(revised manuscript)

Ruthenium-Catalyzed Amide-Bond Formation

Pascale Crochet, Victorio Cadierno*

Laboratorio de Compuestos Organometalicos y Catalisis (Unidad Asociada al
CSIC), Red ORFEO-CINQA - Centro de Innovacién en Quimica Avanzada, De-
partamento de Quimica Organica e Inorganica, Instituto Universitario de Quimi-
ca Organometalica “Enrique Moles”, Facultad de Quimica, Universidad de
Oviedo, Julian Claveria 8, E-33006 Oviedo, Spain. E-mail: vem@uniovi.es

Abstract The amide functionality is one of the most important functional groups
in organic and biological chemistry. Classical synthetic strategies of amides
involve the stoichiometric, and poor atom efficient, reaction of amines with
carboxylic acid derivatives. Transition-metal-catalyzed reactions have emerged in
recent years as more atom-economical and powerful tools for preparing amides,
opening previously unavailable routes from substrates other than the carboxylic
acids and their derivatives. Ruthenium-based catalysts have been at the heart of
these advances, and this chapter pretends to give an overview of the field. Among
others, the following ruthenium-catalyzed synthetic approaches of amides will be
discussed: the hydration of nitriles, the hydrolytic amidation of nitriles with
amines, the rearrangement of aldoximes, the coupling of aldehydes with
hydroxylamine, and the dehydrogenative amidation of alcohols, aldehydes and
esters.
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Abbreviations

Ac acetyl

acac acetylacetonate

Bn benzyl

n-Bu butyl

i-Bu iso-butyl

s-Bu sec-butyl

t-Bu tert-butyl

cod 1,5-cyclooctadiene
cot 1,3,5,7-cyclooctatetraene
Cy cyclohexyl

Da Dalton

DCE 1,2-dichloroethane



DFT density functional theory

DME 1,2-dimethoxyethane

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
dppm bis(diphenylphosphino)methane
equiv equivalent(s)

Et ethyl

h hour(s)

liPr 1,3-diisopropylimidazol-2-ylidene
Me methyl

min minute(s)

mol mole(s)

Ms mesyl, methanesulfonyl

MW microwave

NHC N-heterocyclic carbene

NSAIDs non-steroidal anti-inflammatory drugs
PCyps tricyclopentylphosphine

Pent pentyl

Ph phenyl

PPh,py 2-(diphenylphosphino)pyridine

Pth(py'4'N Mez)

2-diphenylphosphino-4-pyridyl(dimethyl)amine

Pr propyl

i-Pr iso-propyl

PTA 1,3,5-triaza-7-phosphaadamantane
PVP polyvinylpyrrolidone

py pyridine

rt room temperature

terpy 2,27:67,2" -terpyridine
TOF turnover frequency

TON turnover number

Tp hydrotris(pyrazolyl)borate
Ts tosyl, 4-toluenesulfonyl

1 Introduction

The amide bond is one of the most important linkages in organic chemistry, and
also plays a major role in the composition of biological systems since it constitutes
a leit motiv unit in the structure of peptides and proteins. Amides are versatile syn-
thetic intermediates used in the manufacture of several pharmacological and bio-
logical active products, polymers, detergents, lubricants and drug stabilizers. They



are also key structural motifs in multitude of natural products [1,2]. Studies carried
out by leading pharmaceutical companies have pointed out that amide bond form-
ing reactions are among the most executed chemical transformations in their la-
boratories [3,4]. Indeed, an in-depth analysis of medicinal chemistry databases re-
vealed that the amide group is present in more than 25% of the drugs currently
known [5]. All these facts clearly show the importance and prevalence of amides
in synthetic organic chemistry.

In general, traditional approaches for amide synthesis rely on the use of activated
carboxylic acid derivatives and amines, processes which often require stoichio-
metric amounts of coupling reagents and suffer from the inherent drawback of
producing large amounts of waste products along with the desired amide [1,2,6,7].
In this sense, a recent report by the ACS GCIPR (American Chemical Society
Green Chemistry Institute Pharmaceutical Roundtable) has identified amide for-
mation avoiding poor atom economy reagents as a priority area of research for the
pharmaceutical industry [8]. In the search of improved synthetic methods, metal-
catalyzed transformations have emerged in recent years as the most promising al-
ternatives for the atom-economical and cost effective synthesis of amides. The use
of metal catalysts has also opened previously unavailable routes starting from sub-
strates other than carboxylic acids and their derivatives [9-14]. Ruthenium-based
catalysts have been at the heart of these recent advances and, herein, an overview
of the ruthenium-catalyzed amide bond forming reactions reported to date in the
literature is presented. Both homogeneous and heterogencous systems will be
discussed. Transformations in which the amide functionality already exists in the
molecule, and a ruthenium catalyst is employed to promote further structural
modifications, are considered to be out of the scope of this chapter.

2 Ruthenium-Catalyzed Hydration of Nitriles

Addition of water to the C=N bond of nitriles is probably the simplest route that
one can imagine to generate primary amides in an atom economical manner. This
reaction is currently employed in industry for the large-scale production of
acrylamide, nicotinamide, 5-cyanovaleramide and the antiepileptic drug
levetiracetam through biocatalytic transformations [15-18]. More conventional
methods to hydrate nitriles involve the use of strong acids and bases under harsh
conditions. However, these classical methods are not compatible with many
functional groups, and they are usually unable to control hydrolysis to the
corresponding carboxylic acids (Scheme 1) or the competing formation of
polymeric side products [19]. Transition-metal complexes are able to facilitate the
hydration reaction by activating the nitrile substrate, the water nucleophile, or both
upon coordination. Accordingly, a variety of metal catalysts, showing a high
selectivity towards the amide under milder conditions to those employed with
strong acids or bases, have been described in the literature [20-22]. In this context,



ruthenium complexes are among the most versatile nitrile hydration catalysts
discovered with regard to activity, selectivity and tolerance to functional groups.
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Scheme 1. The nitrile hydration and amide hydrolysis reactions.

Pioneering work in the field was reported by Murahashi and co-workers in 1992
employing the ruthenium(II)-dihydride complex [RuH,(PPh;),] [23-26]. Hydration
of several organonitriles proceeded smoothly with 3 mol% of [RuH,(PPh;),] upon
treatment with 1-2 equivalents of water in DME at 120 °C, leading to the corre-
sponding primary amides in high yields (TOF up to 2 h™). A catalytic cycle in-
volving the initial coordination of the nitrile to ruthenium, followed by intermo-
lecular nucleophilic attack of water to generate an iminol that tautomerizes into
the amide, was proposed (Scheme 2) [24].
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Scheme 2. Catalytic cycle for the hydration of nitriles promoted by [RuH,(PPh;).].
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As shown in Scheme 3, when J-keto nitriles were used as the starting materials
ene-lactams were selectively formed, via a ruthenium-catalyzed tandem hydra-
tion/cyclocondensation sequence [23,24]. Such a process was applied by Mu-
rahashi and co-workers in the total synthesis of (-)-pumiliotoxin C, a naturally oc-
curring alkaloid [24].
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Scheme 3. Catalytic synthesis of ene-lactams using [RuH,(PPh;3)s] and structure of the
alkaloid (-)-pumiliotoxin C.

In addition to [RuH,(PPhs),], other hydrido-ruthenium(Il) complexes [RuH(7’-
CoH;)(dppm)] [27], [RuH(Tp)(PPh;)(NCMe)] [28,29], [RuH {tmeP,N(NH)}] (1 in
Figure 1) [30] and [{(PCy;)(CO)RuH}4(14-O)(15-OH)(1-OH)] (2 in Figure 1)
[31] proved to be also able to promote the selective hydration of nitriles to primary
amides. Among them, the indenyl derivative [RuH(7’-CoH,)(dppm)] merits to be
highlighted since it is able to operate directly in water at relatively high rates [27].
For example, TOF and TON values of 11 h™" and 800, respectively, were reached
in the hydration of benzonitrile with 0.1 mol% of [RuH(7’-CoH,)(dppm)] at 120
°C. This hydrido-ruthenium(II) complex is also interesting from a mechanistic
point of view, because it belongs to a particular class of catalysts that activate the
nucleophilic water molecule through an outer sphere mechanism. Thus, DFT cal-
culations confirmed that, in the rate-limiting step of the reaction, the nucleophilic
attack of water on the coordinated nitrile is assisted by the hydride ligand, which
activates the water molecule through a Ru-H---H-OH hydrogen-bond interaction
(Scheme 4).
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Figure 1. Structure of the hydrido-ruthenium(II) catalysts 1-2.
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Scheme 4. Catalytic cycle for the hydration of nitriles promoted by [RuH(77°-CoH7)(dppm)].

A related intramolecular activation of water by the pyridinic nitrogen of the auxil-
iary 2-(diphenylphosphino)pyridine ligand was proposed by Oshiki and co-
workers to explain the high reactivity shown by the octahedral ruthenium(I) com-
plex cis-[Ru(acac),(PPh,py),] [32-34]. As shown in Scheme 5, performing the re-
actions in DME at 180 °C with a small amount of water, this catalyst (0.2-0.4
mol%) was able to transform a large variety of nitriles into the corresponding am-
ides in high yields and short times. An impressive TOF value of 20900 h™, the
highest reported to date for this catalytic transformation, could be reached in the
hydration of benzonitrile employing 0.024 mol% of cis-[Ru(acac),(PPh,py),]
(85% conversion after 10 min). The cooperative effect exerted by the pyridyl-
phosphine ligand in cis-[Ru(acac),(PPh,py),] was supported by the fact that re-
placement of PPh,py by PPh;, PMe; or P(n-Bu); led to much less active catalysts
[32-34]. The same group also described the hydration of several organonitriles un-
der milder reaction conditions, i.e. in DME at 80 °C, employing the bis(allyl)-
ruthenium(II) complex [Ru(77’-2-CsHyMe),(cod)] (0.5 mol%) in combination with
the dimethylamino-substituted pyridyl-phosphine PPh,(py-4-NMe,) (1.5 mol%)
[35,36]. However, we must note that longer reaction times (48 h; TOF up to 5 h™)
were in this case needed to generate the amides in high yields, and that incomplete



conversions were in some cases observed. Inspired by these works, other groups
have studied the catalytic behaviour of different ruthenium(Il) and ruthenium(IV)
complexes bearing pyridyl-phosphine ligands, but none of the described systems
enabled to improve the results obtained by Oshiki [37,38]. The tendency of the
ligands to adopt a chelating coordination was, in some cases, responsible of the
low catalytic activity observed [38].
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Scheme 5. Catalytic hydration of nitriles using cis-[Ru(acac),(PPh;py):].

Activation of water by the ancillary phosphine ligands was also evidenced when
arene-ruthenium(Il)  complexes of  general  composition  [RuCly(/ 1%
arene)(Ph,PCH,CH,NHR)] (3 in Figure 2) were employed as catalysts [39].
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Figure 2. Structure and activating effect of the arene-ruthenium(II) complexes [RuCly(7’-
arene)(Ph,PCcH4CH,NHR)] (3).



Although the activity shown by these complexes was only moderate (TOF up to 3
h" at 100 °C), the hydration reactions proceeded significantly faster than those us-
ing the analogous triphenylphosphine derivatives [RuCly(7°-arene)(PPh;)] under
identical experimental conditions (TOF up to 0.1 h™"). However, when free amine
PhCH,NHR (R = n-Bu or i-Pr) was added to the [RuCly(7’-arene)(PPhs)]-
catalyzed reactions the hydration rates increased, becoming similar to those ob-
served with complexes 3 [39]. This fact suggested that the higher activity of
[RuClz(776-arene)(thPC6H4CH2NHR)] (3) vs [RuCly(7’-arene)(PPh;)] is not due
to a ligand-assisted activation of water by hydrogen-bonding. More likely, the in-
trinsic basic nature of the pendant amino group of the aryl-phosphines would in-
crease the concentration of the more nucleophilic hydroxide anion in the solution,
thus accelerating the hydration process (Figure 2).
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Figure 3. Structure of the water-soluble ruthenium catalysts 4-9.

The use as auxiliary ligands derived from the aminophosphine PTA (1,3,5-triaza-
7-phosphaadamantane) and related water-soluble “cage-like” phosphines has led
in recent years to highly efficient ruthenium catalysts for nitrile hydration in pure
water [40-44]. Complexes 4-8 are the most representative examples (Figure 3).
Almost quantitative conversions of a wide variety of aromatic, heteroaromatic,
o, f-unsaturated and aliphatic nitriles into the corresponding amides were achieved
at 100-150 °C (classical oil-bath or MW heating) employing 5 mol% of these



complexes (TOF values in the range 30-285 h™'). Common functional groups such
as halides, nitro, hydroxy, ethers, thioethers, amino, ketones, aldehyde, esters or
alkynes were in general tolerated. The high efficiency of 4-8 was attributed to the
ability of the nitrogenated phosphines to serve as hydrogen bond acceptors to acti-
vate the nucleophilic water molecules. Interestingly, performing the catalytic hy-
dration of benzonitrile with only 0.001 mol% of complexes 5 and 6 turnover num-
bers of 22000 and 97000, respectively, could be attained. However, very long
reaction times of 97 (5) [42] and 14 (6) [44] days were needed to achieve such a
high productivity. It is also worthy of note that, after selective crystallization of
the final amides, recycling of the aqueous phase containing complexes 4 (2 times)
[40] and 5 (6 times) [42] was possible. The arene-ruthenium(Il) complex 9, bear-
ing the water-soluble and potentially H-bond acceptor ligand tris(5-(2-
aminothiazolyl))-phosphine trihydrochloride (Figure 3), featured also a high activ-
ity (TOF up to 66 h™), productivity (TON up to 9800), substrate scope and func-
tional group tolerance, combined with an effective recycling (up to five consecu-
tive runs) [45].
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Scheme 6. Synthesis of the NSAIDs ibuprofenamide and ketoprofenamide by catalytic
hydration.

Selective conversion of nitriles to amides, in water under neutral conditions, was
also described employing complexes [RuCly(7 -arene){P(NMe,);}] (arene =
C¢Hg, p-cymene, 1,3,5-CsH;Mes, CsMey) as catalysts. These compounds make use
of the commercially available and inexpensive tris(dimethylamino)phosphine lig-
and, making them much more attractive for practical applications than the exam-
ples discussed above containing rather elaborated water-soluble phosphines. In
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particular, the hexamethylbenzene derivative [RuCl,(7°-C¢Meg) {P(NMe,);}] (10)
proved to be highly efficient, providing the desired amides from a wide range of
organonitriles in excellent yields and short times [46,47]. TOF values up to 11400
h', the highest reported to date for this catalytic transformation in pure water,
were reached with complex 10 by performing the catalytic reactions at 150 °C un-
der MW irradiation. Remarkably, taking advantage of the outstanding perfor-
mance of [RuCly(7°-C¢Meg){P(NMe,);}] (10), unprecedented synthetic routes for
the preparation of the non-steroidal anti-inflammatory drugs ibuprofenamide and
ketoprofenamide, by catalytic hydration of 2-(4-isobutylphenyl)propionitrile and
2-(3-benzoylphenyl)propionitrile, respectively, were developed (Scheme 6)
[46,47].

The synthetic utility of complexes [RuCly(7’-arene){P(NMe,);}] was further
demonstrated in the challenging hydration of cyanohydrins (a-hydroxynitriles),
substrates usually difficult to hydrate because they degrade to produce cyanide
which poisons the catalysts. As shown in Scheme 7, using 5 mol% of the p-
cymene complex [RuCly(7’-p-cymene){P(NMe,);}] (11), and performing the
catalytic reactions at room temperature within the pH range 3.5-8.5 to minimize
the decomposition of the substrates into the corresponding aldehydes and HCN,
glycolonitrile and lactonitrile could be completely transformed into the corre-
sponding a-hydroxyamides [48,49].
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Scheme 7. Cyanohydrins hydration using [RuClz(ﬂ“-p-cymene){P(NMez)g}] (11) as catalyst.

The H-bond accepting properties of tris(dimethylamino)phosphine were again
evoked to explain the excellent catalytic activities observed, a cooperative effect
that was supported by DFT calculations (Figure 4) [49]. Secondary coordination
sphere activation of water, via hydrogen bonding with the OH group of the ligand,
also explains the outstanding performances of the related phosphinite-
ruthenium(IT) complex [RuCly(7°-p-cymene){PMe,(OH)}] (12), which was also
able to hydrate cyanohydrins [50,51]. Although other catalytic systems for the se-
lective hydration of organonitriles in water have been described [52-57], none of
them presented an activity and scope comparable to those of the bifunctional cata-
lysts 4-12.
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Figure 4. The cooperative effect of the tris(dimethylamino)phosphine ligand.

Additional examples of nitrile hydration reactions catalyzed by homogeneous ru-
thenium catalysts in organic media are (Scheme 8): (i) The hydration of benzoxa-
zolylacetonitrile by the arene-ruthenium(II) dimer [{RuCI(z-Cl)( 776—p—cymene)}2],
which led to benzoxazolylacetamide in high yield [58], and (if) the asymmetric
hydration of a-benzyl-a-methylmalononitrile by the chiral catalysts 13 [59].
Modest yields and low enantiomeric excesses were obtained in this latter reaction.
However, we must note that this is the first example of a non-enzymatic asymmet-
ric nitrile hydration process reported to date in the literature.
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Scheme 8. Some nitrile hydrations catalyzed by ruthenium(II) complexes.

On the other hand, different heterogeneous ruthenium-based systems able to pro-
mote the selective hydration of nitriles to amides have also been developed. A
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benchmark in the field was described by Mizuno and co-workers in 2004 employ-
ing ruthenium hydroxide supported on alumina (Ru(OH),/Al,O;) as catalyst [60].
This system was able to operate directly in water, showed a great substrate scope,
and led to TOF and TON values of up to 13 h™" and 234, respectively, at 140 °C.
Worthy of note, the use of organic solvents was not needed during workup since
the solid catalyst could be separated from the reaction mixture by hot filtration at
90 °C, and the amides crystallized in pure form from the filtrate upon cooling at 0
°C. In addition, the heterogeneous Ru(OH),/Al,O3 system could be reused two
times without significant loss of catalytic activity. A mechanism involving the co-
ordination of the nitrile to ruthenium on the surface of Ru(OH),/Al,O;, followed
by attack of a ruthenium hydroxide species on the coordinated nitrile, was pro-
posed (Scheme 9).
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Scheme 9. Proposed mechanism for the catalytic hydration of nitriles promoted by
Ru(OH)x/Ale_;.

Related organic solvents-free protocols were described employing as catalysts ru-
thenium hydroxide supported on dopamine-functionalized Fe;O, nanoparticles 14
[61,62], Ru(OH), nanoparticles supported on silica-coated Fe;O4 nanoparticles 15
[63], and the arene-ruthenium(Il) complex supported on silica-coated Fe;0, nano-
particles 16 [64] (Figure 5). All these nanocatalysts showed excellent activities
(TOFs up to 170 h™") and selectivities for a broad range of activated and inactivat-
ed benzonitriles, as well as heteroaromatic, aliphatic and ¢, f-unsaturated nitriles,
leading to the corresponding primary amides in high yields (70-95%) after 0.5-7 h
of MW irradiation at 100-150 °C in pure water. The paramagnetic nature of the
nano-ferrites-based supports enabled an easy catalyst/product separation just by
applying an external magnet. The recovered catalysts could be reused three (14-
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15) or six (16) times, and the amides isolated by simple crystallization from the
aqueous solutions.
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Figure 5. Structure of the heterogeneous ruthenium catalysts 14-16.

Ruthenium-substituted hydroxyapatite ((RuCl),Cag(PO,4)s(OH),) [65], the modi-
fied nafion resin 17 (Figure 6) [66] and a series of ruthenium nanoparticles sup-
ported on carbon [67], alumina [68], polyvinylpyrrolidone (PVP) [69] and the ion
exchange polystyrene resin Amberlite IRA 900 chloride [70] are other heteroge-
neous ruthenium-based nitrile hydration catalysts described in the literature. All of
them were active in pure water and recoverable by filtration. However, their activ-
ities and substrate scope were, in general, comparatively lower with regard to
those of the magnetic nanocatalysts 14-16.
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Figure 6. Structure of the nafion-Ru resin 17.

3 Ruthenium-Catalyzed Hydrolytic Amidation of Nitriles with
Amines

Despite the great advances reached in the catalytic nitrile hydration, reactions to
form N-substituted amides from nitriles have few precedents. In this context, alt-
hough little studied, the catalytic amidation of nitriles with amines in the presence
of water has emerged in recent years as a useful tool for the straightforward gener-
ation of secondary and tertiary amides (Scheme 10) [71-77].
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Scheme 10. The hydrolytic amidation of nitriles with amines.
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Scheme 11. Ruthenium-catalyzed synthesis of maytenine.

This amidation reaction was reported for the first time by Murahashi and co-
workers in 1986 using the unique ruthenium catalyst described so far for this cata-
lytic transformation [78]. Thus, they were able to synthesize a large variety of N-
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substituted amides from different nitrile/amine combinations by performing the
catalytic reactions in DME at 160 °C with 3 mol% of the ruthenium(II)-dihydride
complex [RuH,(PPh;3),] and 2 equivalents of water [25,26,78]. The high yield
preparation of the maytenine alkaloid 20, by coupling of cinnamonitrile 18 with
the triamine 19, is an illustrative example of the synthetic utility of this amide-
bond-forming process (Scheme 11).

As shown in Scheme 12, the intramolecular version of the reaction provided an ef-
ficient method for the catalytic synthesis of lactams [78].

[RuHa(PPh3)4] (3 mol%)
CN H>0 (2 equiv) N
RANT v >
DME /180°C /24 h

n=0;R =Me (74-99% yield) "
n=1R=H

Scheme 12. Ruthenium-catalyzed synthesis of lactams by intramolecular hydrolytic
amidation.

Murahashi and co-workers also demonstrated the utility of this catalytic transfor-
mation for the preparation of industrially relevant polyamides, as exemplified in
the reaction of adiponitrile with 1,6-hexanediamine to give the nylon-6,6 polymer
(Scheme 13) [78].

[RUH2(PPha)4] {3 mol%)

0 0
H»Q {2 equiv N
NC\H{CN . HZNMNHZ 20 (2 equiv) - /ﬁs\N
DME /160°C /24 h 4 E H
(98% vield) n
M, = 8900

Scheme 13. Ruthenium-catalyzed synthesis of the polymer nylon-6,6.

Mechanistic studies by Duchateau and co-workers, employing the [RuH,(PPh;),]-
catalyzed hydrolytic amidation of pentanenitrile with n-hexylamine as model reac-
tion, pointed out that the process proceeds through the initial hydration of the ni-
trile to form an intermediate primary amide, which subsequently reacts with the
amine to give the final N-substituted amide product (parth (a) in Scheme 14) [79].
This reaction pathway contrasts with that commonly proposed for other homoge-
neous metal catalysts (Pt-, Cu- Zn- or Fe-based systems) where an amidine inter-
mediate, which evolves into the final amide product by hydrolysis, is initially
formed (parth (b) in Scheme 14) [71,73,75-77].
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Scheme 14. Possible reaction pathways for the catalytic amidations of nitriles with amines.

4 Ruthenium-Catalyzed Rearrangement of Aldoximes

Although the first report on metal-catalyzed rearrangement of aldoximes dates
back to the early 1960°s [80], only in recent years this transformation appeared to
be an attractive method for synthesizing primary amides [81]. The main ad-
vantages of this reaction stem from its total atom economy and the availability of
the starting materials, which are easily accessible by condensation of an aldehyde
with hydroxylamine. From a mechanistic point of view, two main reaction path-
ways have been proposed. The first one consists of the initial dehydration of the
aldoxime to form a nitrile, which is further rehydrated by the water molecule re-
leased in the previous step (Scheme 15, path (a)). The second mechanism also
starts with the dehydration of the aldoxime into a nitrile, which now reacts with a
second molecule of aldoxime, acting as a water surrogate, to deliver the free am-
ide and regenerate the active metal-nitrile species (Scheme 15, path (b)). Remark-
ably, although pathway (a) has been the generally accepted mechanism, a recent
study of Williams and co-workers using '*O-labeled substrates revealed that most
of the catalytic systems reported to date operate indeed through the pathway (b)
[82].

The first examples of the rearrangement of aldoximes into primary amides involv-
ing a ruthenium catalyst, namely [Ru(cod)(py)4][BPhy],, were reported by Kiji and
co-workers in 1982 [83]. However, efficient and general ruthenium-based proto-
cols did not appear till 2007, when Williams and co-workers described the activity
of the ruthenium-dihydride complex [RuH,(CO)(PPh;);] associated with different
bidentate ligands [84]. The best performances were obtained with 1,2-
bis(diphenylphosphino)ethane (dppe) (Scheme 16). Moreover, the addition of 4
equivalents of p-toluenesulfonic acid per ruthenium to the reaction medium was
required to achieve good rates and selectivities. Under these optimal conditions,
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both aromatic or aliphatic aldoximes, as well as a,f-unsaturated ones, could be
converted into the corresponding primary amides in excellent yields.

[M] \&Aldoxime
path (a) [M]—N‘\

YOH [M]_Ny;H

Amide

H0 H0
[M]I-N=—R
Aldoxime
N—O\
R4</ H
Aldoxime OH
NGV "
(M] [M]—N [MI-N=—R H
§*\ 3' ‘N‘\ -
R H-O
path (b) Amide M’ j/
\N’o
R/</?
H

Scheme 15. Proposed mechanisms for the metal-catalyzed rearrangement of aldoximes.

[RuHz(CO}PPhgz)z] (0.1-0.2 mel%)

_OH dppe (0.1-0.2 mol%) o
)NI\ TSOH-H50 (0.4-0.8 mol%) Pt
R” ™H toluene / 110 °C / 4-8 h ~ R7 TNH,

(80-94% yield)
R = alkyl, aryl, heteroaryl or alkenyl group (12 examples)

Scheme 16. Ruthenium-catalyzed rearrangement of aldoximes into primary amides.

A more convenient additive-free protocol was developed a couple of years later
using 1 mol% of the octahedral ruthenium complex [RuCl,(PPh;s)(terpy)] [85].
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Aldoximes with both syn and anti conformation could be employed, with no dif-
ference in the rate of the isomerization process. This catalytic system proved to be
also useful for the rearrangement of aldoximes generated in situ from the corre-
sponding aldehydes. Thus, as shown in Scheme 17, the heating of a 1:1:1 mixture
of the aldehyde, hydroxylammonium chloride and NaHCO;, in the presence of
[RuCl,(PPh;)(terpy)] (1 mol%), selectively led to the desired primary amides in
good yields.

o [RUCK(PPha)(terpy)] (1 mol%) o

NaHCO3; (1 equiv
M+ NHoH-Hal 3 (1 equl) -~ M
R™ "H toluene / 110°C /17 h R™ "NH,

(82-90% yield)

R = alkyl, aryl, heteroaryl or alkenyl group {8 examples)

~OH
NaHCO4 b

-NaCl, 2 H,0, CO» R” H

[Ry]

Scheme 17. Ru-catalyzed rearrangement of aldoximes generated in situ from aldehydes.

Since then, different octahedral ruthenium(Il) complexes (1 mol%) have been em-
ployed to generate primary amides through the direct rearrangement of isolated
aldoximes (21 in Figure 7), or through the one-pot coupling of aldehydes with hy-
droxylammonium salts (22-24 in Figure 7) [86-89]. Both processes were also cata-
lyzed by [RuCl,(DMSO),], albeit a higher metal loading (5 mol%) was in this case
needed [90].

H
LN /\ AsPh3
=
N—RU—0
ph,p? | \ / | \'C‘
co ©)’ AsPh3 PPhy
22

Figure 7. Structure of the ruthenium(II) complexes 21-24.

Interestingly, using 5 mol% of the arene-ruthenium(Il) complex [RuCly(7’-
CeMeg) {P(NMe,);}] (10 in Scheme 6), the rearrangement of aldoximes could be
successfully performed in aqueous medium at 100 °C [91]. Kinetic studies and ex-
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periments in '*O-labeled water indicated that, for this particular catalyst, the reac-
tion proceeds simultaneously through the two mechanisms depicted in Scheme 15,
albeit pathway (b) showed to be predominant. This aqueous methodology was ap-
plicable to a wide range of aromatic, heteroaromatic, aliphatic and ¢,f-unsaturated
aldoximes (39 examples). The synthetic utility of complex 10 was fully demon-
strated in the preparation of the chiral amides (S)-(-)-citronellamide (25), (S)-(-)-
perillamide (26) and (1R)-(-)-myrtenamide (27), compounds of relevance in the
fragrance industry (Figure 8).

H.N._ O
NH, HoN._ o

=
25 26 27

Figure 8. Structure of the optically active amides 25-27.

Complex [RuCly(77°-CsMeg) {P(NMe,);}] (10) also resulted operative in the one-
pot synthesis of amides from aldehydes in water [92]. Worthy of note, besides the
classical source of the NH, group, ie. the NH,OH-HCI salt associated with
NaHCO;, commercially available hydroxylamine solution (50 wt% in H,O) could
also be employed, improving notably the atom economy of the overall process
since only water was generated as byproduct. More recently, the highly water-
soluble complex 9 (Figure 3), which contains a thiazolyl-phosphine hydrochloride
salt as ligand, was also found active in the synthesis of primary amides from
aldoximes and aldehydes using water as solvent [45].

On the other hand, the preparation of secondary amides from aldoximes has been
recently achieved through the one-pot sequential rearrangement/N-alkylation pro-
cess depicted in Scheme 18 [93]. The reactions were carried out heating a toluene
solution of the aldoxime with a mixture of dimers [{RuCl(u-CI)(7°-p-cymene)}-]
and [{IrCl(u-C1)(77-CsMes)},], followed by the addition of an alcohol and
Cs,CO3; to the medium. Under these conditions selective formation of N-
monoalkylated amides occurred, primary or N,N-dialkylated ones being not de-
tected at the end of the reactions. Although the two steps involved in the process
could be promoted by both ruthenium and iridium species alone, the initial rear-
rangement of the aldoxime was particularly favored in the presence of Ru, while
the N-alkylation of the resulting primary amide was more effective with Ir. There-
fore, the combination of the two metals resulted more advantageous than their use
separately. The methodology proved to be general and it was successfully applied
to a variety of aromatic, heteroaromatic and aliphatic aldoximes. Benzyl or alkyl
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primary alcohols were satisfactorily involved in the N-alkylation step, but the sec-
ondary and tertiary ones, much more hindered, were not tolerated.

(i} [{RuCI(y—CI)(;;G-p-cymene)}z] (1 mol% of Ru)
{IFCI(Cly7>-CsMes)}s] (1 mol% of Ir)
toluene / 130°C /3 h
s (iiy RQCHQOH (1.2 equiv), CsoC0O3 (20 mol%)
N
toluene /130°C /12 h
1)I\ . - 1)LN/\R2
R H {78-93% yield) R H
30 examples

[Ru] )OI\ RZCH,0H, [In]
Rearrangement R! NH- N-Alkylation

Scheme 18. Synthesis of secondary amides from aldoximes through sequential
rearrangement//N-alkylation reactions.

5 Ruthenium-Catalyzed Dehydrogenative Amidations

5.1 Starting from alcohols

The catalytic oxidative dehydrogenation of primary alcohols in the presence of
amines has emerged in recent years as an attractive alternative for the synthesis of
amides [94,95]. The reaction is assumed to take place through the initial dehydro-
genation of the alcohol into the corresponding aldehyde, followed by nucleophilic
attack of the amine and subsequent dehydrogenation of the resulting hemiaminal
(Scheme 19). In these dehydrogenative processes, esters [95,96], imines [97] and
amines [95,96,98] can also be generated through competing reaction pathways
(Scheme 19). The selectivity towards amides strongly depends on the nature of
substrates and catalysts, as well as on the experimental conditions employed, but,
despite the great advances reached in this area during the last years, the factors
that govern the outcome of the reaction are still little understood. Actually, the
number of catalytic systems active in dehydrogenative amidation processes, most
based on ruthenium complexes, is by far smaller than those able to promote the
formation of amines or esters [95,96,98].

Pioneering work in the field was reported by Murahashi and co-workers in 1991
[99]. They discovered that 1,4- and 1,5-amino-alcohols can be selectively convert-
ed into lactams, through an intramolecular coupling, in the presence of catalytic
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amounts of the ruthenium-dihydride derivative [RuH,(PPhs),] (Scheme 20). With
this system, the use of at least two equivalents of a hydrogen acceptor, such as
benzalacetone, was needed to achieve high conversions and selectivities in the de-
sired cyclic amides. Moreover, the substrates bearing a primary amino group (R =
H, in Scheme 20) required a two-fold excess of water in order to prevent the com-
peting formation of a cyclic amine, the latter resulting from the dehydration of the
hemiaminal intermediate and subsequent hydrogenation of the resulting imine.

R4
= NR3R2
R or
OH A ; H ' R3._R2!
1 e . K . H
R ' R1) !
R3 =Hor Rt g
Hy H-,O
R" = CHR*R®
Ho
j RZR3NH o j\
R - R NR2R3 R' “NRZR?
R'CH,OH T )
Hp ar-nemmmmemmmmees ' R2R3NH

Scheme 19. Dehydrogenative amidation of primary alcohols and competing processes.

[RuH(PPhs),] (5 mol%)

benzalacetone (2 equiv) Q rommemeeee- ,
NHR water (2 equiv) RN HN '
HO™ ¥R DME /140°C /3 h “ : Q
n=1,R=H (59-81% vyield) L. :
n=2, R=H,Me, Et Observed in the absence

of benzalacetone
or water (for R = H)

Scheme 20. Synthesis of lactams promoted by [RuH,(PPhs)4].

This amidation process, poorly exploited till 2007 [100], regained popularity after
Milstein’s report on a highly efficient and atom-economical procedure that did not
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require of a sacrificial hydrogen acceptor, the oxidations of the alcohol and the
hemiaminal proceeding with formation of hydrogen gas as the only by-product
[101]. The catalytic system, based on the PNN-pincer ruthenium derivative 28,
was successfully applied to the highly selective synthesis of a variety of secondary
amides from 1:1 mixtures of primary alcohols and amines (Scheme 21). However,
when amines with only a moderate nucleophilic character were employed as sub-
strates, small amounts of esters were also formed as by-products.

QH 28 (0.1 mol%) 0 :
J + R?NH; ‘ - ; )k :
R! toluene /110°C/7-12h  R'" “NHR? 'R'"” YO !
(1 equiv) {1 equiv) (58-99% yield) . kRﬁ
Observed as
N P (t-Bu), by-product
3 N\F\’lu/ R'! = Pent, n-Bu, CH,OMe, CHMeEt
N/ ~™co RZ = Bn, CHy-2-furyl, Ph, Pent, CHMe(CHy)4Me
Etz 28

Scheme 21. Acceptorless-protocol to generate secondary amides from alcohols and amines.

The efficient removal of H, during the course of the reaction appeared to be cru-
cial. In this sense, high yields in the amides were obtained when the reactions
were performed in refluxing toluene under a flow of argon, while lower conver-
sions and selectivities were reached in a closed system. Alternatively, the catalytic
reactions could be performed in the presence of the related air-stable hydrochlo-
ride complex [RuCIH(CO)(PNN)] (29 in Figure 9) associated with one equivalent
(per Ru) of base [102]. Under these basic conditions, 29 is quantitatively convert-
ed into 28 through the deprotonation of the tridentate ligand backbone [103]. The
high efficiency of 28 and 29 is ascribed to the cooperation of the PNN-pincer lig-
and in the different H-atom transfers involved in the reaction, through reversible
aromatization/dearomatization processes of the pyridine-based core [102-107].
Surprisingly, under similar experimental conditions, the analogous PNP-pincer de-
rivatives 30 and 31 (Figure 9), susceptible to undergo related aromatiza-
tion/dearomatization processes of the ligand, produced imines selectively instead
of amides [97,103]. The authors attributed this different chemical behavior to the
lack of a hemilabile group in the catalysts’ structure (i.e. absence of the CH,NEt,
arm). However, we must note that later DFT calculations suggested that electronic
properties rather govern the outcome of the reaction [105-107].

The catalytic protocol based on complex 28 proved to be also suitable for the bis-
acylation of diamines with simple alcohols [101]. In addition, polyamines with
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both primary and secondary groups reacted with complete chemoselectivity at the
NH, positions keeping untouched the NH functions, without the need of a protec-
tion/deprotection strategy. The methodology was extended, separately by Guan
[108] and Milstein [109,110], to the synthesis of polyamides starting from diols
and diamines (representative examples are given in Scheme 22). The replacement
of toluene by a more solubilizing solvent (i.e. anisole, anisole:DMSO or 1,4-
dioxane) proved to be crucial to obtain high molecular weight polymers (up to
28.4 kDa).

e
7 H p(eBu); “HPEBu,  [F 1 HPEBU),
N/ N |/ LN |1/
Ru\ F\’U\ Ru\
/| ~co / co /] >co
N C| P P cl
(Et)>

(t-Bu), (+Bu);
29 30 31
Figure 9. Structure of the PNN- and PNP-pincer complexes 29-31.

HO/\ TN

X" OH
(1 equiv) 28 (1 mol%) o i
. 120 °C / 48 h / anisole X7 ONTY TN
HN"Sy =N, OF anisole:DMSO (4:1) H Hln
(1 equiv (65-90% yield)
- ~N 7
) Diami
Diols Ho’ﬁ(}OH HO’HEOH IammelN/\/O\/\O/\./NH2

HO/\/O O O O\/\OH NH»
HaNi- NH /_Q_/
2 O_ 2 HaN
H
/6\/0}\ /6\/0)\ N PPy
HO TH  HO H HNT " " N, HN NH2

" VRN w

Scheme 22. Synthesis of polyamides through dehydrogenative processes.

The formation of polyamides also occurred in the self-coupling of sterically non-
hindered 1,2-amino-alcohols [111]. However, when substrates with large substitu-
ents in a-position with respect to the amino group were employed, diketopipera-
zines 32 were instead selectively obtained (Scheme 23). Interestingly, the trans-
formation of chiral amino-alcohols took place without epimerization, affording the
cyclic dipeptides 32 in optically pure form. This methodology was also operative
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with the cyclic secondary amino-alcohol (S)-prolinol, thus allowing the prepara-
tion of the tricyclic product 33. Once again, a striking difference in reactivity was
observed when using complex 30 as catalyst, pyrazines 34 being in this case the
major reaction products [111].

R2 Rr! : R E
RZ R' .
, }</0H 28 (1 mol%) _© NH N
HoN 1,4-dioxane / 135°C /19 h HN o N 7 E
(64-99% yield) ' R
R2 R1 1
32 L .
R'=Bn, i-Pr, i-Bu, R? = H Formed with 30
R'=H,RZ=(5)-s-Bu 0o (when R or R% = H)
1_p2.-
orR' = R = Me NJH‘D
N
o 33

Scheme 23. Synthesis of 3,6-disubstituted-piperazine-2,5-diones promoted by complex 28.

In addition to the PNN-pincer derivative 28, other transition metal catalysts, asso-
ciated or not with a hydrogen acceptor, have been developed for the dehydrogena-
tive amidation of alcohols with amines. Ruthenium complexes, and especially
NHC-compounds, have been the most widely studied [94], albeit highly efficient
processes promoted by rhodium or silver have also been described [112,113]. In
regard to ruthenium, both in-situ-generated catalytic systems (Table 1) [114-123]
as well as well-defined catalysts 38-44 (Figure 10) [124-131] have been reported.
In most of the cases, high metal loadings (usually 5 mol%) and an excess of a
strong base (10-40 mol% of NaH or KO-#-Bu) were required to achieve satisfacto-
ry yields in the amides. In general, the reactions showed to be strongly sensitive to
the steric hindrance of the substrates. Thus, branched primary alcohols and
amines, such as 2,2-dimethylpropanol, 2-methylbutanol or 2-heptanamine, gave
rise to lower conversions than the linear ones [101,115,116,119,124,125,129]. In
the same line, cyclic secondary amines (e.g. morpholine, piperidine or N-
methylpiperazine) provided the corresponding tertiary amides in good yields,
while the non-cyclic ones, more sterically hindered, resulted poorly reactive or
even totally inactive [114,115]. For these latter substrates, some yield improve-
ments have been recently achieved using less sterically congested catalysts. For
example, modest to good yields were obtained with the ruthenium complex 39
(Figure 10) bearing diphenylphosphino- and pyridyl-fragments, whereas the relat-
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ed compounds 28 and 29, with bigger (¢-Bu),P and NEt, groups resulted inopera-
tive under the same reaction conditions [129].

Table 1. Examples of ruthenium-based catalytic systems generated in situ.

X Rt
™\ [\
Nw (Q D*PCyZ

R-NzN-gr N N,
R = i-Pr, X = Cl (35a) NEty P(t-Bu),
R = i-Pr, X = Br (35b) 36 37
Catalytic system” Reference

[RuCly(cod)], (5 mol% Ru), 35a (5 mol%), PCyp;-HBF, (5 [114]
mol%), KO-#-Bu (20 mol%)

[{RuCl(u-C1)(7°-CsHe)},] (5 mol% Ru), 35b (5 mol%), MeCN [115]
(5 mol%), NaH (15 mol%), 36 h

RuCl; (5 mol%), 35b (5 mol%), pyridine (5 mol%), NaH (40 [116]
mol%)

[RuCL(IiPr)(7°-p-cymene)] (5 mol%), PCy; (5 mol%), KO--Bu [117]
(10 mol%)

[RuH,(PPh3)4] (5 mol%), 35b (5 mol%), MeCN (5 mol%), NaH [118,119]
(20 mol%)

[RuCly(IiPr)(r°-p-cymene)] (5 mol%), PCy;HBF, (5 mol%), [120]
KO-#-Bu (15 mol%)”

[Ru(77’-C3HMe),(cod)] (0.2-1 mol%), 36 (0.26-1.3 mol%), 20 h [121]
[Ru3(CO)y,] (1.5 mol% Ru), 37 (3 mol%), in cyclohexane at 140 [122]
°Cfor2lh

[{RuCl(u-Cl)(7°-p-cymene)},] (5 mol% Ru), dppb (5 mol%), [123]
Cs,CO; (10 mol%), 3-methyl-2-butanone (2.5 equiv) as H,-

acceptor, in #-BuOH at reflux for 24 h

“ Reactions performed in toluene at 110 °C for 24 h, unless otherwise indicated. ” IiPr = 1,3-
diisopropylimidazol-2-ylidene.
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Rn
@ R arene = p-cymene, R = Me (38a), 5 mol% Ru, 15 mol% KO-+-Bu [124]
Ru I\’I‘ arene = CgHg, R = /-Pr (38b), 5 mol% Ru, 35 mol% KO-t-Bu [125]
CI/ T\/} arene = p-cymene, R = Bu (38¢), 5 mol% Ru, 20 mol% NaH [128]

= p- = j- 0, 0, _f
38a-d R~ arene = p-cymene, R = i-Pr (38d), 5 mol% Ru, 15 mol% KO-t-Bu [117]
" Y AV N
Ph, H2N oI |
P""u. | _»“\CI Clh,_ ’ “\N a
Fe Ru RuU
&7 | ™™ PhoP” | N
Ph, ClI bPthHz
40 41
0.2-1 mal% Ru, 4 mol% Ru, 15 mol% KOH, || 2.5 mol% Ru,
L‘1.1 equiv KO-#-Bu/Ru [129]‘ | neat, 125°C, 350 [127] || 7 mol% KOH, 16 h [127,128] |
( = 1 ( V([ _ 3
NN~ - =\
R™ R l R AN N
R : —Ru / Cy \r Cy
\ Ry— a—, \rN oCl
N ' cl Ri=
@/ \ g-N | \Ph
N”‘R PCys
R=Cy 42 R =n-CgH3 a4
2-4 mol% Ru, 43
3 equiv styrene as 3 mol% Ru, 5 mol% Ru,
Ha-acceptor [130] 15 mol% KO-t-Bu [131] 10 mol% KO-t-Bu [117]
. AN J L y

Reactions in toluene at 170 °C for 24 h, unless otherwise indicated

Figure 10. Structure of well-defined ruthenium catalysts employed in the dehydrogenative
amidation of alcohols and experimental conditions.

High base loadings also showed to favor the dehydrogenative coupling of alcohols
with hindered secondary amines [125]. Thus, reactions promoted by complex
[RuCly(7°-C¢Hg)(IiPr)] (38b) in combination with 35 mol% of KO-#-Bu led to the
desired tertiary amides, while the use of only 15 mol% of KO-#Bu resulted in the
major formation of esters (Scheme 24). The authors suggested that, in this case,
the synthesis of amides takes place through the initial formation of the esters,
which further react with the amines (Scheme 19). Accordingly, they evidenced
that the direct transformation of esters into amides promoted by 38b was clearly
accelerated by adding large amounts of a base to the reaction medium (see Section
5.3).

On the other hand, the dehydrogenative amidation proved to be also sensitive to
the electronic properties of the amines. Thus, with electron-poor amines, which
display a low nucleophilic character, the formation of the hemiaminal intermediate
is disfavored. As a consequence, substrates like anilines usually lead to low or
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moderate conversions, even at elevated temperatures or after long reaction peri-
ods, and large amounts of the corresponding esters by-products are formed. In this
context, the ruthenium catalysts have conduced, in general, to quite disappointing
results [114,115,117,124]. In fact, only gold nanoparticles have proven to be use-
ful with this type of amines [132].

38b (5 mol%
OH (5 mol%) 0 O Pent

_f 0,
) . BNH KO-£Bu (x mol%) )J\ N )J\ )
Pent toluene / 110°C /24 h Pent NBn, Pent 0]

1 equiv (1.1 equiv)
(1 equiv) x=15:; 33% and 61%

X =35 60% and < 3%
Scheme 24. Effect of the base loading on the synthesis of tertiary amides.

Methanol also represents a challenging substrate for dehydrogenative amidations
due to its high energy activation barrier. Till now, only one ruthenium-based cata-
lytic system, developed by Glorius and co-workers, proved to be suitable for the
amidation of methanol [130]. Thus, using 2-4 mol% of the preformed or in-situ
generated complex 42, a variety of primary and secondary amines could be clean-
ly converted into the corresponding formamides (Scheme 25). Although catalyst
42 could operate without a hydrogen acceptor, highest conversions were reached
in the presence of 3 equivalents of styrene.

42 (2-4 mol%)
R'R2NH or
[Ru(7%-CzH Me) y(cod)] (2-4 mol%)

(1 equiv) Q
(Cy-HCI (4-8 mol%) / KO-t-Bu (5-10 mel%)
+ -
MeCH styrene (3 equiv) / toluene / 125 °C / 24 h H NR'R?
(3.3 equiv) (27-98% yield) 17 examples

Scheme 25. Ruthenium-catalyzed N-formylation of primary and secondary amines.

Gold- and rhodium-catalyzed acylations of ammonia have been reported
[112,132], but similar transformations promoted by homogeneous ruthenium cata-
lysts still remain unknown. Such a reaction could only be performed employing a
heterogeneous ruthenium-based system under aerobic conditions. However, a
completely different mechanism operates in this case (see Section 6) [133].

Interestingly, Hong and co-workers have also demonstrated that the amidation of
alcohols can be satisfactorily performed using azides instead of amines as the ni-
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trogen source [134]. The reactions were carried out with 5 mol% of the ruthenium-
dihydride complex [RuH,(PPh;),] associated with 1,3-diisopropylimidazolium
bromide (35b in Table 1; 5 mol%), acetonitrile (5 mol%) and NaH (20 mol%) in
refluxing toluene for 48 h. The proposed mechanism involves again the initial de-
hydrogenation of the primary alcohol into an aldehyde. The hydrogen released in
this step reduces the azide, thus generating in situ the corresponding amine
(Scheme 26). Worthy of note, this methodology offered an easy entry to "N-
labeled amides starting from '*N-azides, which are readily accessible from alkyl
halides and commercially available '*N-labeled NaN; [134].

O O

H
I
R1) i R1A o
H
: ; R1)kNHR2
R?-Nj3 %- R2NH, Hz
N>

Scheme 26. Proposed mechanism for the dehydrogenative amidation of alcohols with
azides.

More recently, the same authors have extended their studies to the synthesis of
amides from alcohols and nitriles, via formation of a transient hemiaminal inter-
mediate (Scheme 27) [135]. Among the different catalysts tested, the best perfor-
mances  were reached with the  dihydride-ruthenium  derivative
[RuH,(CO)(PPh;);]. This synthetic methodology also offered an easy access to
C- and ""N-labeled amides from isotopically enriched nitriles.

[RuHL(CO)XPPha)] (10 mol%) o
35b (10 mol%) / NaH (20 mol%) I
 R2ZTONTR!
H

R'—C=N +
Rz) toluene /110°C /48 h

(1.1 equiv) (53-91% vyield)
22 examples

Scheme 27. Ruthenium-catalyzed synthesis of amides from alcohols and nitriles.
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5.2 Starting from aldehydes

Since formation of an aldehyde intermediate constitutes the first step in the dehy-
drogenative amidation of alcohols, one might anticipate that similar processes
would also readily take place starting directly from aldehydes. However, most of
the ruthenium catalysts described in the previous section showed limited or no ac-
tivity in the amidation of aldehydes. This discrepancy suggests that, in the ami-
dation of alcohols, the aldehyde intermediate remains coordinated to the rutheni-
um center during the catalytic cycle. In addition, starting from aldehydes, imines
are usually the major reaction products observed, evidencing that the dehydration
of the hemiaminal intermediate prevails towards the dehydrogenation (Scheme
19). However, selective formation of amides occurs when the own structure of the
substrates preclude the generation of imine or enamine derivatives (i.e. when R® #
H or R' # CHR*R’® in Scheme 19). Thus, in 1991, Murahashi and co-workers re-
ported the synthesis of different benzamides by coupling benzaldehydes with sec-
ondary amines [99]. The process, promoted by [RuH,(PPh;),], afforded the corre-
sponding tertiary benzamides in moderate to good yields (Scheme 28).

7 K ;
RuH(PPh
N . < :| [RuHz( 3:4] U
| X DME / 100 °C | L
'\R (51-77% yield) '\R X

{R = H, 4-OMe, 3,4—CH20CH2] metaf loading and time

X = CHy, CHaCHy, CH»0 not indicated

Scheme 28. Dehydrogenative amidation of aldehydes promoted by [RuH»(PPhs)4].

Interestingly, Hong and-coworkers evidenced that the selectivity of the coupling
between aldehydes and amines can be modified by adding small amounts of an al-
cohol to the reaction medium (Scheme 29) [124]. Thus, with the same catalytic
system, imine formation was favored in absence of alcohol, whereas amide was
predominantly formed in the presence of 10% of 2-phenylethanol 45. Under the
basic conditions employed, the alcohol presumably generates a metal-hydride via
initial formation of an alkoxide-ruthenium complex and subsequent S-elimination.
The authors assumed that this hydrido-derivative favors the dehydrogenation of
the hemiaminal intermediate in detriment of the dehydration, thus giving rise to
the desired amides as the major reaction products.

On this basis, the same authors subsequently developed an effective protocol for
synthesizing amides from aldehydes using [RuH,(PPh;),] [119]. In combination
with the imidazolium salt 35b (see Table 1), sodium hydride and acetonitrile, this
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complex readily converted a variety of aliphatic and aromatic aldehydes into am-
ides (Scheme 30). Further studies on the stoichiometric reactivity of
[RuH,(PPh3),] with NaH at 110°C suggested the formation of ruthenium(0) spe-
cies during the catalytic events. This proposal was also supported by fact that the
ruthenium(0) complexes [Ru3(CO);;] and [Ru(cod)(cot)], associated with 35b and
NaH, proved to be also active in the process. However, using [Ru;(CO);;] and
[Ru(cod)(cot)] a large quantity of NaH (40 mol%), more than that required for the
generation of the NHC ligand, was needed to achieve good conversions and the
reason for this still remains unclear.

o 38a (5 mol%) N/B“
0
KO-#-Bu (15 mol%
U, BNH, ¢ o0 L . M
Ph toluene / 110 °C / 24 h Ph™ "NHBn  Ph
[ Ph/\/OH 45] no alcohol:  24% 70%
10 mol% of 45:  78% 9%

Scheme 29. Influence of an alcohol on the selectivity of the aldehyde amidation processes.

[RuHo(PPhs3)4] (5 mol%)
35b (5 mol%) / NaH (20 mol%)

O O
qQ
) . R2RNH MeCN (5 mol%) N )K
R toluene / 110°C /24 h R “NR2R3
(1 equiv) (1.1 equiv) (29-92% yield)

R! = aryl, alkyl
R? = H, R? = alkyl, benzyl
or R2, R® = -CH4(CH,)3CHo-

Scheme 30. [RuH,(PPh;)s]-promoted synthesis of amides from aldehydes.

5.3 Starting from esters

The direct conversion of esters into amides is a synthetically useful transfor-
mation. However, most of the methodologies developed till now usually require
harsh reaction conditions, poorly compatible with sensitive substrates, and present
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a low atom economy [136]. Very recently, Milstein and co-workers demonstrated
that esters can be selectively converted into amides generating molecular hydro-
gen as the only by-product (Scheme 31) [137]. The catalytic reactions were car-
ried out with two equivalents of amine per ester in toluene or benzene at reflux in
the presence of 0.1 mol% of the dearomatized PNN-pincer ruthenium complex
[RuH(CO)(PNN)] (28) (see Scheme 21). Strikingly, both the acyl and the alkoxo
units of the starting ester are involved in the amide production. Hence, to avoid
mixtures of products, the process was only applied to symmetrical esters. The cat-
alytic protocol was effective for both primary and secondary cyclic amines. In ad-
dition, the coupling of piperazine and butylbutyrate provided compound 46, which
results from the bis-acylation of the diamine (Scheme 31).

0] (0]

28 (0.1 mol%)
2R3 - 2
R1)J\O/\R1 * 2 RR'NH toluene or benzene R1)KNR2R3 * 2

reflux / 18-36 h
(52-99% yield)

R' = alkyl

R2 = H, R® = alkyl, benzyl P /7 2 "

or RZR3NH = rrolidine, piperidine, morpholine, N N Z

py 4 _/ ;

piperazine, N-methylpiperazine

Scheme 31. Ruthenium-catalyzed synthesis of amides from esters.

The proposed mechanism for this transformation involves the initial activation of
the N-H bond of the amine assisted by the dearomatized PNN-ligand (Scheme 32).
Subsequent coordination of the ester to ruthenium, and coupling with the amido
ligand, leads to the alkoxo intermediate A with concomitant release of one equiva-
lent of amide. Subsequent f-elimination and further nucleophilic attack of the
amine to the resulting aldehyde give rise to the hemiaminal B, which evolves re-
leasing a second equivalent of the amide. The active species is then regenerated,
via deprotonation of the PNN ligand, with H, liberation.

Shortly afterward, Hong and co-workers reported another ruthenium-based cata-
lytic system able to promote the transformation of esters into amides [125]. Their
study, which was focused on the reaction of the hexylhexanoate with the diben-
zylamine, evidenced that the presence of a large amount of base favors the genera-
tion of the amide. Thus, while the use of 5 mol% of [RuCly(7°-C¢Hg)(IiPr)] (38b)
and 20 mol% of KO-#-Bu produced the corresponding amide in only 6% yield, an
increase of the base loading to 40 mol% resulted in a considerable improvement of
the efficiency, giving rise to a conversion of 59%.
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Scheme 32. Proposed mechanism for the ruthenium-catalyzed dehydrogenative amidation
of esters.

6 Other Ruthenium-Catalyzed Amide-Bond Forming Reactions

Although amides have occasionally been reported as by-products during oxidation
processes involving amines, this synthetic route remains extremely challenging
[138,139]. The oxyfunctionalization of the a-methylene group of amines
RCH,NH, usually requires the use of stoichiometric amounts of a strong oxidant,
which renders mandatory the protection of the NH, group. In this context, Mizuno
and co-workers have developed a more attractive protocol based on the direct oxi-
dation of CH, group using air as the sole oxidant (Scheme 33) [140]. The process,
performed in water under air pressure (5 atm) at 140°C, could be catalyzed by dif-
ferent ruthenium compounds such as RuCl;, [Ru(acac);], [RuCl,(PPhs)s],
[{RuCl(u-Cl)(7°-p-cymene)},] and [Rus(CO);,], but much higher selectivities
were achieved with the heterogeneous system Ru(OH),/Al,Os;. Under optimal
conditions, several benzyl- or alkyl-amines produced predominantly the corre-
sponding primary amides, with traces of the nitriles, aldehydes and carboxylic ac-
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ids being formed as by-products. Interestingly, the catalytic system could be sepa-
rated by simple filtration, and reused without significant loss in activity.

Ru(OH),/Al,O3 (5 mol%)

~ air (5 atm) )L
R™ NHz " or140°C /1024 h R” “NH,

(84-94% yield) ~ ;r--mer-remeresemeezomaos ‘

: Q 0 |
o 3 4

Observed as by-products

Scheme 33. Direct oxidation of primary amines into amides.

A reaction pathway involving the successive oxidative dehydrogenation of the
amine into the corresponding imine and nitrile, which is subsequently hydrated,
was proposed by the authors (Scheme 34) [139,140]. A related one-pot sequential
process has also been described using the ruthenium-substituted hydroxyapatite
((RuCl),Cag(P0O,4)s(OH),) as catalyst [65].

10; o 02 H0 HO

]
2 ) O
R™NH, ANAL iy AL Resn A, RJ\NH
>

k H,0 Hz0, Ny
10, H0 NH; 1o,

2 2

Scheme 34. Proposed pathways for amide formation through oxidative processes involving
amines, azides and alcohols.

As the amines, benzylic and aliphatic azides could also be transformed into the
corresponding primary amides through aerobic oxidation in water by means of
Ru(OH),/Al,0; [141]. Once again, the process proceeded via the formation of a
nitrile intermediate (Scheme 34), with concomitant release of water and nitrogen
gas. Primary amides were also synthesized from benzylic alcohols and ammonia
using Ru(OH),/Al,0O; under air pressure [133]. In this case, the proposed mecha-
nism is based on the following steps: (i) the dehydrogenation of the alcohol into an
aldehyde, (if) the condensation of the aldehyde with NHj, (iii) oxidation of the re-
sulting imine to generate a nitrile, and (iv) final hydration of the nitrile to generate
the corresponding primary amide (Scheme 34).
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On other hand, unprecedented amidations of aldehydes involving nitrogen-atom
transfer reactions to the acyl C(sp”)-H bond have been reported by Chan and co-
workers [142]. As shown in Scheme 35, the treatment of aliphatic and aromatic
aldehydes with two fold excess of PhI=NTs, in the presence of 10 mol% of the
porphyrin-ruthenium(Il) complex 47, readily afforded the corresponding the acyl-
sulfonamides 48 in high yield. Remarkably, chemoselective processes were ob-
served even for aldehydes containing benzylic C-H or C=C bonds, known to be
reactive against PhI=NTs.

47 {10 mol%)

j’ Phi=NTs (2 equiv) j)\
R CH,Cl, / 1t /30 min R” “NHTs
(68-99% yield) 48

R = aryl, alkyl

Scheme 35. Catalytic synthesis of amides through the activation of the acyl C-H bond of
aldehydes.

R!
N2
I /)q [{RuCI(,u—CI)(r;s-p-cymene)}z] (S mol%)

H NaOAc (30 mol%)
| o-xylene /80°C /24 h

=
A (61-90% vyield)
2

+

R

3
RL _
N=C=0 (1.8 equiv)

Scheme 36. Catalytic formation of amides by isocyanate insertion into C-H bonds.

C-H bond activation was also involved in the reactions of 2-arylpyridines with
isocyanates promoted by the dimeric precursor [{RuCl(u-Cl)(7’-p-cymene)},]
(Scheme 36) [143]. The process was satisfactorily applied to the synthesis of a
wide range (22 examples) of pyridyl-functionalized benzamides. Arylpyridines
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with both electron-donating and electron-withdrawing substituents were suitable
substrates, and classical organic functional groups such as ether, halogen, alde-
hyde or cyano were tolerated. Worthy of note, when the aryl ring presented an un-
symmetrical substitution pattern, the C-H activation took place at the less hindered
position selectively.

Metal-catalyzed reductive acylation reactions of ketoximes into N-acetyl enamides
are known for long time [144]. Recently, an example promoted by the ruthenium
dimer [{RuCl(u-C1)(7°-p-cymene)},] has been described (Scheme 37) [145]. Re-
markably, the process was successfully applied to the synthesis of 49, a key inter-
mediate in the preparation of leukocyte elastase inhibitor DMP 777.

[{RuCI(;1—CI)(:]6—p—cymene)}2] {1 mol%) o
_OH Acy0 (2 equiv)
N , KI or NaHSO5 (2 equiv) HN)K ,
R - R
RVH/ DCE / reflux / 1-24 h RVH’
R? (60-85% vyield) R3
0
HNJ\
o) N
<o 49

Scheme 37. Ruthenium-catalyzed reductive acylation of ketoximes.

7 Conclusion

In the last years there has been an increasing interest in the adoption of catalytic
methods for amide formation since, compared to classical amide couplings involv-
ing carboxylic acids and their derivatives with amines, they are more environmen-
tally sustainable and cost effective. Ruthenium catalysts have played a key role in
advancing this field, and in many cases have led to pioneer transformations.
Throughout this chapter we have tried to highlight the utility and the huge poten-
tial of these catalysts. The range of methods currently available allows synthetic
chemists choosing from a wide variety of starting materials for the construction of
amide bonds (nitriles, aldoximes, primary alcohols, aldehydes, esters, etc.). Obvi-
ously the field remains open and hopefully most active catalysts for known pro-
cesses, as well as new innovative transformations, will see the light in the coming
years. We hope that reading this chapter serve as a catalyst and inspire future de-
velopments.
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