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Addition of Re-Bonded Nucleophilic Ligands to Activated
Alkynes: A Theoretical Rationalization

Daniel Alvarez, Jesus Diaz,™ M. Isabel Menéndez,”® and Ramén Lépez

Abstract: Reactions between [Re(X)(CO)s(bipy)] (X = OH, OMe,
NHpTol, PPhy; bipy = 2,2-bipyridine) complexes and methyl
propiolate (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 transposition to this
CO, yielding very stable species (C-Ccon products). 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 = PPh, the ins route
becomes restricted and the route for the coupling of the X-attached
HMAD with bipy (C-Cappy product) wins over the one for the coupling
with CO (C-Cc¢o product) only due to the larger stability of the C-Cyjpy
product.

Introduction

Rhenium(l) tricarbonyl complexes of the general formula fac-
[Re(CO)s(N-N)L]", where N-N is a 2,2-bipyridine or 1,10-
phenanthroline-based diimine ligand and L is neutral (n = +1) or
anionic (n = 0) monodentate ligand, are involved in numerous,
diverse, 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),118
molecular sensors or photoswitches (16-20 in Scheme 1),['92
emitting centers in organic light-emitting diodes (1, 11, 12, 17,
18, and 21-23 in Scheme 1),””! anticancer agents (15 and 24-34
in Scheme 1),1234 cellular and biomolecular imaging agents (1,
2, and 35-39 in Scheme 1),%**® or reagents for synthesizing
new organometallic compounds (3, 4, and 40-44 in Scheme
1).4754 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 Re(l) complexes can also drastically
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modify their reactivity towards other molecular systems.
Particularly, several experimental findings have shown that the
reaction between the complexes [Re(X)(CO)s(N-N)] (X = OH
(hydroxo), OMe (methoxo), NHpTol (para-tolylamido), PPh;
(diphenylphosphanido); N-N = 2,2-bipyridine (bipy); 1,10-
phenanthroline. (phen)) and activated alkynes like methyl
propiolate (HMAD) or dimethylacetylenedicarboxylate (DMAD)
gives rise to the formation of different reaction products.*’4%-%%
The product formed depends on the nucleophilic ligand (X) used,
rather than the bidentate ligand of the metal complex (see
below).  Molybdenum(ll) = complexes of type [Mo(n*-
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 Re(l) analogues.*"5
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Scheme 1. Basic structures of rhenium(l) tricarbonyldiimine complexes
containing neutral or anionic monodentante ligands involved in diverse
applications.
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According to experimental findings, it has been suggested
that all reactions between [Re(X)(CO)s(N-N)] and activated
alkynes 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).°'%2 |n this scheme, X was
replaced by YR to better follow the formation of the different
types of reaction products. In the amido and hydroxo complexes
the just added alkyne binds to a CO ligand in cis disposition (see
Pcco species in Scheme 2) and transposition of a proton from
the nucleophilic ligand to the attacked CO takes place (C-Cco
route and Pccoh product in Scheme 2).149%% Alternatively, in the
alkoxo complex the alkyne inserts into the Re-OMe bond (ins
route and Pins product in Scheme 2).*! Finally, the
phosphanido complex leads to the formation of a different kind
of product coming from the addition of the alkyne to the
bidentate ligand (C-Cujpy route and Pccb product in Scheme
2).81%2 This |ast reaction is remarkable because of the inertness
of coordinated bipy and phen. Furthermore, this result stands in
contrast with the Pcco-type products reported for the reaction
towards activated alkynes of Fe, Mo, W, and Ir complexes
containing the same PPh, phosphanido ligand®®” and with
Pins-type product detected in case of a Nb complex.®® It is also
believed that the reaction of a stannylphosphole complex with
DMAD evolves through an intermediate resulting from the alkyne
insertion into the P-Sn bond.*!
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Scheme 2. Reaction mechanisms suggested for the reaction of rhenium(l)
tricarbonyl complexes containing a nucleophilic ligand (X) with methyl
propiolate (HMAD). For clarity, the YR label for X was used here.

Within this framework, we wondered about the aspects of the
nucleophile ligand that are key to obtaining a given product in
the reaction of Re(l) 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
improved technological, biomedical or chemical synthesis
applications. For instance, a systematic modification of the axial
ligands to a substituted bipy ligand has allowed for red-shifted
absorbance features in Re(l) carbonyl complexes.®”
Computations have been crucial to show that the

10.1002/ejic.201901196

WILEY-VCH

aforementioned result is a consequence of destabilization of the
Re d-orbitals. Therefore, we undertook a comparative theoretical
study on the reactivity of [Re(X)(CO)s(bipy)] (X = OH, OMe,
NHpTol, PPhy) 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 indeed a significant improvement in
the computational cost-efficiency ratio. The reactive process
involving the PPh; ligand had been previously investigated from
a theoretical point of view.®"! The reaction mechanism found is
closely related to that shown in Scheme 2 (see below) and
confirms the product experimentally found. However, the results
of this single study are not enough to rationalize the formation of
different products when PPh, is replaced by OH, OMe or
NHpTol. The type of atom directly linked to Re (O, N or P)
and/or its substituents (H, Me, HpTol or Phy) seem to be
responsible for the selectivity of the 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
reactive processes between [Re(X)(CO)s(bipy)] (X = OH, OMe,
NHpTol) and HMAD were carried out in tetrahydrofuran (THF, €
= 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
verified by means of harmonic vibrational frequency
computations. Normal-mode analysis of the imaginary frequency
in the transition states (TS) and intrinsic reaction coordinate
(IRC) calculations with the second order Gonzalez-Schlegel
integration method!®? 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 energy 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)).[
The balanced Karlsruhe triple-zeta basis set def2-TZVPP®* and
the conductor-like polarizable continuum model (CPCM)®! were
used in the DLPNO-CCSD(T) computations. All organometallic
systems investigated showed T1 diagnostic values less than
0.02,%® suggesting that a multi-reference treatment is not
necessary. In general, DLPNO-CCSD(T) energies are more
accurate than B3LYP ones using at least a triple-zeta quality
basis set.®” For comparison purposes, the single-point energy
of the species containing the PPh, 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,®"! 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 Information). 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
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Re) will be denoted as B3LYP and DLPNO-CCSD(T),
respectively.

Thermal free energy corrections in THF solution (Gem) 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
oscillator approximations at a pressure of 1 atm and a
temperature of 298.15 K.®® This is a standard procedure that
has proven to be a correct and useful approach.®® For each
species, Gibbs free energy in solution was determined by adding
Girerm 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.

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)"
method was used to obtain net atomic charges (NAC) as
implemented in the Gaussian 09 suite of programs.”"! Electron
delocalization indexes between two atoms A and B in a
molecule, 3(A,B) DI were computed using AIMAIl
program”™ within the framework of Bader's Atoms in Molecules
(AIM) theory.™ 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 BALYP computations were carried out with the Gaussian
09 suite of programs,’"! while DLPNO-CCSD(T) calculations
employed the ORCA program version 4.0.17% 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
obtained for the reaction of [Re(X)(CO)s(bipy)] complexes (X =
OH, OMe, NHpTol, PPh,) towards HMAD (more details in
Tables S1-S16 in the Supporting Information). The labeling of
the theoretically located species is in line with the acronyms
used in Scheme 2. So, 11 identifies the zwitterionic intermediate
formed in the initial attack of the nucleophile ligand on the
HMAD acetylenic carbon bearing the H atom (C1). I1’
corresponds to an isomer of 11 wherein the electron lone pair of
the acetylenic carbon bearing the CO>Me 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
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found. First, for the OH and PPh. ligands initial reactive
approaches between reactants converge to 11’ 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,
respectively. For X = OH, Pcco undergoes a posterior
rearrangement to finally give Pecoh. Second, for X = OMe the
initial nucleophilic attack also leads to 11 via TS1 and then
transforms into Pcco passing through TS1_1’. Pcco is the
splitting structure towards Pins and Pccb now. Third, NHpTol
ligand vyields a different surface where two approaching
orientations of the reactants render separate routes starting both
with the attack of the nucleophile ligand on C1 at HMAD to give
the corresponding zwitterions 11 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 Peccb after a certain rearrangement.

Let us focus in a comparative way on the formation and
rearrangement steps of 11 (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
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 PPh,, 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 experimentally,
while the TS1b-controlled route gives rise to Pecb, which is 14.5
kcal/mol less stable than Pccoh. Therefore, in this scenario, we
focus on conducting a detailed comparative analysis of the TS1
species found for the four complexes (see optimized geometries
at Figure 2). The route leading to Pccb when X = NHpTol will be
described afterwards.

The energy barrier determined by TS1 increases from PPh,
(17.5 kcal/mol) to NHpTol (22.4 kcal/mol), OMe (25.9 kcal/mol),
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 (considering
the sign). For the initial [Re(X)(CO)s(bipy)] complexes (X = OH,
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Figure 1. DLPNO-CCSD(T) Gibbs energy profiles in kcal/mol for the reaction of [Re(X)(CO)s(bipy)] with HMAD, being X = a) OH, b) OMe, c¢) NHpTol, and d) PPh,.
For Pcco and Pccoh species with X = NHpTol, an approximate connectivity is shown (see text).

OMe, NHpTol, PPhy), C in Figure 2, HOMO energies are -0.162
(NHpTol), -0.186 (PPhy), -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 o-
type orbital of Re and one of the 7 antibonding orbitals of the
CO ligand frans to nucleophile ligand. This kind of interaction is
notably reduced for complexes containing NHpTol and PPh,.
More interestingly, the HOMO energy sequence aforementioned
matches the trend in the barriers computationally obtained
except when comparing NHpTol and PPh, 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
good agreement with the value of 359.8° obtained from X-ray

This article is protected by

data.*? The same sum of angles for the complex with X = PPh;
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 conjugated
with the pTol group, so it is less available for a nucleophilic
attack than in the case of the P ligand, where no conjugation
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
contribute 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 PPh,, 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 7zbonding orbitals of the
pTol substituent.

copyright. All rights reserved.
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, A(C1-C2-C3)=145.4 A(C1-C2-C3)=144.0

Figure 2. B3LYP optimized structures of the initial [Re(X)(CO)s(bipy)] complexes (X = OH, OMe, NHpTol, PPh,), C, and the species involved in their nucleophilic
attack to HMAD. Relevant bond distances in angstroms and bond angles involving the carbon skeleton of the HMAD moiety, A(HC(1)=C(2)-C(3)OOCHs) = A(C1-

C2-C3), in degrees are given.

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)s(bipy)] complexes with X = OH,
OMe, NHpTol, and PPhy, respectively. In this intermediate some
electron density has been transferred from the nucleophilic 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 S1 in the
Supporting Information)) in such a way that a concentration 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 PPh, 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 electrophilic 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 Figures 1 and 4) for X

= OH, OMe, NHpTol, and PPh,, respectively. As already said,
complexes with OH and PPh; ligands present 11’ corresponding
to a kind of zwitterion stereoisomer of 11 with the lone pair at C2
in cis position with respect to the attacking nucleophilic atom
(see Figure 4). NBO charges indicate that both N and P lose
electron density when evolving from the initial complexes to 11
and then to I1°, when present. At I1 with PPh; 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 ¢), OMe (NAC(C1) = -0.047 e, NAC(C2) = -0.388 ¢), and
NHpTol (NAC(C1) = -0.154 e, NAC(C2) = -0.317 ¢,) 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 calculations from TS1_1’ failed
to find a similar 11’ intermediate but led the system to Pcco. This
particular region of PES seems to be very sensitive to X.

This article is protected by copyright. All rights reserved.
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¢) X=NHpTol

Figure 3. Shape of the HOMOs for [Re(X)(CO)s(bipy)] complexes with X = a) OH, b) OMe, ¢) NHpTol, and d) PPh,.

OH

TS1_1

A(C1-C2-C3)=158.2

A(C1-C2-C3)=170.2

A(C1-C2-C3)=127.8

NHpTol PPh,

* A(C1-C2-C3)=176.0

A(C1-C2-C3)=177.5

A(C1-C2-C3)=125.7

Figure 4. B3LYP optimized structures of TS1_1" and 11’ (when present) for the reaction of [Re(X)(CO)s(bipy)] (X = OH, OMe, NHpTol, and PPh,) towards HMAD.
Relevant bond distances in angstroms and bond angles involving the carbon skeleton of the HMAD moiety, A(HC(1)=C(2)-C(3)OOCH;) = A(C1-C2-C3), in

degrees are given.

b) Addition of the alkyne moiety to a CO ligand

As displayed in Figure 1, 11” becomes Pcco through the TS
TS2cco for the OH and PPh, ligands. However, Pcco is
obtained from I1 via TS1_1" for OMe and NHpTol. Moreover, for
these ligands, 11’ and TS2cco could not be detected after an
extensive 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
bidentate ligand. It presents a low barrier of 2.9 kcal/mol (OH)
and 5.2 kcal/mol (PPhy), 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

This article is protected by copyright. All rights reserved.
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Figure 5. B3LYP optimized structures of TS2cco, Pcco, and Pccoh (when present) for the reaction of [Re(X)(CO);(bipy)] (X = OH, OMe, NHpTol, and PPh,)

towards HMAD. Relevant bond lengths in angstroms are displayed.

charge on its C atom (0.730 and 0.756 e for OH and PPh,
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 A for OH and PPhy, respectively) and the triple C1-C2
bond still short (1.308 and 1.331 A for OH and PPhy,
respectively). Geometrically, CO is close to the attacking C2
atom, so both electronic 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 PPh; (-9.4 kcal/mol) complexes. It is
interesting to note that the Re-X distance at Pcco is about 8.5%
longer than in isolated reactants for OH, OMe, and NHpTol
ligands, whereas it becomes reduced by about 4% at Pcco for
the PPh, complex. The strengthening of the Re-P bond seems

to provide extra stability to this last Peco product. In the case of
Re(l) complexes with the OH and NHpTol ligands, both
containing 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
transformation 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
Supporting 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 10-H1, where the carboxylate groups hold
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the travelling hydrogen atoms at a distance of 1.010 A. From 10-
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 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
corresponding Pcco previous species (see Figure 5). Only the
C1-C2 bond slightly elongates. These issues, along with the
absence of charges of Peccoh products, make them the second

Pcco_dimer
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most stable ones (after Pins) for the reaction of these
complexes (-12.0 and -21.1 kcal/mol for OH and NHpTol ligands,
respectively). 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).

10-H1

I-H1

TS-H2

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.

c) Addition of the alkyne moiety to the Re atom: the ins
route

The C2 atom of either 11’ 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
begins to form during the concerted synchronous process
characterized by TS2ins. For the complex with X = OH, the
barrier for TS2ins is just 4.4 kcal/mol, from I11°. 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 = PPh,, where the barrier for TS2ins raises
to 20.6 kcal/mol from its previous intermediate, 11°. 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 phosphorous, are better sized to
largely overlap with Re ones than second-row atoms. This

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

makes the insertion path very unlikely for the complex with the
PPh, ligand. On the other hand, in complexes with X = OMe and
NHpTol IRC calculations clearly demonstrate that Pecco is the
structure preceding TS2ins, with a barrier of 14.1 and 20.6
kcal/mol respectively, measured from it. These large values
come from the fact that two bond breakages are needed to

accomplish the insertion, 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

OH OMe

TS2ins N
2.557/ N\2.914
0.970 A “-1.430
NS
1423 > "
Pins 9

10.1002/ejic.201901196

WILEY-VCH

this type of products is more stable than reactants (between 13
and 17 kcal/mol for OH, OMe, and PPh, 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 structures of its reaction profile. It has been
reported that, when the insertion product is the main one,
addition of an acid like HTOf in CDCls allows the release of the
corresponding Z-alkenyl complex with H replacing the metal.*”?

NHpTol

PPh,

Figure 7. B3LYP optimized structures of the species involved in the addition step to the Re atom for the reaction of [Re(X)(CO)s(bipy)] (X = OH, OMe, NHpTol,

and PPhy) towards HMAD. Relevant bond lengths in angstroms are shown.

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 PPh, ligand.®"** TS2ceb represents this addition
and has been theoretically characterized for the four complexes
here considered (see Figures 8 and 9). However, three different
reaction paths are computationally observed for the formation of
Pccb. As for TS2ins, TS2ccb may come from 11’ (complexes
with X = OH and PPhy) or Peco (complex with X = OMe).
However, for the complex with X = NHpTol IRC calculations
indicate that a slightly different zwitterion, 11’b, is preceding
TS2ccb. At 11°b the C1-bonded hydrogen atom of the alkyne
moiety (H1) is placed outwards with respect to the bidentate
ligand (see Figure 8), which suggests an approach of the
reactants different from that considered so far. Actually, leaving

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 11. No TS but a steadily decreasing energy
path joins I1b with I11°’b, where the lone pair at C2 is in cis
orientation with respect to the nucleophilic N atom. I1’b
resembles intermediates 11’ found for the rest of complexes 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 electron
charge is pointing to bipy in a more tilted way than in the
remaining 11’ intermediates. 11°b, with a relative Gibbs energy of
9.8 kcal/mol, evolves to TS2ccb and finally to Peccb. The
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TS1b 11b IT'b

TS2cch Pech

Figure 8. B3LYP optimized structures for the reaction of [Re(NHpTol)(CO)s(bipy)] with HMAD to yield Pccb. Some relevant distances in angstroms are given.

OH PPh,

2,173 1.372
2.188 4379

TS2cch

Pcch

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)s(bipy)] (X =
OH, OMe, and PPh,) towards HMAD. Relevant bond distances in angstroms are shown.
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approach 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
means that it is a poor electrophile. Second, as it can be seen in
Figures 8 and 9, at TS2ccb a six-membered non-planar
metallacycle is starting to form and, as a consequence, the
aromaticity 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 Pcceb structures when X = OH, OMe, and NHpTol
the Re-X bond is considerably longer than in the corresponding
reactant complex (see Figure 9). The weakening of the bond
with the metal may also contribute to the instability of these
structures. When X = PPhy, 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)s(bipy)] (X = OH,
OMe, NHpTol, and PPh;) complexes, it has been experimentally
found that the nature of the X ligand determines the formation of
different products in their reactivity towards activated alkynes,
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 products, Pcco
(Pccoh, when present), Pins or Pceb, 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 activated acetylenes
like DMAD, since this substitution did not modify the kind of
reaction product obtained experimentally.!“*4'52 The presence of
DMAD will lower the energy barrier of the initial nucleophilic
approach to afford I1 as the acetylenic carbons (C1 and C2) for
the isolated DMAD are less electronically populated (0 0.12 e)
than the analogous ones for HMAD and also the LUMO of
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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 populated than that one with HMAD (see I
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 Cpypy) are very similar to those found at 11 with
HMAD (compare I1 in Figure S1 and Table S17).

For X = OH and NHpTol the experimentally observed product
is Pccoh.*®5% The intramolecular addition to an equatorial CO
ligand is an easy process for all four Re(l) complexes, to the
point that it may not require surpassing a Gibbs energy barrier
when 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 PPhy 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 accordance with experimental findings.*%%
For the case of the [Re(NHpTol)(CO)s(bipy)] complex the PES
has two different reaction channels from the beginning of the
reaction. The channel leading to Pceb 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.*”!
The ins route is the most kinetically unfavorable for X = PPh;
due to the strong bond between Re and the third period element,
phosphorous, that has to be broken at TS2ins; is kinetically
unfavorable for X = OMe and NHpTol due to fact that the
structure 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)s(bipy)] with HMAD, the
lower Gibbs energy barrier of TS2ins compared to its potential
competitor TS2ccb determines, according to experimental
evidences,*’! the formation of Pins as the main reaction product
(besides the large thermodynamic stability of the insertion
product Pins).

Eventually, for the complex with the PPh; ligand, intermediate
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 phosphorous 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
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favorable than the insertion one. The largest stability of the Pccb
product determines a preference for the formation of Pceb, as
experimentally observed.®'*? Except for the complex with X =
PPh,, the route for the coupling with the bipy ligand (C-Chjpy) is
quite unfavorable both kinetically and thermodynamically.

As just said, the formation of the products experimentally
detected, Pccoh (C-Ccon coupling product) for OH and NHpTol,
Pins (insertion product) for OMe, and Pccb (C-Cpip, coupling
product) for PPhy, 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 benefit
from a systematic study involving complexes not vyet
experimentally tested that is under way in our laboratory.

Conclusions

A comparative mechanistic study on the reactions of
[Re(X)(CO)s(bipy)] (X = OH, OMe, NHpTol, PPhy; bipy = 2,2’-
bipyridine) towards 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 selectivity 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 PPh, initial reactive
approaches lead to the formation of a zwitterionic 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-Cpipy coupling 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-Cpjpy products. Third, for NHpTol two
approaching orientations of the reactants render separate routes,
one leading to the C-Cyjpy product and the other to the C-Cco
product to which, the ins product is linked. In addition, for X
ligands containing a hydrogen atom bonded to the nucleophilic
atom, OH and NHpTol, we have found an intermolecular
mechanism for the evolution of C-Cco species evolves to a more
stable one, C-Ccon product, where that H atom has shifted to the
oxygen atom of the attacked carbonyl ligand. According 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-
Ccon 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 depends
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-Cppp, and ins
ones, except for X = PPh, where the energy barriers for the
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generation of C-Cco and C-Cppy Species compete with each
other. By contrast, thermodynamics always favors the formation
of ins, C-Cpppy Or, when present, C-Ccon species over the C-Cco
one. Specifically, when X = OH and NHpTol, an easy
intramolecular attack of the HMAD that was just linked to a
highly electrophilic CO equatorial ligand is followed by the
formation of the very stable C-Ccon 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-Cpjpy product. Finally, when X = PPh; the ins
route becomes restricted and, therefore the C-Cpjp, coupling
wins over the C-C¢o one, but only for the largest stability of the
C-Cuipy product. Based on this, the products experimentally
detected, C-Ccon for OH and NHpTol, ins for OMe, and C-Cjppy
for PPh,, could be rationalized and some general reactivity
trends have been unveiled. 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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