.3, 134.7, 133.9, 132.0, 130.2, 130.1 (4,4’-tBu2bipy
and N-MesIm), 134.8, 124.6 (CH N-MesIm), 131.8, 123.4 (C3 and C5),
124.3 (C5’), 119.4 (C3’), 88.0 (C6), 57.2, 47.4 (N-CH3), 35.7, 33.1
(C(CH3)3), 29.7, 28.3 (3CH3 tBu), 20.9, 17.4, 16.1 (CH3 N-MesIm). Ele-
mental analysis (%) calcd for C36H43F3N4O6ReS: C 47.88, H 4.80, N
6.20; found: C 47.52, H 4.75, N 6.57.

Synthesis of 7 a

KN(SiMe3)2 (0.13 mL of a 0.7 m solution in toluene, 0.094 mmol) was
added to a solution of [Re(CO)3(N-MesIm)(4,4’-tBu2bipy)] (4 a,
75 mg, 0.086 mmol) in THF (20 mL) previously cooled to @78 8C.
The solvent was evaporated to dryness under reduced pressure,
the residue dissolved in CH2Cl2 (20 mL), and HOTf (9 mL,
0.095 mmol) was then added. The mixture was stirred at room
temperature for 10 min, filtered through a cannula, and evaporated
to dryness. The resulting yellow solid was washed with hexane (3 V
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15 mL) and dried in vacuo. Yield: 54 mg (70 %). IR (CH2Cl2): 2032,
1928, 1916 cm@1 (nCO). 1H NMR (CD2Cl2): d= 8.87 (d, J = 6.0 Hz, 1 H,
H6’), 8.11 (sbr, 1 H, NH), 7.67 (d, J = 1.4 Hz, 1 H, H3’), 7.40 (dd, J = 6.0,
1.4 Hz, 1 H, H5’), 7.29 (d, J = 1.4 Hz, 1 H, CH N-MesIm), 7.13, 6.98 (sbr,
1 H each, N-MesIm), 6.96 (d, J = 1.4 Hz, 1 H, CH N-MesIm), 6.86 (sbr,
1 H, H3), 5.29 (m, 1 H, H6), 5.12 (m, 1 H, H5), 2.40, 2.04, 1.75 (s, 3H
each, CH3 N-MesIm), 1.40, 0.95 (s, 9 H, CH3 tBu). 13C{1H} NMR
(CD2Cl2): d= 196.5, 194.9, 194.4 (CO), 164.7, 157.0 (4,4’-tBu2bipy),
152.9 (C6’), 149.5, 145.3, 141.3, 139.6, 135.3, 134.8, 131.6, 130.0,
129.8 (4,4’-tBu2bipy and N-MesIm), 130.2, 124.4 (CH N-MesIm),
124.3 (C3’), 123.4 (C5’), 118.9 (C5), 118.1 (C3), 58.1 (C6), 35.9, 34.3
(C(CH3)3), 30.2, 28.3 (3CH3 tBu), 21.1, 18.5, 17.2 (CH3 N-MesIm). Ele-
mental analysis (%) calcd for C34H38F3N4O6ReS: C 46.73, H 4.38, N
6.41; found: C 46.98, H 4.44, N 6.07.

Synthesis of 14

KN(SiMe3)2 (0.14 mL of a 0.7 m solution in toluene, 0.096 mmol) was
added to a solution of [Re(N-MeIm)(CO)3(4,4’-(NMe2)2bipy)] (11 b,
65 mg, 0.087 mmol) in THF (20 mL) previously cooled to @78 8C.
The color of the solution changed from yellow to red, and the sol-
vent was evaporated to dryness under reduced pressure. The resi-
due was redissolved in toluene (20 mL), filtered through a cannula,
and evaporated to dryness. The resulting red solid was washed
with hexane (3 V 15 mL) and dried in vacuo. Yield: 47 mg (73 %). IR
(THF): 2000, 1884, 1878 cm@1 (nCO). 1H NMR (CD2Cl2): d= 8.35 (d, J =
6.6 Hz, 2 H, H6,6’), 7.27 (d, J = 2.5 Hz, 2 H, H3,3’), 6.72 (s, 1 H, CH N-
MeIm), 6.48 (dd, J = 6.6, 2.5 Hz, 2 H, H5,5’), 6.45 (s, 1 H, CH N-MeIm),
3.79 (s, 3 H, CH3 N-MeIm), 3.14 (s, 12 H, CH3 NMe2). 13C{1H} NMR
(CD2Cl2): d= 202.4 (2CO), 196.1 (CO), 178.5 (Re-C), 157.3, 154.8,
151.9, 108.3, 104.3 (4,4’-(NMe2)2bipy), 128.1, 120.2 (CH N-MeIm),
39.8 (CH3 NMe2), 33.5 (CH3 N-MeIm).

Synthesis of 15 a

KN(SiMe3)2 (0.14 mL of a 0.7 m solution in toluene, 0.096 mmol) was
added to a solution of [Re(N-MeIm)(CO)3(4,4’-(NMe2)2bipy)]OTf
(11 b, 65 mg, 0.087 mmol) in THF (20 mL) previously cooled to
@78 8C. The color of the solution changed from yellow to red, and
the solvent was evaporated to dryness under reduced pressure.
The residue was dissolved in CH2Cl2 (20 mL), filtered through a can-
nula, and MeOTf (11 mL, 0.096 mmol) was added. The solution was
stirred for 15 min. at room temperature, and then evaporated to
dryness. The resulting red solid was washed with hexane (3 V
15 mL) and dried in vacuo. Yield: 40 mg (61 %). IR (CH2Cl2): 2020,
1914, 1899 cm@1 (nCO). 1H NMR (CD2Cl2): d= 8.58 (d, J = 6.8 Hz, 2 H,
H6,6’), 7.28 (d, J = 2.7 Hz, 2 H, H3,3’), 6.80 (s, 2 H, CH N-MeIm), 6.60
(dd, J = 6.8, 2.7 Hz, 2 H, H5,5’), 3.53 (s, 6 H, CH3 N-MeIm), 3.20 (s, 12 H,
CH3 NMe2). 13C{1H} NMR (CD2Cl2): d= 197.4 (2CO), 192.9 (CO), 177.1
(Re-C), 156.9, 155.5, 153.2, 108.5, 105.5 (4,4’-(NMe2)2bipy), 123.5 (CH
N-MeIm), 40.1 (CH3 NMe2), 39.3 (CH3 N-MeIm). Elemental analysis
(%) calcd for C23H26F3N6O6ReS: C 34.46, H 3.46, N 11.10; found: C
34.25, H 3.16, N 10.84.

Synthesis of 18 a

KN(SiMe3)2 (0.20 mL of a 0.7 m solution in toluene, 0.140 mmol) was
added to a solution of [Re(CO)3(N-MesIm)(4,4’-Br2bipy)] (16 a,
100 mg, 0.109 mmol) in THF (20 mL) previously cooled to @78 8C.
The color of the solution changed immediately from yellow to red.
The IR data of this neutral species, analogous to complex 17 b, in
THF are: 2013, 1909, 1896 (nCO). The solvent was evaporated to dry-
ness under reduced pressure, and a solution of HOTf (12 mL,
0.131 mmol) in CH2Cl2 (20 mL), previously cooled to @78 8C, was

then added. The color of the reaction mixture changed again to
yellow, and it was stirred for 10 min, filtered through a cannula,
and evaporated to dryness. The resulting yellow solid was washed
with hexane (3 V 15 mL) and dried in vacuo. Yield: 67 mg (67 %). IR
(CH2Cl2): 2038, 1936 cm@1 (nCO). 1H NMR (CD2Cl2): d= 8.78 (d, J =

6.3 Hz, 1 H, H6’), 8.35 (sbr, 1 H, H6), 7.68 (d, J = 6.3 Hz, 1 H, H5’), 7.61,
7.56 (s, 1H each, CH N-MesIm), 3.58 (sbr, 2 H, CH2), 2.44, 1.93, 1.51 (s,
3H each, CH3 N-MesIm). 13C{1H} NMR (CD2Cl2): d= 195.2, 195.0,
194.8 (CO), 174.1 (C6), 156.1 (C6’), 155.8, 145.7, 142.3, 139.3, 136.0,
134.6, 130.8, 121.8 (4,4’-Br2bipy), 132.1, 126.5 (CH N-MesIm), 130.8,
130.7 (N-MesIm), 130.3 (C5’), 125.1 (C3’), 117.0 (C5), 74.5 (C2), 38.4 (C3,
CH2), 21.5, 17.8, 17.5 (CH3 N-MesIm). Elemental analysis (%) calcd
for C26H20Br2F3N4O6ReS: C 33.96, H 2.19, N 6.09; found: C 37.18, H
2.45, N 5.97.

Synthesis of 21 a

KN(SiMe3)2 (0.20 mL of a 0.7 m solution in toluene, 0.140 mmol) was
added to a solution of [Mo(h3-C4H7)(CO)2(4,7-Cl2phen)(N-MesIm)]OTf
(19 a, 0.100 g, 0.126 mmol) in THF (20 mL) previously cooled to
@78 8C. The solvent was evaporated to dryness under reduced
pressure, a solution of HOTf (13 mL, 0.151 mmol) in CH2Cl2 (20 mL)
was then added, and the reaction mixture was stirred for 10 min.
The reaction mixture was filtered through a cannula and evaporat-
ed to a volume of 5 mL. The addition of hexane (20 mL) caused
the precipitation of an red solid, which was washed with diethyl
ether (2 V 15 mL) and dried in vacuo. Yield: 0.059 g (59 %). IR
(CH2Cl2): 1951, 1867 cm@1 (nCO). 1H NMR (CD2Cl2): d= 9.12 (d, J =
5.3 Hz, 1 H, H9), 8.23 (d, J = 8.7 Hz, 1 H, H5/H6), 7.91 (d, J = 8.7 Hz,
1 H, H6/H5), 7.72 (d, J = 5.3 Hz, 1 H, H8), 7.36 (sbr, 1 H, CH N-MesIm),
7.09, 6.97 (s, 1H each, Mes), 6.93 (s, 1 H, CH N-MesIm), 5.48 (d, J =
4.7 Hz, 1 H, H3), 5.20 (sbr, 1 H, H2), 3.68 (sbr, 1 H, Hsyn h3-C4H7), 3.40 (sbr,
1 H, Hsyn h3-C4H7), 2.27, 2.03 (s, 3H each, CH3 N-MesIm), 1.64, 1.56 (s,
1H each, Hanti h3-C4H7), 1.52 (s, 3 H, CH3 h3-C4H7), 1.25 (s, 3 H, CH3 N-
MesIm). 13C{1H} NMR (CD2Cl2): d= 226.2, 224.1 (CO), 153.6, 146.6,
144.2, 142.6, 141.3, 135.0, 134.9, 134.0, 132.8, 130.1, 129.8, 129.3,
127.7, 126.9, 125.7, 124.1, 123.2 (4,7-Cl2phen and N-MesIm), 130.7,
124.6 (CH N-MesIm), 84.3 (C2 h3-C4H7), 60.8, 52.6 (C1 and C3 h3-C4H7),
57.34 (C2 4,7-Cl2phen), 20.9 (CH3 N-MesIm), 19.3 (CH3 h3-C4H7), 16.8,
16.6 (CH3 N-MesIm). Elemental analysis (%) calcd for
C31H27Cl2F3MoN4O5S: C 47.04, H 3.44, N 7.08; found: C 46.60, H
3.25, N 7.13.
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ABSTRACT  

The effect of pyridocarbazole ligand conjugation and substitution and of the replacement of one 

CO ligand by phosphines on the spectroscopic properties and photocytoxicity of the 

[Re(CO)3(pyridocarbazole)(pyridine)] complexes was investigated by means of time-dependent 

density functional theory (TD-DFT) calculations. The expansion of the pyridocarbazole ligand 

lowers the HOMO-LUMO energy gap, inducing a bathochromic shift. When present, the 

electron-withdrawing 1H-pyrrole-2,5-dione heterocycle of the bidentate ligand plays an 

important role by enhancing the stabilization of the LUMO caused by the rise of the conjugation. 

The introduction of electron-withdrawing substituents into the pyridine ring of the 

pyridocarbazole ligand mainly produces a stabilizing effect on the LUMO, whereas the HOMO 

energy rises primarily when electron-donating substituents are introduced into the indole moiety 

of the bidentate ligand. Both types of substituents result in a bathochromic shift of the lowest-
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lying absorption band, which is even larger if they are combined in the same complex. The 

removal of the -backbonding interaction between Re and the carbonyl cis (COcis) to the 

bidentate ligand when replaced COcis by phosphines PMe3 and CAP, causes another extra 

bathochromic shift due to the destabilization of the HOMO, which is specially large with the 

CAP ligand. The alkylphosphine is merely a spectator ligand in the HOMO, but not the CAP 

phosphine. Through the combination of PMe3 or CAP ligand with the electron-withdrawing 

and/or electron-donationg substituents at the pyridocarbazole ligand, we have found several 

complexes with significant absorption at the therapeutic window. In addition, according to our 

results on the singlet-triplet energy difference, all of them are able to photosensitize cytotoxic 

oxygen. Therefore, we propose these complexes as potential candidates for use as PSs in PDT. 

 

INTRODUCTION 

Since Raab’s pioneering work on the effects of visible light and acridine dye on paramecia,1 

photodynamic therapy (PDT) has become a significant complementary or alternative well-

established approach for cancer treatment.2-15 PDT offers a temporal and spatial control of the 

treatment with minimal side effects, which starts with the administration of a photosensitizer 

(PS, a photoactivatable molecule) followed by excitation of PS by light irradiation at a specific 

wavelength. The light absorption promotes the PS from its ground singlet state (S0) to an excited 

singlet state (S1), which is an unstable and short-lived state. As a consequence, the excited PS 

(S1) can return to its ground state (S0) by converting its energy into heat or fluorescence. 

Alternatively, the PS can evolve from the S1 state to its excited triplet state (T1) that can transfer 

its energy by phosphorescence or colliding with other molecules to generate chemically reactive 
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species (CRS), which kill cancer cells. The mechanisms for CRS formation in PDT are generally 

classified into two types. In the so-called type I mechanism the PS in its T1 state can react with 

biological organic substrates to form species like superoxide (O2
·-) and hydroperoxyl (HO2

·) 

radicals. The mechanism known as type II mostly implies the reaction of the PS in its T1 state 

with ground state oxygen (3O2)
 by transfer of energy to yield singlet oxygen (1O2), which is the 

main molecule causing cellular damage to death by necrosis or apoptosis. Although both 

mechanisms are believed to occur simultaneously,4,16 it is widely accepted that the type II 

mechanism is the predominant one in anticancer PDT treatments.12,17 As such, the three key 

elements for the therapeutic efficacy of PDT are the PS, a light of appropriate wavelength, and 

molecular oxygen. To achieve optimal penetration of light into human body tissues and to 

generate PS in its triplet state and then produce cytotoxic singlet oxygen, the wavelength of the 

light must fall in the therapeutic window (around 620-850 nm).12,18 The lower limit of the 

therapeutic window is a consequence of light absorption by endogenous biomolecules, whereas 

the upper limit comes from the fact that the energy gap between ground and excited triplet states 

of the PS must be higher than energy required (22.5 kcal/mol) for the transformation 3O2 (
3g

-) 

→ 1O2 (
1g).

19,20 The amphiphilic character of PS is also of interest for its efficacy in PDT: its 

hydrophilicity will facilitate its distribution, and lipophilicity its cellular uptake.12  

  Although PDT has been used against a broad variety of cancers (i.e., bile duct, bladder, brain, 

esophagus, head, lung, neck, pancreas, prostate, skin, etc.), the number of PSs approved for these 

treatments is very limited.12,17,21 Most of these drugs are based on porphyrinoid structures, 

including porphyrins, chlorins, bacteriochlorins, phthalocyanines, and related structures.12,17,21  

Even though these PS are able to absorb light in the therapeutic window and generate cytotoxic 

singlet oxygen, they have shown drawbacks such as poor solubility in water, aggregation 
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tendency in physiological liquids, and the need of an oxygen-rich environment for the production 

of singlet oxygen.22-25 As a result, there is great interest in modifying the existing PSs or 

developing new classes of PS. Among the latter, rhenium(I) tricarbonyl complexes have been 

explored in recent years as potential candidates for PDT26-35 due to their rich photophysical and 

biochemical properties (polarized emission, high photostability, large Stokes shifts, long 

lifetimes, and biocompatibility),36-40 which can also be tuned by varying the ligands.  

  Of particular interest are the structural modifications introduced in the first Re(I) complexes 

with visible-light-induced anticancer activity reported in 2013.26,27 In the starting complexes 

rhenium is coordinated to three carbonyl ligands in facial disposition, one pyridyl ligand, and 

one pyridocarbazole-type bidentate ligand (complexes I-III in Scheme 1). The expansion of the 

bidentate ligand shifts the photocytotoxic activity in cancer cells to longer wavelengths when 

going from complex I ( ≥ 330 nm) to III ( ≥ 505 nm), which is desired for PDT since it allows 

a deeper tumor penetration.26 This correlates well with the rise of the maximum wavelength 

(max) of the lowest-lying absorption band from 373 nm for complex I to 512 nm for III 

measured in dimethysulfoxide (DMSO). It was also found that the production of 1O2 by these 

complexes is crucial to induce photocytotoxicity. Another important factor is the location of the 

PS inside the cell membrane. In fact, it was discovered that the presence of the 2,2’-bipyridine 

(bipy) ligand at complex I (complex IV in Scheme 1) instead of the 2-(2’-pyridyl)indolate ligand  

produces 1O2 upon exposure to UV light, but not photocytotoxicity since the positive charge of 

IV prevents its localization in the cell membrane.26 Aiming at getting new Re(I) pyridocarbazole 

complexes for  PDT  with  improved  chemical  stability  and  red-shifted  visible-light-induced  
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Scheme 1. Structure of the rhenium(I) carbonyl complexes I-XX. The structure of the 

phosphines PTA, THP, DAPTA, and CAP is also displayed. 



 6 

anticancer activity, derivatives of complex III were also investigated (complexes V-X in Scheme 

1).27 The replacement of the strong -donating pyridine ligand in III by the strong -donating 

imidazole one (complex V in Scheme 1) does not practically change the value of the longest max 

(max= 1 nm) in DMSO, but it does shift the light-induced toxicity from  ≥ 505 nm to  ≥ 620 

nm. The presence of -accepting substituents in the 3-position of the pyridine moiety of V, 

complexes VI (R1 = F, R2 = H) and VII (R1 = CF3, R
2 = H) in Scheme 1, further red-shifts the 

longest max in DMSO. A similar trend was also obtained when -donating substituents are 

introduced into the 5-position of the indole moiety of III, complexes VIII (R1 = H, R2 = OH) 

and IX (R1 = H, R2 = NMe2) in Scheme 1. Nonetheless, the latter complexes do not exhibit 

photocytotoxicity, whereas those containing -accepting groups at the pyridine moiety do. When 

both types of substituents are simultaneously present at the pyridocarbazole ligand (R1 = F and 

R2 = OMe, complex X in Scheme 1), the longest max increases from 513 to 552 nm in DMSO 

when switching from complex V to X keeping the photoinduced cytotoxic effect at  ≥ 620 nm. 

The substitution of the pyridine ligand in III by another strong -donating ligand like PMe3, 

complex XI in Scheme 1, hardly affects the longest max (max = 3 nm) as in the replacement of 

pyridine for imidazole, but they differ in that photocytotoxicity now occurs at  ≥  505 nm in 

both cases. Other phosphine ligands with strong -donating character, such as 1,3,5-triaza-7-

phosphaadamantane (PTA), tris-(hydroxymethyl)phosphine (THP), and 1,4-diacetyl-1,3,7-triaza-

5-phosphabicylco[3.3.1]nonane (DAPTA), also appear to have weak effect on the longest max of 

Re(I) tricarbonyl complexes bearing bipyridine bidentate ligands (see complexes XII-XIV in 

Scheme 1).33 These compounds show longest max around 346 nm, which is only 23 nm greater 

than that obtained for IV. However, in contrast to IV, complex XIV does exhibit cytotoxicity 

under conditions of light irradiation at 365 nm despite being cationic. This could be related to the 



 7 

water solubility of this complex conferred by DAPTA. Although, the solubility in water is an 

important aspect in the design of PSs, it is likely that the electronic character of that phosphine 

ligand could also be playing a certain role since complexes XII and XIII are also water-soluble, 

but without significant photocytotoxicty. Re(I) tricarbonyl complexes bearing the water-soluble 

phosphine ligand THP also exhibit photocytoxicity at 365 nm when methyl and methoxy 

substituents are present at the 4 and 4’ positions of the bipyridine ligand (complexes XV and 

XVI in Scheme 1), whereas the longest max values hardly change when compared to that 

obtained for XIII (max = -5 and -6 nm, respectively).33 On the other hand, interestingly, a 

greater effect on the longest max was found when a phosphine ligand replaces the CO ligand cis 

to a bipyridine-type one instead of pyridine or imidazole ligands. Specifically, the substitution of 

CO for PMe3 leads to red-shiftings of 100 and 123 nm when going from 

[Re(deeb)(CO)3(NCCH3)]
+ and [Re(deeb)(CO)3Cl] (deeb = 4,4’-diethylester-2,2’-bipyridine) to 

[Re(deeb)(CO)2(PMe3)(NCCH3)]
+    and [Re(deeb)(CO)2(PMe3)Cl], respectively (complexes 

XVII-XX in Scheme 1).41 As the photochemical properties of Re(I) tricarbonyl complexes is 

mainly controlled by the metal-to-ligand charge transfer (MLCT) transition, that is, the energy 

difference between the filled Re d orbitals and the empty * orbitals of the bidentate ligand, it 

was reasoned that the strong -donating PMe3 destabilizes the occupied Re d orbitals (HOMO of 

the complex), explaining thus the rise of the longest max found. In this regard, the use of highly 

water-soluble phosphine ligands with a very strong electron-donating power, such as 1,4,7-

triaza-9-phosphatricyclo[5.3.2.1]tridecane (CAP),42 could be useful to get new PDT agents based 

on Re carbonyl pyridocarbazole complexes. 

Taking the aforementioned in mind along with the fact that computational chemistry is a 

reliable tool to obtain and rationalize photophysical and photochemical properties of transition 
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metal compounds, we undertook a theoretical investigation on the electronic absorption spectra 

of a series of Re(I) carbonyl pyridocarbazole complexes taking as reference complex III in 

Scheme 1. Aiming at proposing new improved Re(I) complexes for PDT, several aspects will be 

analyzed: the degree of conjugation and the effect of substituents of the pyridocarbazole ligand, 

and the replacement of a carbonyl ligand by a highly water-soluble phosphine ligand with a very 

strong electron-donating power. Such an investigation may provide valuable information for the 

design of novel Re-based PSs.      

  

 RESULTS AND DISCUSSION 

Scheme 2 collects an schematic representation of the Re(I) carbonyl pyridocarbazole complexes 

investigated in the present work along with the acronyms used in this section. The geometry of 

all these species was optimized both in the singlet ground state and in the excited triplet state at 

the B3LYP-D3/6-31+G(d)-LANL2DZ level of theory (see Figure S1), whereas the electronic 

absorption spectra were obtained at the PCM-TD-M06/6-31+G(d)-LANL2DZ//B3LYP-D3/6-

31+G(d)-LANL2DZ level of theory in DMSO solution (see Computational Techniques for 

details). The computational protocols mentioned above have been chosen after an exhaustive 

discussion based on validation calculations collected in the Supporting Information. To analyze 

the influence of the degree of conjugation and the substituents of the pyridocarbazole ligand as 

well as the replacement of the carbonyl ligand in cis disposition to the bidentate ligand by 

phosphine ones on the spectroscopic and photocytotoxic properties of the Re(I) pyridocarbazole 

carbonyl complexes, complex 1 in Scheme 2 (III in Scheme 1) has been taken as a reference.  
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Scheme 2. Structure and notation of the Re(I) carbonyl complexes investigated in this work. 
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Influence of the pyridocarbazole ligand conjugation 

Complexes 1-3 in Scheme 2 have been selected to analyze the effect of the degree of conjugation 

of the pyridocarbazole ligand on the absorption properties and the generation of 1O2 of these 

Re(I) complexes. Figure 1 collects the calculated absorption spectra obtained for complexes 1-3 

(see also a detailed discussion in the Supporting Information about the reproducibility of the 

experimental absorption spectra of complexes 1-3 using time-dependent density functional 

calculations). For the Re(I) complex with the pyridocarbazole ligand containing carbazole, 

pyridine, and 1H-pyrrole-2,5-dione heterocycles (1 in Scheme 2), the calculated electronic 

absorption spectrum collected in Figure 1 presents two clear absorption bands at max values of 

327 nm (f = 0.2133) and 521 nm (f = 0.1459) in good agreement with the two most intense bands 

experimentally detected for the same compound.26 The max value of the most red-shifted band 

only differs 9 nm from the experimental one. The third low intensity absorption band 

intermediate to the two previous ones experimentally reported could not be clearly detected in 

the theoretical spectrum obtained. However, we found that the third most intense excitation 

energy appears at 390 nm (f = 0.0606), which falls in the region of the least intense absorption 

band detected experimentally. In accordance with experimental results, the computed absorption 

spectrum obtained for complex 2, in which the 1H-pyrrole-2,5-dione heterocycle is not present in 

the pyridocarbazole ligand, shows two absorption bands at max values of 341 nm (f = 0.1115) 

and 446 nm (f = 0.0676) as shown in Figure 1. The latter value fully coincides with the most red-

shifted max reported experimentally.26 As seen in Figure 1, for Re(I) complex 3 wherein the 

carbazole benzene ring fused to the pyridine heterocycle of the pyridocarbazole ligand is not 

present in the bidendate ligand, its electronic absorption spectrum   
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1 2 3 

 
Figure 1. Singlet optimized structures and computed electronic absorption spectra in DMSO obtained for Re(I) tricarbonyl pyridyl 

complexes 1-3. Some significant bond distances in Å are collected. Data obtained for triplet optimized structures are shown in 

parentheses. The dominant orbital excitations (coefficients in parenthesis) involved in the main absorption peaks are also displayed. 
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shows only one absorption band at 373 nm in full agreement with experimental findings as 

well.26  

Looking at the most red-shifted absorption band obtained for complexes 1-3, which is 

the most interesting one of a potential PS for PDT utility purposes, we see that the decrease 

in the bidentate ligand conjugation when going from complex 1 to 3 results in a 

hypsochromic shift of the lowest-lying absorption band as experimentally found by 

Meggers and co-workers.26 The lowest-lying absorption band for complexes 1 and 2 is due 

to an electronic transition  from the frontier Kohn-Sham orbital HOMO to the LUMO (see 

Figure 1). As seen in Figure 2, for both complexes, the HOMO is mainly composed of a Re 

d orbital (d(Re)) combined with a * antibonding orbital of one of the CO ligands cis to 

the pyridine one (*CO) and another * antibonding orbital of the CO ligand trans to the 

pyridine ligand (*CO), denoted here all this as 𝑑𝑅𝑒(𝐶𝑂)2
, and a  bonding orbital of 

pyridocarbazole ligand (pyridocarbazole), whereas the LUMO mainly consists of a * 

antibonding orbital of the pyridocarbazole ligand (pyridocarbazole). In the HOMO, the 

pyridocarbazole orbital is mainly centered on the carbazole moiety with a small contribution of 

the pyridyl moiety in both 1 and 2 and of the 1H-pyrrole-2,5-dione ring only in the case of 

complex 1. In the LUMO, the pyridocarbazole orbital is primarily extended across the pyridyl 

ring and the carbazole but one benzene ring for both complexes 1 and 2 plus the 1H-

pyrrole-2,5-dione heterocycle for complex 1 (see Figure 2). The extra conjugation due to 

the 1H-pyrrole-2,5-dione ring of the pyridocarbazole ligand in complex 1 compared to 2 
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would lead to a stabilization/destabilization of the HOMO/LUMO when switching from 

the former complex to the latter one and, consequently, a rise of the HOMO-LUMO energy 

gap (EH→L). Although we did find a rise of EH→L of 0.50 eV and a notable 

destabilization of the LUMO of 0.84 eV from 1 to 2, it is noteworthy that, contrary to 

expectations, the HOMO is destabilized 0.34 eV. To rationalize these values, another effect 

in the bidentate ligand of complex 1 must be taken into account: the electron-withdrawing 

character of the 1H-pyrrole-2,5-dione ring. Indeed, the loss of this heterocycle results in a 

destabilization of both the HOMO and the LUMO when going from 1 to 2. Therefore, this 

effect together with the conjugation of the bidentate ligand destabilize the LUMO (0.84 

eV), but in the case of the HOMO, the electron-withdrawing heterocycle effect is opposite 

and greater than that of conjugation since the HOMO destabilizes (0.34 eV) from 1 to 2. 

The rise of the EH→L value is in the line of the hypsocromic effect of the lowest-lying 

absorption band found experimentally when going from 1 to 2.26 The only absorption band 

detected for complex 3 is mainly due to the HOMO-1 → LUMO transition with a certain 

participation of the HOMO → LUMO one (see Figure 1). The HOMO-1 of complex 3 is 

very similar to the HOMO of complexes 1 and 2 (see Figure 1), since it is a mixture of the 

𝑑𝑅𝑒(𝐶𝑂)2
 orbital with the pyridoindole orbital, which is expanded across all the 2-(2’-

pyridyl)indolato ligand (see Scheme 2). In accordance with the diminution of the 

conjugation of the bidentate ligand, the HOMO of complex 3 is 0.11 and 0.45 eV more 

stable than the HOMO of complexes 1 and 2, respectively. The HOMO of complex 3 is 

0.36 eV higher in energy than its HOMO-1 and mainly differs from it in the  bonding   
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 HOMO (-5.98) LUMO (-2.82) 

 

 

 

2 

    

 HOMO (-5.64) LUMO (-1.98) 

 

 

 

3 

    
 HOMO (-5.73) LUMO (-1.88) 

 

 

 

 

  

  

 HOMO-1 (-6.09)  

Figure 2. Contour maps of the frontier Kohn-Sham orbitals involved in the dominant 

orbital excitations of the lowest-lying absorption band found for Re(I) tricarbonyl pyridil 

complexes 1-3. Orbital energies in eV are shown in parenthesis. Two views are given for 

each orbital.  
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orbital of the bidentate ligand. Such an orbital is delocalized across the indole moiety for 

the HOMO and not across the entire 2-(2’-pyridyl)indolato ligand as indicated for the 

HOMO-1. Concerning the LUMO, we see in Figure 2 that it is a  antibonding orbital 

mostly centered on the entire bidentate ligand (pyridoindole) as for complexes 1 and 2. The 

absence of a benzene ring in the carbazole heterocycle and the pyrrole one in complex 3 

leads to a larger decrease of the conjugation of the bidentate ligand compared to that of 

complexes 1 and 2. Consequently, the stability of the LUMO of complex 3 (-1.88 eV) is 

even lower than that of the analogous orbital of complexes 1 and 2 (-2.82 and -1.98 eV, 

respectively). The greater instability of the LUMO of complex 3 along with the greater 

stability of its HOMO-1 and HOMO results in (HOMO-1)-LUMO and HOMO-LUMO 

energy gaps of 0.69 (0.19) and 1.05 (0.55) eV larger than those obtained for complex 1 

(complex 2), respectively, and, in turn, a decrease of the max of the lowest-lying 

absorption band from 521 nm (complex 1) and 446 nm (complex 2) to 373 nm (complex 

3). To sum up, the most red-shifted absorption band for complexes 1-3 is attributed to a 

𝑑𝑅𝑒(𝐶𝑂)2
+ bidentate → *bidentate transition, so it has a mixed metal-to-ligand charge transfer 

(1MLCT, 𝑑𝑅𝑒(𝐶𝑂)2
 → *bidentate) and intra-ligand charge transfer (1ILCT, bidentate → 

*bidentate) character. 

   Although complexes 1-3 do not show absorption bands within the therapeutic window 

(620-850 nm), which limits their use as PSs in PDT, Meggers and co-workers have found 

that they are capable of producing singlet oxygen when irradiated with light of appropriate 
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wavelength.26 Thus, only complex 1 produced singlet oxygen after irradiation with  ≥ 505 

nm, due to the lack of absorption of the other two complexes in this region of the spectrum, 

whereas all of them did generated such a cytotoxic species upon irradiation with  ≥ 330 

nm. Aiming at examining the ability of complexes 1-3 to photosensitize singlet oxygen, we 

have optimized their structures in the first triplet excited state (T1) and computed the 

energy gap between T1 and the singlet ground state (S0), EST. On the whole, the singlet 

and triplet optimized structures obtained for each complex are very similar. For complex 1, 

the bond distances between Re and the N atoms of the indole (Nindole) and pyridine 

(Npyridine) moieties of the bidentate ligand show the largest discrepancies as they shorten 

0.017 and 0.015 Å when passing from the singlet ground state to the first triplet excited 

one, respectively (see Figure 1). The remaining metal-ligand bond lengths only lengthen 

between 0.001 and 0.008 Å. For complexes 2 and 3, the most significant discrepancy was 

detected only for the Re-Npyridine bond distance, which notably shortens by 0.045 and 0.032 

Å when going from the singlet structure to the triplet one, respectively (see Figure 1). The 

Re-Nindole bond length slightly shortens by 0.004 Å (2) and 0.005 Å (3), whereas the 

remaining metal-ligand distances lengthen in a range similar to that found for complex 1 

(0.001-0.007/0.005 Å for 2/3). The energy difference between the singlet-triplet structures, 

EST, obtained for complexes 1, 2, and 3 is 38.7, 47.1, and 49.1 kcal/mol, respectively. All 

these values are notably larger than the minimum energy required, 22.5 kcal/mol,19,20 to 

transform 3O2 into 1O2, which is in consonance with the singlet oxygen production reported 

experimentally for complexes 1-3.26 



17 
 

Effect of substituents at the pyridocarbazole ligand 

Based on the interesting spectroscopic properties experimentally shown by Re(I) carbonyl 

complexes containing both imidazole plus substituted pyrodicarbazoles27 and pyridine plus 

substituted bipyridines,41 eight Re(I) tricarbonyl pyridyl complexes with substituted 

pyridocarbazoles (1a-1h in Scheme 2) have been considered. Complexes 1a and 1b contain 

the electron-accepting CO2Et and F substituents, R1 in Scheme 2, in the 3-position of the 

pyridine moiety of the pyridocarbazole ligand, respectively. In complexes 1c and 1d, the 

electron-donating OMe and NMe2 subtituents, R2 in Scheme 2, are present in the 5-position 

of the indole moiety of the pyridocarbazole ligand, respectively. The remaining complexes 

1e-1h have simultaneously both types of substituents at the bidentate ligand, except 

complex 1g that contains the same CO2Et group in both pyridine and indole moieties. 

  The introduction of substituents into the pyridocarbazole ligand of complex 1 produces 

hardly any geometrical changes (see Figure S1 and Table S1). For example, the Re-ligand 

bond distances in complexes 1a-1h compared to the analogous ones in complex 1 only 

range from -0.004 to 0.003 Å. The general shape of the calculated absorption spectra of 

complexes 1a-1h also resembles the one previously described for complex 1 (see Figure 3). 

Two clear absorption bands were located for complexes with R1 = CO2Et, F and R2 = H 

(1a and 1b, respectively). A similar picture was found for Re(I) compounds with R1 = 

CO2Et  and R2 = OMe, CO2Et (1e and 1g, respectively). In the case of R1 = H and R2 = 

NMe2 (1d), three absorption bands were detected. The remaining substituted 

pyridocarbazole complexes (1c, R1 = H  and R2 = OMe, 1f, R1 = CO2Et  and R2 = NMe2,    
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1a (R1 = CO2Et, R2 = H) 1b (R1 = F, R2 = H) 

 

 

 
1c (R1 = H, R2 = OMe) 1d (R1 = H, R2 = NMe2) 

 

 

 

 
1e (R1 = CO2Et, R2 = OMe) 1f (R1 = CO2Et, R2 = NMe2) 

 

 

 
1g (R1 = CO2Et, R2 = CO2Et) 1h (R1 = F, R2 = OMe) 

Figure 3. Computed electronic absorption spectra in DMSO for Re(I) tricarbonyl pyridil 

complexes bearing substituted pyridocarbazole ligands 1a-1h. The dominant orbital 

excitations (coefficients in parenthesis) involved in the most red-shifted absorption peaks 

are also displayed. 



19 
 

and 1h, R1 = F  and R2 = OMe) display two clear absorption bands and a shoulder between  

them that could be ascribed to a low intensity absorption band, as for complex 1. As 

experimentally found for complex 1 and analogous Re(I) pyridocarbazole complexes 

bearing the imidazole monodentate ligand instead of the pyridine one,26,27 the short 

wavelength absorption band obtained for complexes 1a-1h is the most intense one. It 

appears in the range between 330nm and 380 nm. The second most intense absorption band 

has the longest max ranging from 517 nm to 678 nm. When detected, the intermediate 

absorption band to the two mentioned above is the least intense by far and varies between 

416 and 470 nm.  

  Focusing on the potential use of these complexes as PSs for PDT, we turn our attention on 

the variation of the longest max values obtained for complexes 1a-1h taking as a reference 

the one obtained for complex 1 (see Figures 1 and 3). According to our results, the 

introduction of electron-donating groups into the pyridocarbazole indole moiety has a 

greater effect on the longest max than that of electron-accepting groups into the pyridine 

moiety. Specifically, the presence of OMe and, particularly, NMe2 in the indole moiety 

(complexes 1c and 1d, respectively) increases the longest max by 44 and 138 nm, whereas 

the presence of CO2Et and F (complexes 1a and 1b, respectively) only increases the 

longest max by 13 and 11 nm, respectively. As the CO2Et group behaves slightly better 

than the F one, we first consider the simultaneous presence of the former substituent in the 

pyridocarbazole pyridine moiety with the one of OMe, NMe2, and CO2Et groups in the 5-

position of the indole moiety. For complexes 1e (R1 = CO2Et, R2 = OMe) and 1f (R1 = 
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CO2Et, R2 = NMe2), we obtain a red-shift of the longest max. This magnitude increases 45 

and 144 nm when going from complex 1a (R1 = CO2Et, R2 = H) to complexes 1e (R1 = 

CO2Et, R2 = OMe) and 1f (R1 = CO2Et, R2 = NMe2). These values are even larger (by 14 

and 19 nm, respectively) when taking the respective complexes 1c and 1d as reference. The 

opposite trend was obtained when another electron-accepting group, CO2Et, is present in 

the indole moiety, as the longest max diminishes 17 nm when switching from complex 1a 

(R1 = CO2Et, R2 = H) to complex 1g (R1 = CO2Et, R2 = CO2Et). For the Re(I) complex with 

R1 = F and R2 = OMe (1h), the longest max has a value of 578 nm, which is 46 and 13 nm 

larger than the analogous ones obtained for complexes 1b (R1 = F, R2 = H) and 1c (R1 = H, 

R2 = OMe), respectively. As for the substituted pyridocarbazole complexes of Re(I) 

bearing the imidazole ligand, the presence of the NMe2 substituent provides an important 

red-shift of the lowest-lying absorption band. A rise of the longest max of 49 nm was found 

experimentally when going from [Re(CO)3(Im)(H,H-pyridocarbazole)] to 

[Re(CO)3(Im)(H,NMe2-pyridocarbazole)], whereas a value of 178 nm was obtained when 

pyridine is the monodentate ligand.  

  On the other hand, it is noteworthy that complexes 1e (R1 = CO2Et, R2 = OMe) and 1h (R1 

= F, R2 = OMe) displays an important red-shift of the lowest-lying absorption band, which 

are larger than the value of 542 nm reported experimentally for the analogous Re(I) 

complex containing the imidazole ligand instead of the pyridine one. Taking into account, 

the phototoxicity reported for analogous complexes, compounds 1e and 1h are good 
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candidates to investigate the possibility of introducing new modifications in the Re 

complex aiming at looking for new potential candidates for PDT. 

  As for complex 1, the lowest-lying absorbance band of the Re(I) compounds 1a-1h is 

mainly attributed to the HOMO-LUMO transition (see Figure 3). The HOMO of all 

complexes except those containing the NMe2 substituent, 1d and 1f, is essentially the same 

as that previously described for complex 1, that is, a mixture of a 𝑑𝑅𝑒(𝐶𝑂)2
 orbital with a 

pyridocarbazole orbital, which is mainly centered on the carbazole and 1H-pyrrole-2,5-dione 

heterocycles (see Figure 4). The HOMO of complexes 1d and 1f is mostly composed of a 

pyridocarbazole orbital, which is mainly centered on the indole moiety, with a small 

contribution of a Re d orbital combined with a * orbital of one CO trans to the bidentate 

ligand. The LUMO of all the complexes is primarily a pyridocarbazole orbital, expanded 

across all the pyridocarbazole ligand but the benzene ring of indole moiety (see Figure 4). 

Therefore, on the whole, the HOMO → LUMO transition has a mixed 1MLCT and 1LLCT 

(𝑑𝑅𝑒(𝐶𝑂)2
 + pyridocarbazole → *pyridocarbazole) character for all the complexes except 1d and 

1f, for which that orbital transition primarily exhibits a 1LLCT (pyridocarbazole → 

*pyridocarbazole) character. 
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Figure 4. Contour maps of the main frontier Kohn-Sham orbitals implied in the dominant orbital 

excitations of the lowest-lying absorption band found for Re(I) complexes with substituted 

pyridocarbazoles 1a-1h. Two views are given for each orbital. 
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Figure 5. Energy diagram of the most relevant Kohn-Sham orbitals for Re(I) complexes 1a-1h 

in the singlet ground state along with their corresponding HOMO-LUMO energy gaps in eV. In 

parenthesis, the difference in electronic energy between the first triplet excited state (T1) and the 

singlet ground state (S0), EST, is given in kcal/mol. For comparison purposes, data obtained for 

complex 1 are also included. 

 

  The HOMO of the monosubstitued pyridocarbazole complexes 1a (R1 = CO2Et) and 1b (R1 = 

F) is similar to that of complex 1 (see Figures 2 and 4) as there is no involvement of any 

substituent orbitals. In consonance with this, the HOMO energy hardly changes when going from 

complex 1 (-5.98 eV) to complexes 1a (-6.05 eV) and 1b (-6.04 eV). The LUMO of the latter 

complexes displays a greater delocalized *pyridocarbazole orbital than that of the reference complex 

owing to the extra participation of * or p orbitals of the CO2Et or F substituents, respectively 
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(see Figure 4). This fact along with the electron-withdrawing character of the substituents 

explains why the LUMO of complexes 1a and 1b stabilizes by 0.14 and 0.11 eV with respect to 

that of complex 1. As seen in Figure 5, the greater stabilization of the LUMO compared to that of 

the HOMO results in a little shortening of the HOMO-LUMO gap of 0.07 eV (complex 1a) and 

0.05 eV (complex 1b), which explains the rise of the longest max found by us from complex 1 

(521 nm) to complexes 1a and 1b (534 and 532 nm, respectively). The presence of OMe and 

NMe2 substituents in the bidentate indole moiety (complexes 1c and 1d, respectively) has more 

effect on the HOMO of complex 1 than on its LUMO. Indeed, the shape of the latter orbital (-

2.82 eV) is similar to that obtained for complexes 1c (-2.80 eV) and 1d (-2.77 eV), but their 

HOMOs are more delocalized due to the involvement of a * orbital of OMe and NMe2 (see 

Figure 4). Consequently, the presence of electron-donating substituents in the indole moiety 

provokes a significant destabilization of the HOMO of complexes 1c and 1d by 0.23 and 0.63 eV 

compared to complex 1, respectively (see Figure 5). Compared to complex 1, this destabilization 

results in a diminution of the HOMO-LUMO energy gap of 0.21 eV and 0.58 eV (complexes 1c 

and 1d, respectively), which coincides with the notable red-shift found for the longest max of 34 

nm (complex 1c) and 138 nm (complex 1d). The stronger electron-donating character of NMe2 

explains the greater effect of this substituent on the longest max value. It is also interesting to 

note that the HOMO destabilization caused by the introduction of electron-donating groups into 

the indole moiety is more pronounced than the LUMO stabilization generated by the presence of 

electron-accepting groups in the pyridine moiety. This is in accordance with the experimental 

findings reported for related Re(I) complexes containing the imidazole monodentate ligand 

instead of the pyridine one.27 Based on these results and aiming at red-shifting the longest max 

value, we examine Re(I) complexes containing substituents in both the indole and the pyridine 
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moieties of the pyridocarbazole ligand. Taking as reference complex 1a (R1 = CO2Et, R2 = H), 

the introduction of OMe and NMe2 into the indole moiety destabilizes the HOMO and, 

consequently, the HOMO-LUMO energy gap diminishes 0.22 and 0.63 eV, respectively (see 1e 

and 1f in Figure 5). Yet again, in consonance with this, the longest max value varies from 534 

nm (complex 1) to 579 nm (complex 1e) and 678 nm (complex 1f). By contrast, the addition of 

the electron-accepting CO2Et substituent in the indole moiety of complex 1a stabilizes the 

HOMO, so the HOMO-LUMO energy gap increases (0.08 eV) and the longest max value 

decreases (17 nm). Similar trends are expected for complex 1b ((R1 = F, R2 = H). Indeed, the 

introduction of the electron-donating OMe group into the indole moiety of complex 1b leads to a 

decrease of the HOMO-LUMO energy gap from 3.11 eV to 2.89 eV and the resulting increase of 

the longest max value from 532 nm to 578 nm. These variations are similar to those found when 

replacing F by CO2Et, so both substituents have practically the same effect on the spectroscopic 

properties of the Re(I) complexes investigated. 

  We turned now our attention on the capacity of generating singlet oxygen of complexes 1a-1g. 

To that end, we optimized the geometry of such complexes in their respective triplet excited 

states (see Figure S1). Comparing the triplet optimized structures of complexes 1a-1h to their 

analogous singlet ones, the geometrical discrepancies obtained are similar to those found in the 

case of complex 1 (see Table S1). That is, the excitation of the substituted pyridocarbazole 

complex gives rise to a moderate shortening of the Re-Nindole and Re-Npyridine bond lengths 

ranging from 0.009 to 0.023 Å and 0.016 to 0.019 Å, respectively. The remaining Re-ligand 

bond distances show small variations when going from the singlet ground state to triplet excited 

one for each complex. Concerning the singlet-triplet energy gap, all the complexes 1a-1g show 

EST values greater than 22.5 kcal/mol, ranging from 26.8 kcal/mol for complex 1f to 39.6 
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kcal/mol for complex 1g (see Figure 5). Therefore, they should be able to produce singlet 

oxygen. However, it has been experimentally reported that the formation of singlet oxygen is 

suppressed for the strong electron-donating NMe2 substituent in the indole moiety.27 Looking at 

Figure 4, we reason that it is due to the fact that the contribution of the Re d orbital to the HOMO 

of complexes 1d and 1f is practically negligible, changing the nature of the first singlet excited 

state from 1MLCT and 1ILCT to just 1ILCT. The participation of the metal center in the singlet 

excited state of potential metal complex-based PSs for PDT should be significant to enhance the 

intersystem conversion to the triplet state, which is the one that reacts with 3O2.
43,44 Since this is 

not the case for complexes containing the NMe2 substituent (1d and 1f), we will no longer 

consider complexes with that substituent in the following section. 

Effect of replacing the CO cis to the pyridocarbazole ligand 

As indicated in the Introduction section, the replacement of a CO ligand in cis disposition to a 

substituted bipyridine ligand, COcis, by PMe3 in the complexes [Re(deeb)(CO)3(L)]n (deeb = 

4,4’-diethylester-2,2’-bipyridine; L = NCCH3, Cl; n = +1, 0) led to an important bathochromic 

effect.41 Based on this fact and aiming at getting substituted pyridocarbazole complexes of Re(I) 

with max values longer than the ones obtained in the previous subsection, we designed ten 

hypothetical Re(I) pyridocarbazole complexes wherein the COcis ligand is replaced by 

phosphines PMe3 and CAP (1i-1r in Scheme 2). To perform a comprehensive and systematic 

study, we first replaced the axial CO of complex 1 by phosphines PMe3 and CAP (complexes 1i 

and 1j in Scheme 2, respectively). The CAP ligand has been chosen for its strong electron-

donating character and its water solubility.42 Then, we introduced step by step the CO2Et, F, and 

OMe substituents into the pyridocarbazole ligands as in the previous section (complexes 1k-1r in 

Scheme 2). 
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  As expected, substitution of COcis by PMe3 or CAP modifies significantly the geometry of 

complex 1 (see Figure S1 and Table S1). For instance, all Re-ligand distances of complexes 1i-

1r vary moderately or strongly when compared to their analogs of complex 1, except the bond 

distance between Re and the N atom of the pyridocarbazole pyridine moiety, which only 

increases between 0.006 and 0.010 Å. The two Re-CO bond lengths shorten in the range from 

0.023 and 0.026 Å, whereas the bond distance between Re and the N atom of the 

pyridocarbazole indole moiety lengthen in the gap 0.012-0.019 Å. A largest change was found 

when looking at the distance between Re and the N atom of the pyridine ligand, which notably 

shortens from 0.032 to 0.035 Å when going from 1 to 1i-1r. Substitution of the -accepting COcis 

ligand by another strong -donating one, PMe3 or CAP, alleviates the electron deficiency of Re, 

thus strengthening the expected well-known backbonding interactions between Re d orbitals and 

* orbitals of the two remaining CO and the pyridine ligand of complexes 1i-1r and, 

consequently, shortening the Re-CO and Re-pyridine distances as described above.41 
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1i (R1 = H, R2 = H, R3 = PMe3) 1j (R1 = H, R2 = H, R3 = CAP) 

 

 
 

 
1k (R1 = CO2Et, R2 = H, R3 = PMe3) 1m (R1 = CO2Et, R2 = H, R3 = CAP) 

 

  
1l (R1 = CO2Et, R2 = OMe, R3 = PMe3) 1n (R1 = CO2Et, R2 = OMe, R3 = CAP) 

Figure 6. Computed electronic absorption spectra of some representative Re(I) pyridocarbazole 

complexes bearing the phosphine ligands PMe3 (1i, 1k, and 1l) and CAP (1j, 1m, and 1n). The 

dominant orbital excitations (coefficients in parenthesis) involved in the most red-shifted 

absorption peak are also displayed. 
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  The absorption spectrum of complexes 1i-1r displays two absorption bands. As for complexes 1 

and 1a-1h, the short wavelength absorption band is more intense than the long one, except for 

complexes bearing the CAP ligand 1m (R1 = CO2Et, R2 = H) and 1n (R1 = CO2Et, R2 = OMe), in 

which the reverse situation occurs (see Figure 6). The intermediate band to the two mentioned 

above, not well-reproduced for complexes 1a-1h, appears in complexes 1i (R1 = R2 = H, R3 = 

PMe3) 1j (R1 = R2 = H, R3 = CAP), 1p (R1 = F, R2 = OMe, R3 = PMe3), and 1q (R1 = F, R2 = H, R3 

= CAP) as a shoulder (see Figures 6 and S2). The max value of the shorter wavelength 

absorption band ranges from 342 nm (complex 1i) to 443 nm (complexes 1m and 1n), whereas 

the max value of the longer wavelength absorption band varies from 584 nm (complex 1i) to 653 

nm (complex 1n). Regarding the longest max, we found that the replacement of COcis by PMe3 

or CAP leads to a significant red-shift since the value of 521 nm (f = 0.1459) obtained for 

complex 1 becomes 584 (f = 0.0979) and 611 (f = 0.0767) nm for complexes 1i and 1j, 

respectively. These values are larger than the best ones obtained for complexes 1e (579 nm) and 

1h (578 nm). Introducing the same sequence of modifications into the bidentate ligand as in the 

previous section, we found that the presence of CO2Et in the pyridine moiety without and with 

including the OMe substituent in the indole moiety (complexes 1k and 1l, respectively) leads to a 

rise of the longest max from 584 nm (f = 0.0979, complex 1i) to 608 nm (f = 0.0945, complex 

1k) and 631 nm (f = 0.1161, complex 1l). A similar trend was found for complexes bearing the 

CAP ligands. Specifically, the longest max of complex 1j increases from 611 nm (f = 0.0767) to 

644 nm (f = 0.0698, complex 1m) and 653 nm (f = 0.0934, complex 1n). For the fluoride 

substituent, we also note that the longest max rises 17 and 43 nm when going from complex 1i to 

complexes bearing the PMe3 ligand 1o (R1 = F, R2 = H) and 1p (R1 = F, R2 = OMe), 
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respectively. For the Re complex containing the CAP ligand, rises of longest max values of 21 

and 34 nm were obtained when going from complex 1j to complexes 1r and 1q, respectively. 

 

 

Figure 7. Energy diagram of the most relevant Kohn-Sham orbitals for complexes containing 

phosphine ligands 1i-1r together with their corresponding HOMO-LUMO energy gaps in eV. In 

parenthesis, the difference in electronic energy between the first triplet excited state (T1) and the 

singlet ground state (S0), EST, is given in kcal/mol. For comparison purposes, data obtained for 

complex 1 are also included. 

 

  The analysis of the computed electronic absorption spectra shows that the lowest-lying 

absorbance band of all phosphine complexes 1i-1r is mainly ascribed to the transition HOMO → 

LUMO (see Figures 6). Nonetheless, the transition HOMO-1 → LUMO also contributes to such 

an absorbance band, particularly, for complexes 1j, 1m, 1n, 1q, and 1r (see Figure 6). Based on 

this, we will pay attention on the shape of the HOMO and LUMO of complexes 1i-1r in order to 
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rationalize the variation of the longest max values obtained. As depicted in Figure 7, the 

replacement of COcis by PMe3 or CAP destabilizes the HOMO of all complexes 1i-1r with 

respect to that of complex 1 between 0.31 eV (complex 1o) to 0.53 eV (complexes 1n and 1r), 

whereas the LUMO only varies between +0.08 eV (complex 1i) and -0.07 eV (complex 1m) 

referred to the value of -2.82 eV obtained for complex 1. As a consequence, the HOMO-LUMO 

energy gap of the modified Re(I) complexes is smaller than that of complex 1, thus resulting in a 

rise of the max value of the lowest-lying absorption band. A similar trend was also found when 

replacing COcis by PMe3 in [Re(deeb)(CO)3(L)]n.41 The LUMO of complexes 1i-1r is essentially 

a pyridocarbazole orbital, as depicted in Figure 8, and follows the same pattern as that found for 

complex 1 and the analogous substituted pyridocarbazole complexes, which explains the minor 

variations found for the LUMO energy (see Figure 7). Concerning the HOMO, the absence of 

COcis provokes the loss of the corresponding stabilizing backbonding interaction d(Re)-CO. 

Indeed, the HOMO of the complexes bearing the PMe3 ligand (1i, 1k, 1l, 1o, and 1p) is 

composed by a mixture of a Re d orbital combined with only one CO orbital, denoted now as 

dRe(CO), and  a pyridocarbazole orbital, primarily centered on the indole moiety (see Figure 8). No 

significant participation of any orbital of PMe3 in the HOMO of complexes containing such a 

phosphine has been detected (see Figure 8), which coincides with the orbital analysis reported 

for complexes [Re(deeb)(CO)3(L)]n when replacing COcis by PMe3.
41 However, this picture 

changes when looking at the composition of the HOMO of complexes with the CAP ligand 1j 

(R1 = H, R2 = H), 1m (R1 = CO2Et, R2 = H), 1n (R1 = CO2Et, R2 = OMe), 1q (R1 = F, R2 = H), 

and 1r (R1 = F, R2 = OMe). For compounds without substitution (1j) and only one substitution 

(1m, R1 = CO2Et, and 1q, R1 = F) in the pyridocarbazole ligand, the HOMO involves the dRe(CO) 

combined with a N p orbital of the CAP ligand and a very small participation of a pyridocarbazole 
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orbital (see Figure 7). The N p orbital interacts in a  bonding fashion with one of the lobes of 

the Re d orbital, recalling one of the typical interactions ascribed to metal-phosphine bonds. For 

the remaining CAP complexes containing a two-substituted pyridocarbazole (1n, R1 = CO2Et and 

R2 = OMe, and 1r, R1 = F and R2 = OMe), the HOMO is similar to the previous ones but now the 

participation of the pyridocarbazole orbital in the description of such a frontier orbital is notable (see 

Figure 8). Therefore, the replacement of PMe3 by CAP provokes an extra destabilization of the 

HOMO of pyridocarbazole complexes owing to the interaction between the N atom of the donor 

CAP ligand and the metal center. Indeed, the HOMO of PMe3 complexes is always more stable 

than the analogous of CAP ones in the gap between 0.09 and 0.19 eV (see Figure 7). In 

consonance with this, the HOMO-LUMO energy gaps obtained for PMe3 complexes are larger 

than the analogous ones found for CAP complexes (see Figure 7), thus explaining why the CAP 

ligand has a bathochromic effect even greater than the PMe3 ligand. In addition, we also note that 

the presence of phosphine ligands in Re(I) complexes bearing electron-donating and/or electron-

withdrawing substituents in the pyridocarbazole ligand does not change the trends found for the 

variation of the longest max when considering the analogous complexes with a COcis ligand. 

Thus, both for PMe3 and CAP complexes, the longest max values were reached when there is 

double substitution at the pyridocarbazole ligand, that is, complexes 1l/1p (R1 = CO2Et/F,  R2 = 

OMe, R3 = PMe3; 631 nm/627 nm) and 1n/1r (R1 = CO2Et/F,  R2 = OMe, R3 = CAP; 653 

nm/645 nm). 
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Figure 8. Contour maps of the frontier Kohn-Sham orbitals involved in the main orbital 

transition of the lowest-lying absorption band found for some representative Re(I) dicarbonyl 

pyridyl complexes containing the phosphine ligands PMe3 (1i, 1k, and 1l) CAP (1j, 1m, and 1n). 

Two views are given for each orbital. 
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  As for complexes 1-3 and 1a-1h, we have also examined the ability of phosphine complexes 1i-

1r to photosensitize the formation of singlet oxygen. To accomplish this task, we optimized the 

geometry of such complexes in their respective triplet excited states (see Figure S1). Comparing 

the triplet optimized structures of complexes 1i-1r to their analogous singlet ones (see Table S1), 

we found a notable shortening of the distance between Re and the N atom of the indole moiety in 

the gap 0.059-0.079 Å, whereas an important lengthening (0.021-0.034 Å) was obtained for the 

distance between Re and the CO located on the same side as the bidentate pyridyl moiety. A 

moderate shortening (0.009-0.015 Å) was found the distance between Re and the N atom of the 

bidentate pyridine moiety. The remaining metal-ligand bond lengths of the phosphine complexes 

hardly changes when going from the singlet species to the triplet ones. Yet again, as displayed in 

Figure 7, all the phosphine complexes show EST values greater than 22.5 kcal/mol, ranging 

from 30.3 for complex 1n to 35.1 for complex 1i. This together with the fact that complexes 1l 

(R1 = CO2Et, R2 = OMe, R3 = PMe3), 1m (R1 = CO2Et, R2 = H, R3 = CAP), 1n (R1 = CO2Et, R2 

= OMe, R3 = CAP), 1p (R1 = F, R2 = OMe, R3 = PMe3), 1q (R1 = F, R2 = H, R3 = CAP), and 1r 

(R1 = F, R2 = OMe, R3 = CAP) present light absorption in the therapeutic window ( 620-850 

nm) lead us to propose them as the preferred PS candidates for their use in PDT. Nonetheless, it 

is also possible that the remaining phosphine complexes as well as the substituted 

pyridocarbazole complexes investigated in the previous section, 1a-1h, except those ones 

containing the NMe2 substituent (1d and 1f) and the complex bearing two CO2Et substituents 

(1g), could be used as PSs for PDT since they absorb at max values longer than that found for 

complex 1, whose photocytoxicity was detected experimentally at   505 nm.26 
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CONCLUSIONS 

The influence of the pyridocarbazole ligand conjugation and substitution as well as of replacing 

the carbonyl ligand cis (COcis) to the bidentate one by phosphines on the spectroscopic properties 

and photocytoxicity of complex [Re(CO)3(pyridocarbazole)(pyridine)] has been investigated by 

using time-dependent density functional theory (TD-DFT) methodology. The analysis of the 

electronic absorption spectrum obtained for all the complexes investigated shows that the most 

red-shifted absorption band is mostly ascribed to the HOMO → LUMO transition. This 

transition has a mixed 1MLCT and 1ILCT character (𝑑𝑅𝑒(𝐶𝑂)2
 + pyridocarbazole → *pyridocarbazole)   

for all the complexes except those containing the electron-donating NMe2 substituent in the 

indole moiety of the pyridocarbazole ligand and those bearing phosphine ligands. For the former 

complexes, the HOMO → LUMO transition has a 1ILCT character (pyridocarbazole → 

*pyridocarbazole), thus explaining the absence of phototoxicity experimentally reported for 

analogous complexes bearing imidazole ligands. In the case of complexes containing the 

phosphine PMe3, although the HOMO → LUMO transition has a mixed 1MLCT and 1ILCT 

character (𝑑𝑅𝑒(𝐶𝑂) + pyridocarbazole → *pyridocarbazole), the replacement of COcis by the phosphine 

has removed the d(Re)-*(COcis) backbonding interaction. The spectator role played by the 

alkylphosphine, typically attributed to phosphine ligands, changes when complexes with the 

CAP ligand are considered, since this phosphine does participate in the description of HOMO by 

destabilizing it even more than with the alkylphosphine. Apart from this, it is worth noting that 

the bidentate ligand participates very little in the HOMO of complexes bearing the CAP ligand, 

thus suggesting a 1MLCT transition.  
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  As expected, the greater the number of conjugated rings in the bidentate ligand, the smaller the 

HOMO-LUMO energy gap, thus inducing a bathochromic shift as found for closely related Re(I) 

complexes containing imidazole ligands. More interestingly, the electron-withdrawing nature of 

the 1H-pyrrole-2,5-dione heterocycle of the bidentate ligand plays an important role by 

enhancing the stabilization of the LUMO caused by the rise of the conjugation. The introduction 

of electron-withdrawing substituents into the pyridocarbazole pyridine ring mainly stabilizes the 

LUMO, whereas the HOMO destabilizes primarily with electron-donating substituents in the 

pyridocarbazole indole moiety. Both types of substituents result in a bathochromic shift of the 

most red-shifted absorption band, which is even larger if they are combined in the same 

complex. Except complexes containing the NMe2 substituent, the replacement of COcis by PMe3 

or CAP has a greater bathochromic shift than the introduction of substituents into the 

pyridocarbazole ligand due to the loss of one Re-CO bakbonding interactions,. The extra 

bathochromic shift found for CAP complexes compared to the analogous PMe3 ones is a 

consequence of the participation of the former phosphine in the description of the HOMO 

through a -bonding interaction between one lobe of the nitrogen atom of CAP and one of the 

lobes of a filled d orbital of Re. By combining PMe3 or CAP ligand with electron-withdrawing 

and/or electron-donationg substituents at the pyridocarbazole ligand, we have found several 

complexes with significant absorption at the therapeutic window. In addition, the calculation of 

the difference in energy between the first triplet excited state and the singlet ground state 

obtained for those complexes is greater than 30.0 kcal/mol, clearly above the minimum energy 

required, 22.5 kcal/mol, to transform triplet oxygen into singlet oxygen, indicating their capacity 

to photosensitize cytotoxic oxygen. Therefore, these new complexes can be taken into account 

for use as PSs in PDT. 
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COMPUTATIONAL DETAILS 

Time-Dependent Density Functional Theory (TD-DFT) methodology45,46 has proven to be 

reliable for studying UV-vis absorption spectra of Re(I) carbonyl complexes with -diimine-type 

ligands.47-77 A variety of DFT methods together with different basis sets and without or with 

including solvent effects have been used to that purpose. As TD-DFT computations require the 

optimization geometry of the stable species, first, and then, the obtaining of their corresponding 

electronic absorption spectra,78,79 we describe and justify the levels of theory employed in the 

present work below. 

Geometry optimization 

The ground-state geometry of all the Re(I) complexes investigated in this work was optimized in 

the gas phase using the popular hybrid B3LYP functional80-83 corrected with Grimme’s D3 

dispersion84 in conjunction with Pople’s 6-31+G(d) basis set for non-metal atoms85 and the 

valence double-ζ basis set LANL2DZ plus the effective core potential of Hay and Wadt for the 

Re atom.86 The location of the critical points on the potential energy surface was carried out 

using a modified Schlegel algorithm.87-89 The nature of the optimized species as global minima 

was corroborated by means of an analytical calculation of harmonic vibrational frequencies. 

B3LYP has often been used in conjunction with double-zeta quality basis sets in order to get 

successful optimized geometries of rhenium carbonyl complexes aiming at carrying out TD-DFT 

calculations.47-55,57,67,69,70,75,90-92 The inclusion of dispersion correction is also important to 

improve the performance of the B3LYP/6-31+G(d)-LANL2DZ level in yielding better optimized 

geometries. Despite all of this, we compared the B3LYP-D3/6-31+G(d)-LANL2DZ optimized 

geometry of a Re(I) complex closely related to those investigated in this work, a N-benzylated 
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derivative of the Re(I) tricarbonyl complex containing a pyridine ligand and another pyrido[2,3-

a]pyrrolo[3,4-c]carbazole-5,7(6H)-dione ligand, with that reported by X-ray diffraction data.26 

The differences between both geometries show a mean absolute deviation (root mean square 

deviation) in the bond distances and bond angles involving non-hydrogen atoms of 0.011 Å 

(0.014 Å) and 0.65º (1.03º), respectively. These relatively small discrepancies corroborate the 

computational protocol chosen (see the Validating the computational protocol for geometry 

optimizations section in the Supporting Information). 

  The B3LYP-D3/6-31+G(d)-LANL2DZ level of theory was also employed to optimize all the 

Re(I) complexes in the first triplet excited state aiming at determining the difference in electronic 

energy between the triplet excited state and the singlet ground state. To that, the singlet and 

triplet B3LYP-D3/6-31+G(d)-LANL2DZ energies obtained for each complex were refined at the 

level used in the TD-DFT computations (see below).   

Electronic absorption spectrum  

The electronic absorption properties of all the Re(I) complexes was investigated by performing 

PCM-TD-M06/6-31+G(d)-LANL2DZ calculations on the B3LYP-D3/6-31+G(d)-LANL2DZ 

optimized geometries. That is, TD-DFT computations were carried out using the hybrid meta-

GGA M0693 along with the same basis set as the one used for geometry optimization. Solvent 

effects of dimethyl sulfoxide (DMSO), the one used in the UV/Vis absorption spectra of the 

Re(I) complexes 1-3 and derivatives (see Scheme 1),26 were simulated by means of the 

Polarizable Continuum Model (PCM) taking into account electrostatic, cavitation, dispersion, 

and repulsion terms in the evaluation of the total energy in solution.94-100 The first ten lowest 

excitation energies were only considered in these computations as we are mainly interested in the 
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lowest-lying absorption band. Apart from the PCM-TD-M06/6-31G(d)-LANL2DZ level, we also 

considered other computational levels in the TD-DFT computations by replacing M06 by GGA 

(PBE101,102), meta-GGA (TPSS103, wB97x104), hybrid GGA (B3LYP-D380-84, PBE0105, 

wB97xD106), hybrid meta-GGA (M05107, MN15108, TPSSh103,109), and long-range separate 

(CAM-B3LYP110) functionals. These eleven functionals have been chosen after an extensive 

revision about the computational protocols commonly used to theoretically investigate the UV-

Vis properties of Re(I) carbonyl complexes. As explained in the Validating the TD-DFT 

computational level section in the Supporting Information, our results show that M06 is the most 

satisfactory functional to reproduce the experimental absorption spectra reported for complexes 

1-3. Thus, it should be expected a similar behavior when dealing with Re(I) carbonyl 

pyridylcarbazole complexes containing small alterations. 

  All the quantum chemical calculations were performed with the Gaussian 16 (G16) suite of 

programs.111 
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Szalkowski, M.; Maćkowski, S.; Libera, M.; Schab-Balcerzak, E.; Machura, B. Tuning Optical 

Properties of Re(I) Carbonyl Complexes by Modifying Push-Pull Ligands Structure. 

Organometallics 2019, 38, 4206-4223. 

(74) Favale Jr., J. M.; Danilov, E. O.; Yarnell, J. E.; Castellano, F. N. Photophysical Processes 

in Rhenium(I) Diiminetricarbonyl Arylisocyanides Featuring Three Interacting Triplet Excited 

States. Inorg. Chem. 2019, 58, 8750-8762. 

(75) Shillito, G. E.; Preston, D.; Traber, P.; Steinmetzer, J.; McAdam, C. J.; Crowley, J. D.; 

Wagner, P.; Kupfer, S.; Keith C. Gordon, K. C. Excited-State Switching Frustrates the Tuning of 



51 
 

Properties in Triphenylamine-Donor-Ligand Rhenium(I) and Platinum(II) Complexes. Inorg. 

Chem. 2020, 59, 6736-6746. 

(76) Auvray, T.; Del Secco, B.; Dubreuil, A.; Zaccheroni, N.; Hanan, G. S. In-Depth Study of 

the Electronic Properties of NIR-Emissive κ3N-terpyridine Rhenium(I) Dicarbonyl Complexes. 

Inorg. Chem. 2021, 60, 70-79. 
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ABSTRACT: Dye-sensitized solar cells (DSSC) are presented as an
alternative among renewable energies where the dye plays an important role
to obtain an effective device. Our goal in this work is to examine the influence
of several bridging functional groups between the BODIPY and oxasmar-
agdyrin systems forming dyads (D), as potential components of DSSC, on the
aromatic, photophysical, and charge transport properties. A set of 11 dyads
made of the oxasmaragdyrin with 2,6-dimethoxyphenyl and methylamine
groups in two of their meso carbons (S) and the 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (BODIPY, B) moieties that differ in the binding bridge
between them has been analyzed with density functional theory (DFT). The
geometries were optimized with the B3LYP/6-311G(d,p) level of theory
employing D3 Grimme′s correction, and a set of six functionals (B3LYP,
BHandHLYP, CAM-B3LYP, PBE0, wB97X, TPSSh) was evaluated for
reference systems in time-dependent DFT calculations. We found that
TPSSh presents the best agreement with the available data of UV−vis spectra, so it was used for calculation of the electronic
absorption spectra of the 11 oxasmaragdyrins and 11 dyads. When the bridge between S and B consists of one (D3), two (D5),
or three acetylene units (D6), a strong absorption band in the infrared region around 1000 nm can be achieved. These bands
correspond to charge-separated excited states that favor a panchromatic absorption in that region. The aromaticity index
NICS(0) computed at the macrocycle center ring critical point using the GIAO/B3LYP/6-311G(d,p) level of theory shows in
all these systems an aromatic character for the oxasmaragdyrin macrocycle (from −10.7 to −12.4 ppm). We also found that all
dyads present a favorable electron injection toward the semiconductor TiO2 because the LUMO energy of the dyad is higher
than the conduction band of the semiconductor (−4.3 eV) used in a solar cell. Besides, the HOMO energy of the dyads D3, D5,
and D6 is lower than the redox potential (−4.8 eV) of a mediator as the I−/I3

− system used to recover it after circulation of
electrons. Nonequilibrium Green′s function-based calculations performed for a couple of dyads, with (D6) and without (D4) a
significant charge transfer band, connected to Au electrodes show that D6 was to be a better conductor, in agreement with the
charge transfer results obtained from the photophysical properties. Finally, the Gibbs free energy for the formation of the dyads
here investigated is calculated. All of them are shown to be exergonic reactions (ΔGsolution < 0), which suggests that these
systems could be synthesized.

1. INTRODUCTION

The search for clean and renewable energy sources is a subject
of great interest currently because of the limited life of fossil
fuels, the pollution caused by their combustion, and the
growing environmental awareness. New technologies for
conversion of solar energy into electrical energy by means of
dye-sensitized solar cells (DSSC) are a very attractive
alternative due to their low cost and high performance.1−13

In these types of devices the dye plays an important role
whenever it meets the following requirements: (a) radiation
absorption in the visible−ultraviolet (UV−vis) and near-

infrared (NIR) region, (b) large molar absorption coefficients,
(c) energy of its lowest unoccupied molecular orbital (LUMO)
above the conduction band edge of the semiconductor, with
electrons located near the molecular group of the dye anchored
to the semiconductor for an efficient electron injection, (d)
energy of its highest occupied molecular orbital (HOMO)
below the redox mediator for an efficient electron reduction in
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the regeneration of the dye, and (e) absence of aggregation on
the semiconductor surface.14

Ruthenium complexes started being used as dyes in the
DSSC since the pioneering work of Graztel et al.1−7 However,
the limited availability, toxicity, and high cost of ruthenium
have led to interest in looking for other efficient dyes for
DSSC. Among them, porphyrins are attractive candidates
because they have a rigid molecular structure of four pyrrolic
rings connected by four bridging meso carbon atoms with high
absorption coefficients in the visible region and with many
reaction centers (four meso positions and eight beta positions)
suitable for introduction of functional groups (see Scheme 1a).
Several experimental15,16 and theoretical17−20 studies have
shown the viability of some porphyrins as dyes for DSSC.
Expanded porphyrins containing more than four pyrrole rings
or alternative heterocycle subunits (see Scheme 1b) have
emerged as functional organic chromophores for a wide range
of applications because those structural modifications result in
marked changes in the optical, redox, and ion-coordination
properties.21,22 Due to their extended π-system, expanded
porphyrins display red-shifted absorption bands and excep-
tionally large two-photon absorption cross sections compared
to the regular porphyrin. Consequently, they are excellent
candidates for near-infrared dyes and nonlinear optical

materials. In particular, in recent years there has been growing
research on expanded porphyrins consisting of five pyrrole
rings in which a pyrrole unit is replaced by a furan named
oxasmaragdyrin (see Scheme 1c).
Recent studies have shown the importance of oxasmar-

agdyrin sensitizer as a compelling material for light-energy-
harvesting applications.23−26 For instance, boryl oxasmaragdyr-
in offers many advantages, such as simpler synthesis and
purification processes, low cost, and moisture stability. Besides,
very recently, it has been found that such aromatic core-
modified expanded porphyrins are efficient hole-transporting
materials (HTMs) for perovskite solar cells (PSCs) as they
retard charge recombination and transport the photogenerated
hole to the counter electrode.24

On the other hand, boron−dipyrromethene units (BODI-
PY) are also molecular systems commonly used for efficient
light capture, mainly in the far visible or UV region of the
electromagnetic spectrum. The photophysical properties of
BODIPY and derivatives have been previously studied by
Jacquemin’s and Russo’s groups.27−32 The coupling of
oxasmaragdyrins with BODIPY through different types of
linkers could also enhance the photosensitization properties of
the porphyrin derivatives.23,33 Experimentally, the effect of
spacers or bridges between chromophores has been studied.

Scheme 1. Molecular structures of (a) Porphyrin, (b) Expanded Porphyrin, and (c) Oxasmaragdyrin

Scheme 2. Reaction for the Synthesis of the BODIPY−Oxasmaragdyrin Dyad37
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Scheme 3. Molecular Structure of the Dyads (D1-D11) Formed by BODIPY (B) and the Oxasmaragdyrin (S1) without and
with Different Bridges
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Among the bridges that have shown the best results in
electronic transfer are those containing acene,34 thiophene,35

and phenylethynyl36 groups.
Recently, the synthesis of a covalently linked BODIPY−

oxasmaragdyrin dyad has been reported37 (see Scheme 2),
where 4,4-difluoro-8-(4-ethynylphenyl)-4-bora-3a,4adiaza-s-in-
dacene (BODIPY−CCH) reacts with a 5,10-(4-methylphen-
yl)-19-(4-iodophenyl)-25-oxasmaragdyrin in the presence of
toluene/triethylamine (3:1) and a catalytic mix of Pd2(dba)3/
AsPh3 at 45 °C for 2 h. The reaction has a yield of 65% for the
formation of the dyad and is a stable product. The dyad
presents absorption in the visible region in the range of 449−
706 nm.
Inspired by these authors and the characteristics of these

compounds as photosensitizers, we theoretically explored other
linkers that could connect both chromophores, as also some
structural variations for the dyad components, oxasmaragdyrin
and BODIPY. To our knowledge, these kinds of studies
applied to BODIPY−oxasmaragdyrin dyads have not yet been
reported in the literature.
The oxasmaragdyrin selected in this study has 2,6-

dimethoxyphenyl and methylamine groups in two of its meso
carbons (S1 in Scheme 3), which are electron-donating groups
adequate to achieve the push-up effect of electron density from
the porphyrin,15,16,38 toward the bridge, and eventually to the
BODIPY moiety. In addition, the selected BODIPY (4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene, B in Scheme 3) is
similar to a commercial BODIPY 650/660-succinimidyl
ester39 with a decrease in the size of its side chain. This
modification ensures that electronic absorption properties are
maintained while saving computational resources.
The main goal of this theoretical research is to propose

dyads composed of oxasmaragdyrin and BODIPY that could
improve the photosensitization properties of the synthesized
dyad displayed in Scheme 2. To that end, we examine the
influence of several bridging functional groups between B and
S1 on the photophysical properties of the BODIPY−
oxasmaragdyrin dyads (see D2−D11 in Scheme 3). For the
sake of a simple nomenclature, we include the bridge as part of
the oxasmaragdyrin fragment in the dyad named S2−S11.
Because of their structural characteristics, we also investigated
the aromaticity of these systems and the binding nature
between the fragments. A set of bridges between the two
chromophores including alkyl, phenyl, and alkynyl groups and
a combination of them was considered, evaluating their
influence on the geometry, aromaticity, and electronic
absorption spectra. Finally, taking into consideration that
some dyads present an important charge transfer between the
fragments, we investigated the charge transport properties by
simulating the dyad connected to gold electrodes to represent
a molecular device.

2. COMPUTATIONAL METHODS
Optimization of the molecular structure of isolated oxasmar-
agdyrin S1 and its variants (S2−S11), the isolated BODIPY B,
and the corresponding BODIPY−oxasmaragdyrin dyads (D1−
D11) was carried out applying density functional theory
(DFT) and the B3LYP40−42 functional as implemented in
Gaussian 0943 (see Scheme 3 for the investigated structures).
B3LYP is a hybrid functional that combines the Becke’s
nonlocal exchange functional, the Hartree−Fock exchange
energy, the nonlocal correlation functional of Lee, Yang, and
Parr, and the Vosko−Wilk−Nusair fitting to the correlation

energy derived from the local spin density approximation. All
of the atoms were described with the contracted triple-ζ
quality basis set including polarization functions 6-311G-
(d,p),44 while a modified version of the Schlegel algo-
rithm45−47 was used to locate the energy minima on the
potential energy surface. The nature of these critical points was
confirmed by analytical computations of harmonic vibrational
frequencies. The dispersion interactions in the B3LYP energy
computations during the optimization were also taken into
account through calculation of the atom-pairwise DFT-D3
dispersion developed by Grimme and co-workers.48

Aiming at finding out what factors can influence the
sensitization properties of oxasmaragdyrin-type porphyrinic
systems, we investigated the electronic absorption spectra and
the aromaticity of the oxasmaragdyrins S1−S11 and their
corresponding dyads D1−D11. On one hand, B3LYP/6-
311G(d,p- optimized geometries were used to calculate the
excited electronic spectra applying the time-dependent DFT
methodology (TD-DFT),49,50 where the electronic transitions
are considered as verticals Franck−Condon type.
For regular porphyrins and some derivatives the less

expensive TD-DFT has been shown to be in better agreement
with experiment than the more expensive ab initio config-
uration interaction (CI), complete active space second-order
perturbation theory (CASPT2), or similarity transformed
equation-of-motion coupled cluster (STEOM-CC) calcula-
tions.51,52 To obtain reliable electronic spectra, we performed a
calibration of some of the most commonly used density
functionals in porphyrin-type systems: B3LYP,40−42 BHandH-
LYP,53 CAM-B3LYP,54 PBE0,55 TPSSh,56,57 and wB97x.58

To that end, we used as references the electronic absorption
spectra experimentally reported for the BODIPY 650/660-
succinimidyl ester39 (Bref) and oxasmaragdyrin59 with phenyl
substituents on the three meso carbons (Sref) (Scheme S1),
which have very similar structures to those of the
chromophores of our study. In particular, we compared the
electronic absorption spectra calculated with all of the above-
mentioned functionals for both the isolated BODIPY (Bref)
and oxasmaragdyrin (Sref) with the corresponding reference
spectra. Then, the best functional obtained was used to
investigate the electron spectroscopic properties of S1−S11
and D1-D11. In these calculations, a set of 25, 50, and 75
excited states was computed for oxasmaragdyrins (S1−S11),
BODIPY, and dyads (D1−D11).
Solvent effects were taken into account in all of the TD-DFT

computations with the conductor-like polarizable continuum
model (CPCM).60,61 The dielectric constants of 4.71, 8.93,
and 32.61 were used to simulate the chloroform (CHCl3),
dichloromethane (CH2Cl2), and methanol (CH3OH) solvents,
respectively. CH2Cl2 is the solvent used in the TD-DFT
computations on the S1−S11 and D1−D11 systems because
the experimental absorption spectrum of Sref was obtained in
that solvent59 and the absorption spectrum of BODIPY is
relatively insensitive to the solvent.39 CHCl3 and CH3OH were
only used in the TD-DFT calculations on the dyad shown in
Scheme 2 and the isolated BODIPY B to compare them with
the electron absorption spectrum reported for Dref and Bref in
such solvents, respectively.52 All of the relevant molecular
orbitals involved in the electronic transitions of each system
were computed.
On the other hand, the aromaticity of all of the structures

located was investigated in terms of the magnetic criterion
based on NICS (nucleus-independent chemical shift) calcu-
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lations62,63 using the Gauge-including atomic orbital (GIAO)
method in conjunction with the B3LYP/6-311G(d,p) level of
theory. NICS values were computed at the ring critical point
(RCP) located inside the oxasmaragdyrin macrocycle,
NICS(0). Some theoretical studies on related systems
recommend computing the NICS not at the geometric center
but at the point of lowest density in the ring plane, i.e., at the
RCP.64 This recommendation has proven to be particularly
appropriate in the case of heterocyclic or metalloaromatic
compounds, where the RCP is usually displaced from the
geometric ring center. Here, RCPs were detected by making a
topological analysis of the electron density based on the atoms-
in-molecules theory of Bader (AIM)65−67 using the AIMAll
program.68 Although other NICS definitions like that
computed at 1 Å above RCP, NICS(1), and its out-of-plane
tensor component, NICS(1)zz, were recommended as a better
measure of the π electron delocalization compared to
NICS(0),69,70 the former indices are not adequate to measure
the macrocycle aromaticity of twisted-Hückel conformations of
expanded porphyrins.71 Therefore, in the present work, we
only consider NICS(0) values. Magnetically induced current
densities were also calculated at the B3LYP/6-311G(d,p) level
using the AIMAll program.72,73 The analyses of calculated
current densities and current pathways have proved to be
useful for obtaining a more detailed picture of the aromatic
pathways in porphyrin systems.74−76 A better understanding of
the aromatic properties may help in designing porphyrinoids
with selected properties.
In order to evaluate the electronic transport properties of the

dyads, the molecular junction systems composed of each of the
aforementioned structures were anchored to two Au(111)
nanowires by means of thiol groups. These properties were
calculated using the Nanodcal program suite,77 which is based
on a combination of DFT with the Keldysh nonequilibrium
Green′s function (NEGF) formalism.78 To this end, the
molecular structure of each dyad with two of their terminal
hydrogen atoms substituted for S−Au groups was optimized at
the DFT level of theory (BP8640,79/def2-SVP80,81) with the
D3 Grimme′s dispersion correction. To represent the gold
atoms, the relativistic Stuttgart pseudopotentials were
employed. Then these atoms were attached to the hollow
site of the Au (111) electrode extensions.
For calculation of the transport properties, all of the atoms

were represented by a double-ζ-polarized (DZP82,83) basis set
using the PBE9684 exchange-correlation functional. The mesh
cutoff energy was set to 150 Ry for both the real and the
reciprocal space grids in all calculations with a self-consistency
tolerance for the convergence of the Hamiltonian and density
matrices of 3.6 × 10−6 au.

3. RESULTS AND DISCUSSION
3.1. Molecular Structures. In this section the planarity of

the oxasmaragdyrin is analyzed, first as an isolated fragment,
then when linked to the different bridges, and finally when
those bridges connect the porphyrin derivative with the
BODIPY moiety.
From the structural point of view, oxasmaragdyrin (S1) is an

expanded porphyrin made of five rings and three meso carbon
atoms. As an isolated fragment it strongly deviates from
planarity with a root-mean-square deviation (RMSD) of 0.31 Å
with respect to the best plane defined by the atoms of the core
of the porphyrin that involves the pyrrole rings (see Scheme
3). β carbon atoms of R2 and R5 rings stand below the

reference plane, yielding a dome geometry for the macrocycle.
When bridges are connected to C17 (S2−S11), the planarity
of the oxasmaragdyrin macrocycle increases, regardless of the
nature of the bridge, as it is reflected in the lower RMSD values
collected in Table 1 for S2−S11. These values go from 0.12

(S3, S4, S6) to 0.05 Å (S9). Bridges in S7, S9, S10, and S11
provide a phenyl derivative ring directly linked to S1 and
render large planarity of the macrocycle. As an illustration,
Figure S1 shows a molecular view of the oxasmaragdyrins with
the highest (S1) and lowest (S9) RMSD values. The joining of
the BODIPY moiety to the corresponding oxasmaragdyrin
hardly affects the planarity of the porphyrin derivative
(ΔRMSD is always lower than 0.08 Å, as seen in the last
column of Table 1). The only exception is D1, since in this
case the unsubstituted nonplanar S1 becomes a C17-
substituted oxasmaragdyrin with a degree of planarity very
similar to most of the other dyads (its RMSD reduces in 0.21
Å).
Structurally speaking, it is interesting to mention the relative

orientation of both end moieties in the dyads (see Figure S2).
In the absence of a bridge, as in D1, the oxasmaragdyrin
macrocycle and the BODIPY core lie in almost perpendicular
planes. Thus, steric repulsions between neighbor H atoms in
the binding region are minimized. A nearly perpendicular
orientation of the planes containing both terminal cycles is also
found for D2, D4, D7, D8, and D10. In the remaining dyads
both units are almost coplanar, although as the length of the
bridge increases, their relative orientation depends more on the
nature of the bridge than on their own interactions.

3.2. Spectroscopic Properties. Calibration of the
Density Functional. To obtain theoretically the electronic
absorption spectra of the dyads and to analyze their
corresponding excited states, a calibration method looking
for the density functional that best reproduces the
experimental data was previously performed for the selected
fragments (Sref, Bref), where the UV−vis spectra are available.
Tables 2 and 3 show the characteristic bands calculated for
these fragments using the B3LYP, BHandHLYP, CAM-B3LYP,
PBE0, wB97X, and TPSSh functionals along with the
measured values.39,59 We include the wavelength (nm),
excitation energy (eV), oscillator strength, and deviation of

Table 1. Root-Mean Square Deviation (RMSD, Å) of the
Non-Hydrogen Atoms of the Oxasmaragdyrin Core to the
Best Plane Fitting the Set of Cartesian Coordinates of Such
Atoms by a Least-Squares Method for the Different
Oxasmaragdyrins and Their Respective Dyads Investigated
at the B3LYP/6-311G(d,p) Level and the Difference
between them (ΔRMSD, Å)

oxasmaragdyrin RMSD dyad RMSD ΔRMSD

S1 0.31 D1 0.11 −0.21
S2 0.09 D2 0.15 0.06
S3 0.12 D3 0.14 0.03
S4 0.12 D4 0.13 0.01
S5 0.13 D5 0.11 −0.02
S6 0.12 D6 0.11 −0.01
S7 0.08 D7 0.11 0.03
S8 0.11 D8 0.14 0.03
S9 0.05 D9 0.13 0.08
S10 0.06 D10 0.13 0.06
S11 0.11 D11 0.11 0.00
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the theoretical values with respect to the experimental ones (in
eV and %).

For oxasmaragdyrin (Sref) we note that all of the functionals
predict bands in the visible region, two weak Q bands, and one
strong Soret band, as expected for an expanded porphyrin.
Obtaining in the calculations two Q bands instead of four
occurs because the bands given by TD-DFT are not pure states
but a combination of electronic transitions. The Q band at the
longest wavelength corresponds in all of the functionals to H-1
→ L+1 and H → L transitions of the Q (1−1) and Q (0−0)
types, respectively, while the Q band at the lowest wavelength
corresponds to H-1 → L and H → L+1 transitions of the type
Q (1−0) and Q (0−1) types, respectively.
The theoretical bands for Sref are compared to the Q bands

measured at 633 and 591 nm and to the Soret band at 443
nm.59 The lowest deviations for both types of bands are found
for B3LYP (0.03 eV), PBE0 (0.06 eV), and TPSSh (0.07 eV),
which for the TD-DFT methodology are considered as
negligible errors. These three functionals share the character-
istic that they are hybrid functionals with a similar contribution
of Hartree−Fock (HF) exact electronic exchange energy, 20%,
28%, and 13%, respectively. Range-separated functionals like
CAM-B3LYP and wB97X predict larger errors of up to 0.27
and 0.51 eV, respectively, which may be attributed to the larger
contribution of HF exchange for long-range terms of 65% and
100%, respectively. BHandHLYP with 50% HF exchange
generates a deviation of up to 0.28 eV, similar to CAM-B3LYP,
although somewhat smaller than that of wB97X, and represents
an important error for TD-DFT calculations. On the basis of
the results it is clear that functionals with a percentage of HF
exchange greater than 28% do not describe well the absorption
bands of oxasmaragdyrin Sref. It is a macrocycle with a strongly
covalent electronic structure with high delocalization of π-
electrons. Nonbonding interactions can occur between the
lone pairs of the oxygen atoms and the closest inner hydrogen
atoms of the pyrrole rings. However, they do not represent
interactions of large magnitude.
In the case of BODIPY (Bref), all of the functionals predict

three bands as experimentally observed (646, 351, and 288
nm), one of them in the visible region and the other two in the
UV region. The deviations obtained with the hybrid func-
tionals are much higher than those obtained for Sref, 1.41 and
1.53 eV for B3LYP and PBE0, respectively. The TPSSh
functional predicts the same small error (0.07 eV) as for Sref.
The range-separated functionals present a better behavior than
for Sref with 0.19 and 0.30 eV deviations for CAM-B3LYP and
wB97X, respectively. BHandHLYP predicts similar values to
CAM-B3LYP (0.21 eV). In the case of BODIPY, the range-
separated functionals lead to a better description of the excited
states than for Sref. It could be attributed to the BF2 group,
where the fluorine atoms present nonbonding interactions as
hydrogen bonding with the closer hydrogen atoms.
Taking into consideration all that was mentioned above,

TPSSh is the functional showing the best agreement with the
experimental data of both oxasmaragdyrin Sref and BODIPY
Bref.
The same functionals were also tested for the reference dyad

(Dref) (Schemes 2 and S1c) whose molecular structure is very
similar to D7 and D8 of our work (Scheme 3). The molecular
structure of Dref was also optimized at the B3LYP/6-
311G(d,p) level. We found that all of the functionals show
important errors, except TPSSh (0.01 eV), especially for the
BODIPY band with deviations in the range of 0.42−0.50 eV. A
comparison between the theoretical (TPSSh) and the
experimental electronic absorption spectra for Dref is shown

Table 2. Excitation Wavelength (λ) and Energy (E),
Oscillator Strength ( f), and Assignment of the Main
Absorption Bands of Oxasmaragdyrin (Sref) Calculated in
CH2Cl2 and Using the 6-311G(d,p) Basis Seta

density functional λ/nm (E/eV), f band

B3LYP 627 (1.98), 0.137 [0.02, 1%] Q
600 (2.07), 0.025 [0.03, 2%] Q
446 (2.78), 1.890 [0.02, 1%] Soret

BHandHLYP 589 (2.10), 0.022 [0.15, 7%] Q
577 (2.15), 0.033 [0.05, 2%] Q
403 (3.08), 2.290 [0.28, 9%] Soret

CAM-B3LYP 599 (2.07), 0.030 [0.11, 5%] Q
580 (2.14), 0.152 [0.04, 2%] Q
404 (3.07) 2.130 [0.27, 9%] Soret

PBE0 613 (2.02), 0.143 [0.06, 3%] Q
589 (2.10), 0.026 [0.01, 0,3%] Q
436 (2.84), 1.990 [0.04, 2%] Soret

wB97X 613 (2.02), 0.016 [0.06, 3%] Q
521 (2.38) [0.28, 12%] Q
375 (3.31), 2.170 [0.51, 15%] Soret

TPSSh 637 (1.95), 0.140 [0.01, 1%] Q
605 (2.05), 0.025 [0.05, 2%] Q
455 (2.72), 1.820 [0.07, 3%] Soret

EXPb 696 (1.78), 633 (1.96) Q
591 (2.10), 552 (2.25) Q
443 (2.80) Soret

aExperimental deviation59 in square parentheses (eV, %). bExper-
imental wavelengths59 selected for comparison and largest deviations
are displayed in bold.

Table 3. Excitation Wavelength (λ) and Energy (E),
Oscillator Strength ( f), and Assignment of the Main
Absorption Bands of BODIPY (Bref) Calculated in CH3OH
and Using the 6-311G(d,p) Basis Seta

density functional λ/nm (E/eV), f assignment

B3LYP 621 (2.00), 0.854 [0.08, 4%] 1
339 (3.66), 0.399 [0.13, 3%] 2
217 (5.72), 0.319 [1.41, 25%] 3

BHandHLYP 583 (2.13), 0.906 [0.21, 10%] 1
352 (3.52), 0.696 [0.01, 0.4%] 2
296 (4.19), 0.588 [0.11, 3%] 3

CAM-B3LYP 589 (2.11), 0.872 [0.19, 9%] 1
353 (3.52), 0.744 [0.02, 0.5%] 2
296 (4.19), 0.639 [0.12, 3%] 3

PBE0 610 (2.03), 0.896 [0.11, 6%] 1
331 (3.74), 0.564 [0.21, 6%] 2
212 (5.84), 0.371 [1.53, 26%] 3

wB97X 578 (2.14), 0.877 [0.22, 10%] 1
323 (3.83), 1.134 [0.30, 8%] 2
275 (4.51), 0.373 [0.21, 5%] 3

TPSSh 628 (1.98), 0.855 [0.06, 3%] 1
353 (3.51), 0.380 [0.02, 1%] 2
293 (4.24), 0.289 [0.07, 2%] 3

EXPb 646 (1.92), 100c 1
351 (3.53), 35.7 2
288 (4.31), 16.0 3

aExperimental deviation39 in square parentheses (eV, %). bExper-
imental wavelengths selected for comparison and largest deviation are
displayed in bold.39 cExtinction coefficients in %.
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in Figure 1 (see also Table S1). As can be seen, there is an
excellent agreement between the experimental and the

theoretical results for this system. In the 550−710 nm region
four small bands assigned as Q bands were observed
experimentally. The TPSSh functional predicts two of them
with a deviation of 0.01 eV. In addition, both the Soret and the
BODIPY bands are well predicted with deviations of 0.05 and
0.01 eV, respectively.
In summary, we demonstrated that the TPSSh functional

predicts adequately the optical properties of this kind of
molecular systems; therefore, we choose it for making the
study of the electronic absorption properties of the new dyads.
Photophysical Properties. Calculated photophysical prop-

erties for the oxasmaragdyrins S1−S11 and their corresponding
dyads D1−D11 shown in Scheme 3 and calculated at the
TPSSh/6-311G(d,p) level of theory in CH2Cl2 are presented
in Table 4. Excitation wavelength and energy for each
characteristic band of both oxasmaragdyrin and BODIPY
fragments are included in that table. Details about the
oscillator strength and the electronic transition associated
with each band of the dyads are shown in Table S2.
All of these compounds retain the characteristic Q and Soret

absorption bands of the reference oxasmaragdyrin Sref as well
as the typical visible absorption band of the reference BODIPY
Bref in the case of the dyad systems. Let us now discuss the
effect of bridging groups on these bands, first for S2−S11 and
then for D1−D11.
Concerning the comparison of the photophysical properties

of S2−S11 with those of S1, all of the bridges cause an increase
of the wavelengths of the Q and Soret bands (λQ and λSoret,
respectively) except for S2, that is, linkage of the alkyl group
CH3−CH2−CH2− to S1 decreases the two λQ by 21 and 5 nm,
respectively, and λSoret by 6 nm. At S3, with one acetylene
(Ace) group bonded to S1, all of the absorption bands are red
shifted by 24 and 22 nm (Q bands) and 15 nm (Soret band).
Addition of a methyl group at the end of the chain, as in S4,
hardly affects the position of the absorption bands with respect
to S3. However, addition of either more acetylene units, as in
S5 and S6, or a phenyl group, as in S8, increases the λQ bands
between 54 and 83 nm and λSoret by more than 20 nm, which
indicates the existence of conjugation between S1 and linkers
with an acetylene moiety directly bonded to it.
When a phenyl group is directly attached to S1, as in S7, the

two λQ values hardly increase, while an increase of 21 nm was
found for the λSoret value. Similarly, one biphenyl group

replacing the phenyl, as in S9, renders λQ and λSoret values only
slightly greater than those of S1. The small effect of the bridges
with phenyl and biphenyl connections to S1 comes from the
absence of coplanarity between these rings and S1, thus
hindering the electron delocalization. Surprisingly, S10 and
S11, with an anthracene group in the chain and no possible
expansion of the electron density from the oxasmaragdyrin to
the nearly perpendicular bridge rings, show λQ and λSoret values
much larger than those of S1, mainly for S10, where the
anthracene directly binds to S1.

Figure 1. Comparison between the experimental (blue) and the
theoretical (TPSSh, orange) electronic absorption spectrum of Dref.
Black lines correspond to the theoretical absorption values for the
Soret, Q, and BODIPY bands.

Table 4. Excitation Wavelength (λ) and Energy (E) and
Assignment of the Main Absorption Bands of the
Oxasmaragdyrins S1−S11 and the Corresponding Dyads
D1−D11 Calculated at the TPSSh/6-311G(d,p) Level of
Theory in the Solution Phase (CH2Cl2)

λ/nm (E/eV) band λ/nm (E/eV) band

S1 D1 640 (1.94) BODIPY
636 (1.95) Q 635 (1.95) Q
588 (2.11) Q 599 (2.07) Q
437 (2.84) Soret 438 (2.83) Soret

S2 D2 629 (1.97) BODIPY
615 (2.02) Q 626 (1.98) Q
583 (2.13) Q 587 (2.11) Q
431 (2.88) Soret 437 (2.83) Soret

S3 D3 555 (2.23) BODIPY
660 (1.88) Q 622 (1.99) Q
610 (2.03) Q 582 (2.13) Q
452 (2.74) Soret 459 (2.70) Soret

S4 D4 639 (1.94) BODIPY
653 (1.90) Q 662 (1.87) Q
608 (2.04) Q 610 (2.03) Q
452 (2.74) Soret 453 (2.74) Soret

S5 D5 569 (2.18) BODIPY
690 (1.80) Q 656 (1.89) Q
629 (1.97) Q 581 (2.13) Q
459 (2.70) Soret 459 (2.70) Soret

S6 D6 585 (2.12) BODIPY
719 (1.72) Q 688 (1.80) Q
650 (1.91) Q 605 (2.05) Q
472 (2.63) Soret 479 (2.59) Soret

S7 D7 707 (1.75) BODIPY
643 (1.93) Q 642 (1.93) Q
596 (2.08) Q 594 (2.09) Q
458 (2.71) Soret 448 (2.77) Soret

S8 D8 667 (1.86) BODIPY
691 (1.79) Q 689 (1.80) Q
628 (1.97) Q 624 (1.99) Q
470 (2.64) Soret 471 (2.63) Soret

S9 D9 705 (1.76) BODIPY
640 (1.94) Q 645 (1.92) Q
595 (2.08) Q 596 (2.08) Q
442 (2.80) Soret 448 (2.77) Soret

S10 D10 697 (1.78) BODIPY
687 (1.81) Q 675 (1.84) Q
625 (1.98) Q 630 (1.97) Q
453 (2.74) Soret 453 (2.74) Soret

S11 D11 694 (1.79) BODIPY
669 (1.85) Q 633 (1.96) Q
620 (2.00) Q 596 (2.08) Q
449 (2.76) Soret 452 (2.74) Soret
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Table S2 collects detailed information about the calculated
absorption spectra, showing the molecular orbitals (MOs)
involved in the transitions. For S9 and mainly S10 and S11 the
MO LUMO+2 (L+2) receives electrons in Q and Soret
excitations. This orbital is essentially placed in the biphenyl or
anthracene moieties, which means that new and low-energy
(long wavelength) oxasmaragdyrin → bridge transitions are
present.
Let us see now the effect that the bonding of the BODIPY

unit to S1−S11 produces on the oxasmaragdyrin absorption
bands just described.
For the Soret band the anchorage of B to S1−S11 slightly

increases all of the λSoret values in the 0−7 nm range, except for
the Ace-phenyl spacer (D7), which causes a decrease of 10 nm
when going from S7 to D7. For the Q bands some dyads
reduce their λQ values with respect to those in the
corresponding oxasmaragdyrin and others hardly modify
them. In the first group, D3, D5, and D6 allow certain B-
bridge conjugation that, consequently, reduces the bridge-S
one, which explains the reduction in the oxasmaragdyrin λQ
bands. Besides, D10 and mainly D11 also reduce the
wavelength of these bands, but now it is due to the presence
of large energy transitions starting in the MO HOMO-3 (H-3)
located at the anthracene moiety. On the other hand, λQ values
of D1, D2, D4, D7, D8, and D9 keep the value they had in the
corresponding oxasmaragdyrins due to isolation of both
fragments produced by the nearly perpendicular conformation
of close rings (D1, D7, D8, and D9) or by the presence of an
alkyl fragment linked with B (D2 and D4). The visible band of
B is also affected by the presence of S1−S11. Thus, Table 4
shows that, compared to D1, D2−D6 reduce its value while
D7−D11 increase it, making the band of B the one with the
largest value. Looking for panchromatism, a large absorption
wavelength range is needed, that is, the Soret band, which has
the shortest wavelength, should be shifted to even lower values
and the band corresponding to the largest wavelength to larger
values. Dyads do not significantly reduce the value of the Soret
band, while D7−D11 increase the B visible band as just said.
Among this group D7 (between 448 and 707 nm) and D9
(between 448 and 705 nm) have the widest absorption range,
shifting the gap of isolated oxasmaragdyrin S1 (437−636 nm)
toward the IR region.
We also investigated the nature of the bands of both

fragments in the dyads in terms of electronic transitions
between MOs, and the results are presented in Table S2. The
band of isolated BODIPY is mainly a transition H-3→ L or H-
2 → L, and it is very similar in the dyads, where the MOs are
located in that fragment. In the case of the oxasmaragdyrin
fragment, the Q bands are described by the Gouterman
orbitals, which are H-1 → L and H → L+1 transitions and H-1
→ L+1 transitions. No transitions H → L are found for Q
bands in the dyads. Other molecular orbitals such as H-2, L+2,
and L+3 also represent a contribution. For the Soret band, we
also found H-2 → L+1, H-1 → L+2, H-1 → L+3, and H-2 →
L+2 transitions. All of the Q and Soret bands are
oxasmaragdyrin → oxasmaragdyrin transitions.
A complete view of the electronic absorption spectra of the

dyads D1−D6 is shown in Figures S3 and S4, separated by
groups depending of the bridge. Figure S3 shows the systems
with an alkyl chain as a bridge, while Figure S4 displays those
systems containing rings besides an Acet moiety as bridge.
The appearance in Figure S3 of a wide and intense band at

longer wavelengths for dyads D3 (975 nm), D5 (1031 nm),

and D6 (1095 nm) is noteworthy , which correspond to
separated charge excited states of the oxasmaragdyrin →
BODIPY type. In the case of D10 and D11 in Figure S4, the
more intense band at about 700 nm corresponds to BODIPY
→ BODIPY transitions. Charge transfer bands occur at about
990−1200 nm with small oscillator strengths. For comparison,
we included D3 in this figure. It is important to mention that
analysis of the theoretical absorption spectrum of the dyad Dref
shows charge transfer bands in the visible region with very low
intensity.
In summary, we have shown that the dyads D3, D5, and D6

present better properties than Dref to be used in dye-sensitized
solar cells due to the notorious charge transfer they present.
In order to represent in a more complete manner the excited

states we computed the natural transition orbitals (NTO)85 of
the separated charge excited states of the dyads mentioned
above (D3, D5, D6). Figure 2 shows NTOs for D6, and Figure
S5 presents NTOs for D3 and D5.

These dyads (D3, D5, D6) show an advantage with respect
to other ones in the sense that they absorb in a wider range of
the electromagnetic spectrum, achieving a panchromatic
absorption and an improvement for being used as photo-
sensitizers in DSSC. The acetylene moiety favors such a
panchromatic absorption. The acene groups (D10 and D11)
are comparatively less favorable to charge transfer, but they
present an increase in the intensity of the BODIPY absorption
band (694−697 nm) in the dyad.

3.3. Aromatic Properties. The aromaticity of the
molecular systems investigated in this work was analyzed on
the basis of NICS and magnetically induced density current
calculations. All of the species show a ring critical point (RCP)
of the electron density inside the macrocycle of the
oxasmaragdyrin fragment. The electron density obtained at
such an RCP is small and very similar for all of the species
studied as the values only vary from 0.0013 to 0.0014 e Å−3

(see Table S3 in the Supporting Information).
The aromaticity index NICS(0) calculated at RCP in S1−

S11 species varies between −10.7 and −12.4 ppm, thus
indicating the aromatic character of the oxasmaragdyrin
macrocycle in all of these systems. These values are
comparable to the −16.5 ppm value predicted for porphyrins86

and to the −16.2, −14.9, and −14.1 ppm values predicted for
protonated pentaphyrins, sapphyrins, and isosmaragdyrins,
respectively.87,88 As seen in Table 5, taking as reference S1,
any group anchored to the C17 atom of this macrocycle (see
Scheme 3 for atom numbering) gives rise to a slight increase in
the aromaticity of the S1 moiety. For S2−S11 with respect to
S1 the greatest increase in the aromaticity was found for S4
(1.1 ppm), S8 (1.1 ppm), S3 (1.4 ppm), S5 (1.6 ppm), and S6
(1.7 ppm). All of these species have in common the presence
of at least one triple CC bond attached to C17, and the

Figure 2. Surfaces of natural transition orbitals of the separate charge
excited state of dyad D6 computed at the TPSSh/6-311G(d,p) level
of theory in the solution phase (CH2Cl2).
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greater the number of the alternate CC triple bonds, the
higher the absolute value of NICS(0) and so the aromaticity.
On the other hand, S7 and S9−S11, with an aromatic ring

directly linked to C17, show a moderate rise of the aromaticity
index of about 0.9−1.0 ppm. The number and type of the aryl
ring do not seem to have a significant influence on the
oxasmaragdyrin aromaticity. Finally, the smallest rise in the
NICS(0) index was found for S2 (0.5 ppm). NICS(0) values
vary from −11.2 to −12.3 ppm. When comparing NICS(0)
values for S1−S11 with their corresponding dyads, D1−D11,
hardly any change is observed (−0.1−0.2 ppm) except when
oxasmaragdyrin is directly linked to BODIPY (1.3 ppm). The
presence of the BODIPY moiety does not practically affect the
aromaticity of the macrocycle and the trends found for S2−
S11 unless when it directly attaches S1.
To get a broader knowledge of the aromaticity of the

oxasmaragdyrin fragment in this kind of molecular systems we
also carried out magnetically induced current density
calculations. To visualize the motion of electrons in such
systems, streamline plots of the current densities calculated in a
plane placed 1 Å above the molecular plane and current
pathways obtained by numerical integration of the current
densities passing chemical bonds are shown in Figure 3 (see
also Figure S6).
To obtain reliable current density maps the greatest

disadvantage comes from the deviation of the planarity of
the oxasmaragdyrin macrocycle. Table 1 shows the RMSD of
the non-hydrogen atoms of the oxasmaragdyrin macrocycle to
the best plane obtained fitting with the Cartesian coordinates
of such atoms by the least-squares method. A greater value of
RMSD means lower planarity of the oxasmaragdyrin macro-
cycle. For such kind of nonplanar species it is difficult to define

accurate current density maps. Under these circumstances we
focus on the species showing the largest aromatic index for the
oxasmaragdyrin macrocycle, i.e., S6, and on the species
displaying the least aromatic index for the macrocycle, i.e.,
S2 (see density maps for the remaining oxasmaragdyrin
compounds in Figure S6). As can be seen in Figure 3, the
current density flows through all of the bonds implying the
non-hydrogen atoms of the macrocycle of S6 in the clockwise
direction, thus indicating the diatropic character of the ring
current. Following the clockwise direction, the current density
splits at each pyrrole ring into an inner C−N/O and an outer
all carbon route. The outer route is preferred over the inner
one. The presence of an alkyl group bonded to C17 in S2
decreases the current density flowing along the oxasmaragdyrin
macrocycle, in agreement with the smaller NICS(0) index
compared to that found in the case of S6, where the current
density splits at each ring, with the outer route preferred over
the inner one for all of the rings except R4 (see Scheme 3 for
ring numbering).
Trying to find an explanation for the above-mentioned

trends, we investigated the relationship of the oxasmaragdyrin
aromaticity with the planarity of such a macrocycle, the
HOMO−LUMO energy gap, and the charge transport (see
Tables 1, 5, and S4) of the whole set of molecular systems. In
general, apart from S1, there is an anticorrelation between
aromaticity and planarity. The smallest degree of planarity of
the macrocycle corresponds to S1, which has the lowest
absolute value for NICS(0), that is, it is the least aromatic
compound. S3−S6 and S8 are also far from planarity (RMSD
around 0.12 Å), although they show the largest aromaticity
(the absolute value of NICS(0) is greater than or equal to 11.7
ppm). The presence of alternating CC triple bonds seems to
be better for the electron delocalization from the macrocycle to
the bridge. Looking at Table 5, these most aromatic systems,
S3−S6 and S8, present the shortest distances between C17 in
the oxasmaragdyrin and the bridge (1.421−1.406 Å and
1.405−1.402 Å, respectively), thus confirming a better electron
delocalization. The greatest degree of planarity was found for
S10 (RMSD = 0.06 Å) and S9 (RMSD = 0.05 Å), which
present moderate negative NICS(0) values around −11.6 ppm,
indicative of low aromaticity. In these systems the distance
between C17 and the bridge is large (1.481 Å for S9 and 1.492
Å for S10), thus indicating no delocalization of the electron
density toward the linker. System S2 behaves similarly to the
oxasmaragdyrins with an aromatic ring directly linked to S1. It
should be noted that dyads show a slight loss of planarity
compared to their respective oxasmaragdyrin fragments, except

Table 5. NICS(0), Bond Distances between C17 and the
Linker C Atom Bonded to It, HOMO-LUMO Energy Gap
(ΔEH→L), and Difference in Energy between the LUMO
(L′) of TiO2 (−4.3 eV) and the LUMO (L) of S1−S11 and
D1−D11 Derivatives (ΔE′L→L′) Calculated at the B3LYP/6-
311G(d,p) Level of Theory

species NICS(0)/ppm d(C17−Clinker)/Å ΔEH→L/eV ΔE′L→L′/eV

S1 −10.7 2.40 −2.28
S2 −11.2 1.509 2.46 −2.30
S3 −12.1 1.421 2.28 −2.01
S4 −11.8 1.420 2.30 −2.13
S5 −12.3 1.411 2.15 −1.83
S6 −12.4 1.406 2.06 −1.68
S7 −11.6 1.482 2.38 −2.13
S8 −11.8 1.413 2.16 −1.95
S9 −11.7 1.481 2.39 −2.15
S10 −11.6 1.492 2.43 −2.16
S11 −11.6 1.486 2.41 −2.14
D1 −12.0 1.487 1.87 −1.48
D2 −11.2 1.511 1.70 −1.44
D3 −12.1 1.405 1.68 −1.17
D4 −12.0 1.419 1.64 −1.38
D5 −12.3 1.403 1.62 −1.11
D6 −12.3 1.402 1.56 −1.04
D7 −11.6 1.482 1.54 −1.18
D8 −12.0 1.411 1.71 −1.35
D9 −11.4 1.484 1.44 −1.14
D10 −11.5 1.493 1.54 −1.16
D11 −11.4 1.485 1.44 −1.12

Figure 3. Current density trajectories which intersect a plane 1.0 Å
above the nuclear plane of the oxasmaragdyrin macrocycle for S2 and
S6 and induced by a magnetic field applied along the +Z axis, i.e.,
coming out of the page. Arrows indicate the direction of current flow.
Arrows in blue are associated with higher current densities, while
arrows in red are ascribed to lower current densities. Counter-
clockwise flow is paramagnetic, whereas clockwise flow is diamagnetic.
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for D1, D5, and D6. The relationships among planarity,
aromaticity, and C17−Cbridge bond distance found for S2−S11
also hold for D2−D11.
Concerning the HOMO−LUMO energy gap, for the

isolated oxasmaragdyrins the smallest values were found for
S6 (2.06 eV), S5 (2.15 eV), and S8 (2.16 eV) and the largest
for S11 (2.41 eV) and S10 (2.43 eV). This trend is reversed
when analyzing the HOMO−LUMO energy gaps for the
corresponding dyads, as D3−D6 show here larger energy gaps
than D10 and D11. It should be noted that when going from
S1−S11 to the corresponding D1−D11, the HOMO−LUMO
energy gap decreases in the range of 0.47−0.97 eV (see Table
5), mainly due to the greater stabilization of the LUMO
compared to that of the respective HOMO (see Table S4). We
also found that all dyads studied here, with the exception of
D1, D2, and D8, present smaller values for the HOMO−
LUMO energy gap than Dref (1.71 eV).
The HOMO−LUMO energy gaps obtained for S1−S11 are

in line with those obtained for porphyrin and other related
systems.18,89,90 Smaller values were found for the D1−D11
dyads, and this trend is in principle good for DSSC
applications.18 The LUMO energy level of S1−S11 and D1−
D11 is always greater than the reported value of −4.3 eV for
the edge level conduction band (CB) of TiO2 (LUMO′)3,91,92
(negative values for the LUMO → LUMO′ energy gap), thus
favoring electron injection in the CB of TiO2. For S1−S11 and
D1−D11, the most aromatic systems show small LUMO′−
LUMO energy gaps.
Indeed, S5 and S6 present energy gaps of −1.83 and −1.68

eV (the smallest in the absence of BODIPY), respectively,
while values of −1.11 and −1.04 eV were found in the case of

the corresponding dyads. We also note that D11 (−1.12 eV)
shows a value similar to that found for D5 and D6. In the case
of Dref, a similar trend is obtained with a value of −1.21 eV.
For the recovery of the dye after injection and charge

transport, a mediator is needed and the dye’s HOMO energy
level has to be lower than the redox potential of the mediator
(Eredox).

18,89−93 For instance, in the case of the common I−/I3
−

mediator its redox potential amounts to −4.8 eV.93 Comparing
the HOMO of S1−S11 and D1−D11 with −4.8 eV, D6
(−4.82 eV), D5 (−4.81 eV), and D3 (−4.80 eV), they are the
only systems whose HOMO is slightly less than or equal to the
reference value. Again, it seems there is a positive correlation
between aromaticity and the HOMOdye−Eredox energy gap.

3.4. Charge Transport. Taking into account the charge
transfer (CT) band shown in the absorption spectra, as an
illustration, we calculated the electronic transport properties
for two dyads: one with a significant CT band (D6) and the
other without it (D4). Figure 4 shows the molecular junction
system for D6 and the current direction as a function of the
voltage sign (see arrows).
For the two studied systems the conductance values

obtained through DFT-NEGF methods were very small with
values around 10−12 and 10−9 G0 for D4 and D6, respectively.
However, despite the low conductance of both systems, a
remarkable difference in conductivity is seen between them
with the conductance of the system presenting D6 as a
molecular bridge, around 3 orders of magnitude greater than
that of its counterpart featuring D4, thus allowing us to expect
that the electron transport is favored on the former. This trend
could be confirmed by analyzing the energy-resolved trans-
mission probabilities for both dyads shown in Figure 5a for an

Figure 4. Scattering zone atomic structure for the studied molecular junction system composed of Au(111)−D6−Au(111). Both electrodes
(yellow) extend to infinity in the transport direction z. Dyad is anchored to the electrode by one sulfur atom.

Figure 5. (a) Transmission probability for dyads D4 and D6. (b) Enlargement of the energy region closer to the Fermi level.
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energy range between −1.0 and 1.0 eV with respect to the
Fermi level and in more detail from Figure 5b, where the
transmission probabilities were depicted from −0.25 to 0.25
eV. It is seen that the system containing D6 has a significantly
higher transmission probability in the proximities of the Fermi
level, confirming the claim stated above.
The current−voltage (I−V) profiles obtained for both

systems for voltage ranges between −0.6 and 0.6 V and
−0.075 and 0.075 V are presented in Figure 6.
Both systems exhibit small current values with strong

differences between them for a given voltage, and for the
system containing D6 the current is around 2 orders of
magnitude greater for all of the studied voltage ranges. This
behavior is consistent with the values obtained above for the
zero-bias conductance (Figure 6b), where the device
composed of D6 shows a conductance of around 3 orders of
magnitude greater than the D4 junction. Also, an asymmetric
behavior is seen for both systems, with the direction of the
current depending on the applied voltage sign. For positive
voltage values the current direction is from oxasmaragdyrin to
BODIPY and backward if a negative bias voltage is applied.
Our results confirm that the acetylene moieties favor the
charge transport in the dyad.
3.5. Formation of the Dyads. To check if the synthesis of

Dref reported by Kalita et al.37 (see Scheme 2) could be
thermodynamically favorable for the synthesis of 11 dyads
considered in this work, we calculated the Gibbs free energy
change in toluene (ΔGsolution) (see Table 6) for the reaction
between the corresponding fragments as well as the reference
one for comparison purposes (see Scheme S2). For the sake of
computational economy, we replaced I by Br, since both are
similar good leaving groups.
ΔGsolution values are negative, indicating that formation of the

dyads studied here is favorable. It means that all of them are
stable and possible to be synthesized in the laboratory.
However, dyads D1, D2, D4, and D8 have ΔGsolution values less
negative than the reference dyad (Dref). The remaining
theoretical dyads produce more exergonic reactions than the
experimental one, indicating that their stabilities are more
favored.
The kind of bonding between BODIPY and oxasmaragdyrin

clearly affects the stability of the dyad. Thus, bonding of

BODIPY to sp3 (like in D2 and D4) and sp2 (like in D1 and
D8) carbon atoms renders less stable dyads, whereas linking of
BODIPY to an sp carbon atom (D3, D5, D6, D7, D9, D10, and
D11) yields the most stable dyads. This seems to be a factor
strongly affecting the exergonic character of the formation
reaction of the dyads.

4. CONCLUSIONS
A density functional study of oxasmaragdyrin with 2,6-
dimethoxyphenyl and methylamine groups in two of its meso
carbons (S1) and the 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene (BODIPY, B) combined with alkyl, alkynyl, and aryl
groups or combination of them forming dyads was carried out
at the B3LYP/6-311G(d,p) and TPSSh/6-311G(d,p) levels of
theory.
The study focused on the study of the influence of several

bridging functional groups between B and S1 on a set of
properties of the BODIPY−oxasmaragdyrin dyads: UV−vis
electron absorption, aromaticity, and charge transport.
Our results show that acetylene moieties as linkers between

BODIPY and oxasmaragdyrin in the dyads favor formation of
separate charge excited states and also a panchromatic
absorption.
On the other hand, evaluation of NICS(0) and the

magnetically induced current density for the oxasmaragdyrin
fragment in the dyad and in its isolated form showed an
agreement in the aromaticity. We found that the higher the
aromaticity of the oxasmaragdyrin macrocycle, the greater the

Figure 6. Current through Au111−D6(D4)−Au111 molecular device versus bias voltage.

Table 6. ΔGsolution Values (kcal/mol) for the Formation of
the Dyads Calculated at the B3LYP/6-311G(d,p) Level of
Theory in Toluenea

dyad ΔGsolution dyad ΔGsolution

Dref
b −13.68 D6 −21.37

D1 −9.88 D7 −20.92
D2 −9.74 D8 −9.14
D3 −22.54 D9 −20.88
D4 −4.23 D10 −21.29
D5 −21.85 D11 −21.44

aFor comparison purposes, the reference dyad is included .
bReference 37.
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capacity for light harvesting in a broader region of the
electromagnetic spectrum. For all of the oxasmaragdyrin
fragments and the dyads, the LUMO′−LUMO energy gaps
indicate that the electron injection toward TiO2 is favored and
the HOMOdye−Eredox energy gaps are enough to regenerate the
dye. In summary, the results suggest that the investigated dyads
may be used in DSSCs.
Using NEGF calculations for the D4 and D6 dyads we

showed that the D6 system with three acetylene moieties is a
better conductor than D4, in agreement with the charge
transfer results obtained from the photophysical properties.
Finally, the exergonic character of the reactions for the

formation of the studied dyads, following the Kalita′s
procedure, suggests that they could be synthesized.
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