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ABSTRACT: This review describes the catalytic reduction of amides, carboxylic acid esters and nitriles with homogeneous
catalysts using molecular hydrogen as an environmental friendly reducing agent.

Bl CONTENTS hydrogenation to amines, which are high-value intermediates in
the bulk- and fine chemicals industry, e.g. plastics, surfactants,

1. Introduction 289 textiles, dyes, drugs, and papers. Similar improvements were

2 Cza;calé/'i?\chelg:\gg): of Amides ;Zg realized for the selective reduction of esters towards the

2.2. C=0 cleavage 290 corresponding alcohols. The resulting products represent useful
3. Catalytic Reduction of Esters 291 building blocks for the chemical, pharmaceutical, and agro-

3.1. Ruthenium 292 chemical industries as well as the flavor and fragrance industry.

3.1.1. The Start and the Triphos Age 292 Here, we present a critical overview of the recent developments

3.1.2. Pincer-Type Catalysts 203 in catalytic hydrogenations of amides, nitriles, and esters using

3.1.3. Complexes with Tri- and Tetradentate organometallic catalysts. Moreover, we highlight the most
Ligands 204 interesting and important applications.

3.1.4. Miscellaneous Catalysts 296

3.2. Osmium 296 2. CATALYTIC REDUCTION OF AMIDES
4 ia:alggfhzi?uun:tlon of Nitriles ;g; Amides are known to be thermodynamically highly stable

' 4.1.1 1. Ruthenium Complexes 297 carboxylic acid derivatives, which are easily accessible from the
4.12. Ruthenium—Hydride Complexes 208 correspon@lng. ac1c} or via .an.nnocarbonylatlon from oleﬁr.ls or

4.2. Rhodium 299 aryl-X derivatives.” Combining these latter methods with a

4.3. Iridium 300 subsequent catalytic hydrogenation step represents an attractive
5. Conclusion and Outlook 300 overall process to create selectively aliphatic or benzylic C—N
Author Information 300 bonds. Unfortunately, as shown in Scheme 1, the hydro-

Corresponding Author 300 genation of amides can lead to either the preferred amine or the

Notes 300 in general “undesired” alcohol.

Biographies 300 In the first reduction step, the corresponding hemiaminal is
Acknowledgments 301 formed by a formal addition of molecular hydrogen to the
References 301 carbonyl group of the amide. This hemiaminal is in equilibrium
Note Added after ASAP Publication 302 with the imine (via dehydration) or the corresponding

aldehyde, depending on the reaction conditions. Subsequently,

catalytic hydrogenation of the imine (A) or the aldehyde (B)
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has been proposed.”

2.1. C-N cleavage. In 2003, the first example of a
homogeneously catalyzed hydrogenation of amides has been
described.® In their work, Crabtree and co-workers observed
the reduction of propanamide at high temperature (160 °C).
More specifically, a mixture of products including the secondary
amine, propanol, alkylated amide, and ester were obtained
using Ru(acac); in combination with the so-called Triphos™

ligand (1,1,1-tris(diphenylphosphinomethyl)ethane) (Scheme

Traditionally, the reduction of substituted carboxylic acid
derivatives such as amides, esters, and nitriles has been
performed using stoichiometric amounts of metal hydride
reagents. Unfortunately, these methods produce a considerable
amount of waste and are inherently unsafe. Obviously, catalytic
reactions using molecular hydrogen are more attractive since
H, is preferred as a reducing agent due to its environmental
friendliness and price. So far, mainly heterogeneous catalysts
are known to promote such hydrogenations under harsh
conditions. In contrast, homogeneous, molecular-defined

organometallic complexes are often considered to be more 2).

active at lower reaction temperatures and hydrogen pressures,

which might lead to higher selectivity. Hence, in recent years Received: November 15, 2013
enormous progress has been achieved in the area of nitrile Published: January 13, 2014
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Scheme 1. Two possible reaction pathways for the hydrogenation of amides
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Scheme 2. First example of a homogeneous amide hydrogenation by Crabtree et al.

Et” >N Et *

S

Et OH
)(J)\ —>Ru(.acac)3 Triphos™™: —gggiz
Et NH, Triphos (@) 0 PPh,
)J\ = )J\
S Et” “OPr
H
Progress on this and related reactions was reported by the Shortly after this work, complex 3 was applied for the
group of Ikariya starting in 2006. They used various ruthenium catalytic reduction of related urea derivatives to give the
complexes, e.g. [Cp*RuCI(PN)] and [Cp*RuCIl(LN)] (Cp* = corresponding amines and methanol.” Again, the reduction
n-C4(CH;)s, PN = Ph,P(CH,),NH,, LN = 2- proceeded under mild and neutral reaction conditions.
C;H,NCH,NH,), for the hydrogenation of czclic imides,* According to the authors, this protocol represented the first
acylcarbamates, as well as acylsulfonamides,” lactams, and catalytic hydrogenation of ureas with homogeneous catalysts.
amides.** As a drawback the reductive cleavage of the C—N Around the same time, Bergens et al. described the reduction
bond needed reaction times up to 72 h in the presence of up to of secondary and tertiary amides as well as lactams without the
2.5 equiv of base and hydrogen pressure between 30 and 50 help of strongly activating functional groups.'® Using the z-allyl
bar. Remarkably, in case of imides the group of Ikariya ruthenium complex 4 (Figure 2) the hydrogenation of several
established hydrogenative ring-openings of unsymmetrical lactams occurred in quantitative yield and with catalyst TONs
substrates in a regioselective manner™ and enantioselective up to 1000. Similar good results were obtained for acyclic
desymmetrizations of bicyclic imides with a prochiral center.* amides (Scheme 4).
Furthermore, they reported in 2011 the first example of a direct Remarkably, complexes 4 and [Ru(Cl),(Ph,P(CH,),NH,),]
hydrogenative kinetic resolution of a racemic lactone to give an (5) shown in Figure 2, which were also used by Saudan'' for
optically active diol. However, the observed enantioselectivities active ester hydrogenation (see section 3.1), led to high TONs
were only moderate between 11 and 32% ee. of 7120 (complex 4) and 6760 (complex S) for the
More recently, a breakthrough on amide hydrogenation was hydrogenation of N-phenylpyrrolidin-2-one, respectively.
presented by Milstein and co-workers using ruthenium pincer 2.2. C-O cleavage. The more interesting hydrogenation
complexes with so-called non-innocent ligands.> On the basis of with C—O cleavage was successfully realized by Cole-Hamilton
their previous study of aromatization—dearomatization of and co-workers using primary and secondary amides'* on the
pyridine6 and acridine-derived” pincer ligands, they applied basis of Crabtree’s original development. Ru(acac); in
dearomatized bipyridyl pincer ligands under milder conditions combination with Triphos™ and molecular hydrogen reduced
(Figure 1).° N-phenylnonamide at comparably high temperature (164 °C)
- as shown in Scheme 5. Notably, the addition of water was
g 5 z necessary to stabilize the active catalyst.
— ’H:\\’-, — ,T:\\P" M \” It is worthwhile to mention that in their protocol also
g‘ /P‘(u 9;/ \(” N N\—':;P‘(“ nonanoic acid was hydrogenated under an ammonia atmos-
\“N/RU\CO R u\Co A N/RU\ phere, leading to a mixture of primary amine (15%), secondary
: \ -] ¥ G co amine (47%), alcohol (3%), and secondary amide (35%). In
) addition, a suitable mechanism for the reaction pathway
1 2 3 including possible side reactions was presented. It involves
Figure 1. Dearomatized Ru-pincer complexes. first the hydrolysis of the amide and imine plus the loss of
amine from the aminol, which is formed via hydrogen addition
to the amide. Furthermore, transamidation of the starting
As shown in Scheme 3, the application of complex 3 gave substrate with the formed secondary amine gives an amide. All
best results with a number of representative substrates, whereby these steps liberate ammonia.
no functional group tolerance, e.g. halides, nitro, amino, or In 2012, Cole-Hamilton, Leitner, Klankermayer, and co-
amide groups, was presented in this latter case. In contrast to workers published an improved procedure for the hydro-
previous works by Crabtree or Ikariya low pressure, neutral genation of aliphatic amides due to reproducibility problems of
milieu, and no additives were necessary to form the desired the former protocol. Crucial for the success of this trans-
amines directly by avoiding side reactions, e.g. hydrolytic formation is the quality of the Triphos™ ligand and a higher
cleavage. reaction temperature (200 and 220 °C)."?
290 dx.doi.org/10.1021/0p4003278 | Org. Process Res. Dev. 2014, 18, 289—302
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Scheme 3. Amide hydrogenation by Milstein et al. (selected substrates)
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Scheme 5. Ru/Triphos™: N-Phenylnonamide reduction
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Figure 2. Complexes 4 and S used by Bergens and co-workers.

Most recently, interesting protocols for the methylation of
amines using carbon dioxide and hydrogen were developed by
the groups of Leitner and Klankermayer as well as our group.'*
It is noteworthy that, in this reaction sequence, most likely
catalytic hydrogenation of in situ-generated formamides occurs.
Combination of Ru(III) precursors, Triphos™, and either acid
additives or LiCl allows for the eflicient synthesis of methylated
amines in good to excellent yields (Scheme 6).

For the first time various functional groups are tolerated in
homogeneous amide hydrogenations. Furthermore, a selective

13C-labeled drugs illustrate the synthetic utility of this novel
method (Scheme 7).

3. CATALYTIC REDUCTION OF ESTERS

The reduction of esters to alcohols is one of the fundamental
redox transformations in organic chemistry. It is frequently
used in natural product synthesis, for the preparation of organic
building blocks and in industry for the production of
pharmaceuticals, agrochemicals, flavors, and fragrances. Com-
mon methods for ester reduction make use of stoichiometric
amounts of lithium aluminum hydride, dibutyl aluminum
hydride, or boron hydride in organic solvents such as THF.
Negative aspects of these procedures are the high costs, low

Scheme 4. Reaction conditions and selected substrate scope for the (a) lactam hydrogenation; (b) acyclic amide hydrogenation
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Scheme 6. Catalytic methylation of amines with carbon dioxide via hydrogenation of formamides
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Scheme 7. Direct synthesis of [N-'*CH,]-imipramine and amitriptyline from *CO,"*
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atom economy, laborious workup procedures, and safety.'s
Advantageously, in catalytic hydrogenations no side products
are formed compared to the classic stoichiometric reduction
processes. Hence, on larger scale heterogeneous metal oxide-
based catalysts are applied to hydrogenate carboxylic acid
esters, e.g. fatty acid esters, to the corresponding alcohols.'”
Unfortunately, catalytic hydrogenation in the presence of these
catalysts needs high temperature and pressure. In order to
perform homogeneous hydrogenation of esters under milder
conditions, ruthenium, iridium, and osmium complexes have
been explored and offer some potential.

3.1. Ruthenium. 3.1.1. The Start and the Triphos Age.
Early studies by Grey and Pez et al. describe a mild
hydrogenation of unactivated carboxylic acid esters using the
ruthenium hydride complexes [(Ph;P)Ph,P(C¢H,)-
RuH, K*(Et,0)-C,oHys], (6) and [(PhyP)(Ph,P)RuH, K*-
diglyme], (7)."*'® More specifically, 7 hydrogenated methyl
acetate to give ethanol, methanol, and ethyl acetate (trans-
esterification product) in toluene solution (Scheme 8). It is

Scheme 8. Hydrogenation of methyl acetate

(6] 7 (6]
L + + —
)j\o/ Hy 90 °C AO/\ OH OH

noteworthy that the reaction without any solvent did not
proceed. In addition, activated esters, e.g. methyl trifluoroace-
tate and trifluoroethyl trifluoroacetate were reduced. In the

latter cases, complex 7 led to higher conversions than complex
6.

In the same year, Bianchi and Matteoli and co-workers
applied the ruthenium carbonyl hydride complex
[Ru,H,(CO)s(PnBu;),] under forcing conditions for the
reduction of dicarboxylic acid esters.”® In 1986, Matteoli et al.
presented the hydrogenation of dimethyl oxalate to methyl
glycolate in the presence of related complexes [Ru-
(C0O),(CH;C0O0),(PR;),] (R = Bu, Ph). Under harsher
conditions (180 °C, 130 bar H,, 144 h) consecutive reduction
to ethylene glycol took place. Nevertheless, di-isopropyl
oxalate, di-n-propyl oxalate, and di-n-hexyl oxalate were
transformed into the corresponding alkyl glycolates with
conversions up to 100%.

After Hara and Wada disclosed in the early 1990s an
appropriate catalytic system (Ru(acac),/tri-n-octylphosphine/
p-TsOH, NH,PF,, phosphoric acid, or its derivatives) for the
reduction of lactones and anhydrides,*" Elsevier reinvestigated
this system in 1997/1998 and developed a more active system
for the ester hydrogenation consisting of Ru(acac);/Triphos™
and zinc as additive (Scheme 9).*> With dimethyl oxalate as
substrate they tested several phosphine ligands and obtained
the following order of activity: Triphos™ >> [CH,P(Ph)-
C,H,PPh,], ~ P(CH,); > PhP(C,H,PPh,), > PPh, >
Ph,PC,H,PPh,. A facial coordination of the ligand is essential
for the high catalytic activity. The use of Ru(acac),/Triphos™
as catalytic system was expanded to the reduction of
dicarboxylic acid esters as dimethyl phthalate and dimethyl

Scheme 9. Hydrogenation of dimethyl oxalate with Triphos™
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Scheme 10. Hydrogenation of dimethyl oxalate with TriSulf*
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Scheme 11. (a) Hydrogenation of levulinic acid with complex 8; (b) hydrogenation of GVL with complex 8 and additive
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maleate, benzyl benzoate as well as methyl palmitate by
replacing Zn with NEt;*® It is noteworthy, that for benzyl
benzoate the catalyst turnover number has been increased from
105 to 896 and >2000 by changing the solvent from
isopropanol to fluorinated alcohols, e.g. 2,2,2-trifluoroethanol
and 1,1,1,3,3,3-hexalfluoropropan-2-ol.

More recently, the same catalyst system (Ru/Triphos™/Zn)
was studied by Frediani et al. in 2010.>* They described the
hydrogenation of fumaric acid, succinic acid, and y-
butyrolactone to the corresponding diols in high yields and
selectivities. Advantageously, in contrast to previous reports, no
fluorinated solvents were necessary. As an extension,
deuteration for the “one-pot” synthesis of isotopomeric 1,4-
butandiol starting from fumaric acid has been accomplished.

The hydrogenation of methyl oxalate also proceeded
successfully by substitution of the Triphos™ ligand by the
sulfur analogue TriSulf®".*® To that time, this latter catalyst
constituted a more active and selective system and represented
the first example for ruthenium/sulfur ligand cooperation
(Scheme 10).

Furthermore, Hanton et al. described in 2011 tripodal
phosphine ligands N-Triphos™ N(CH,PEt,); and N-Triphos™
N(CH,PPh,);.*® In combination with Ru(acac); these ligands
hydrogenated dimethyl oxalate. Unfortunately, lower rates in
comparison to Triphos™ have been observed, perhaps due to
decomposition of the labile N-Triphos scaffold during the
catalytic reaction. Moreover, the authors tested new additives
(e.g, zinc, water, silver iodide, and trimethylamine oxide) for
the hydrogenation of dimethyl oxalate in the presence of
Ru(acac);/Triphos™, but the reaction rate could not be
increased.

In the same year, Leitner and Klankermayer investigated the
selective hydrogenation of biobased carboxylic acids.”” Using
the ruthenium/triphos complex 8 (Scheme 11) levulinic acid
was reduced via y-valerolactone (GVL, cyclic ester, 22% yield)
and 1,4-pentanediol (1,4- PDO, 73% yield) towards the

293

corresponding 2-methyltetrahydrofuran (2-MTHF, 3% yield).
By addition of catalytic amounts of an ionic liquid as an acidic
additive for the reduction of GVL, high selectivity and yield of
96% was achieved. A similar yield of 95% was observed by using
the in situ catalyst system consisting of Ru(acac); as precursor,
triphos as ligand and the same additive.””®

The combination of different Ru precursors with the Triphos
ligand gave rise to the first general homogeneous ester
hydrogenation catalyst. Nevertheless, improvements of this
catalyst system is still of major interest due to the disadvantages
such as long reaction times, high pressures and limited
functional group tolerance. Thus, the search for more active
and defined hydrogenation catalysts continued.

3.1.2. Pincer-Type Catalysts. Milstein et al. published in
2006 the first homogeneous system for the hydrogenation of
non-activated aromatic and aliphatic esters under relatively mild
conditions without any additives, e.g. zinc, organic bases,
inorganic acids, salts, or fluorinated alcoholic solvents, which
constitutes an important progress.28 The new ruthenium PNP
complex 9 (2,6-bis-(di-iso-propylphosphino-methyl)pyridine)
and the related PNN complex 1 (Figure 3) operate via an
aromatization/dearomatization sequence. Importantly, the
PNN ligand 1 showed in some cases better performance than
the PNP ligand (9) which revealed less activity (Table 1).

+ Cl-
H
Sva N,
\ N \ N N )—N
/N/ :u\
N/ N™ :i%co
N \ N~ PhgP
1 9 10

Figure 3. Ruthenium pincer complexes for hydrogenation of
nonactivated esters by Milstein and co-workers.
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Table 1. Substrate Scope”

t T conv. yield
substrate cat. [h] [°C] [%] [%]
ethyl benzoate 9 16 115 7.5

benzyl alcohol (7), ethanol
(7.5)%

ethyl benzoate 9 16 140 12 benzyl alcohol (11.5),
ethanol (12)”

ethyl benzoate 1 4 115 99.2 be(nzy)lbalcohol (96), ethanol
99

methyl 1 4 115 100 benzyl alcohol (97),
benzoate methanol ( 100)
benzyl 1 7 115 98.5  benzyl alcohol (98)

benzoate
hexyl 1 S 115 822  l-hexanol (82.2)
hexanoate

ethyl butyrate 1 4 115 100 1-butanol (98), ethanol

(98.6)

ethyl acetate 1 12 115 86 ethanol (85.6)

tert-butyl 1 24 11§ 10.5  ethanol (10.5), tert-butanol
acetate (10.5)

dimethyl 1 S 115 100 1,4-dimethanolbenzene (97),
terephthalate methanol (100)

“Catalyst 1 or 9 (1 mol %), 5.3 bar H,, dioxane. "Traces of benzyl

benzoate were formed.

More recently, the PNN and PNP ligands were replaced by
novel CNN-pincer complexes based on bipyridine-NHC (N-
heterocyclic carbene) ligands in 2011 for hydrogenation of
esters under milder conditions.”® In the presence of catalytic
amounts of base, complex 10 (Figure 3) allowed for the
hydrogenation of several esters to the corresponding alcohols
(Scheme 12). Notably, for the hydrogenation of nonactivated
esters, complex 10 has been the most active system up to this
time.

An excellent catalyst TON of 2840 was achieved with 50 bar
H,, 110 °C, 0.025 mol % 10, and 0.025 mol % KOBu using
ethyl benzoate as substrate within 12 h. Later on, the TON was
increased by the group of Song.*

They developed a new pyridine-based CNN pincer ligand
with NHC ligands and diethylamino arms and prepared the
corresponding ruthenium complex 11 (Figure 4). A high
efficiency for the reduction was obtained for several aromatic
and aliphatic esters (yields >92%) within 2—3 h at 10S °C, 5.3
bar H,, in the presence of complex 11 (1 or 2 mol %), KOtBu
(1 or 8 mol %) and toluene (2 mL).

Additionally, Milstein showed that complexes 10 (Figure 3)
and 3 (Figure 4) were also effective catalysts for the
hydrogenation of cyclic diersters to 1,2-diols.>!

3.1.3. Complexes with Tri- and Tetradentate Ligands. In
recent years, various Noyori-type catalysts have been
investigated by Saudan,''® Kuriyama,** and Clarke® for the
hydrogenation of carboxylic acid esters. Saudan et al. performed
the reduction of methyl benzoate in the presence of 0.05 mol %
ruthenium catalyst 12—17, S mol % NaOMe, at S0 bar H,, 100

1 3

Figure 4. Complex 11 by Song et al. and complex 3 by Milstein et al.

°C, for 1 h in THF as nonpolar solvent (Figure S5). The
complexes 12—14 catalyze the reduction with excellent yields
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16 17 18

Figure 5. Hydrogenation of esters by Noyori-type catalysts.

between 96 and 99%, whereas complexes 15—17 led to either
no or very low product yields. Because of their interest in
flavors and fragrances, Saudan and co-workers demonstrated
the selective hydrogenation of esters with a C—C double bond
as well as efficient reduction of various aromatic, aliphatic, and
cyclic esters. Notably, complex 12 has also been shown to be
successful for hydrogenation of some lactones into diols. As an
example, the synthesis of cetalox was presented, which is
produced on large scale in the fragrance industry for its amber
odor.**

In 2007, Bergens and his group performed ester and lactone
hydrogenations with Noyori’s ketone hydrogenation catalyst
(Figure S, complex 18). 33 In addition to the demonstration of a
small substrate scope, intermediates of the catalytic cycle were
described. They found a high catalyst activity towards the
hydrogenation of esters and lactones and showed that product
formation inhibits the reaction at low temperature and pressure.

Complex 12 has also been used by Kuriyama and co-workers
for hydrogenatlon of optically active esters under mild and
neutral conditions.*** After a ligand screening, they discovered
a new catalytic system by applying the chiral catalyst 19 to
reduce several a- and p-substituted chiral esters to the
corresponding alcohols (Scheme 13) without loss of the optical
activity.

Scheme 12. Hydrogenation of esters catalyzed by complex 10

0 Complex 10 (1 mol %), KOtBu (1 mol %)

J R

R SO

R', RZ pentyl

R": butyl, R% ethyl
R',R2: benzyl

R': benzyl, R% ethyl

294

1">oH + R2-OH

5.4 bar H,, toluene, 135 °C, 2 h

1-pentanol 96%

1-butanol 97%, ethanol 95%
benzyl alcohol 89%

benzyl alcohol 97%, ethanol 94%
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Scheme 13. Hydrogenation of selected, optically active esters
with [RuH(y'-BH,)(dppp)(dpen)] (19)

j\ 19-(R,R) or 19-(S,S) (1 mol %)
*R” “OMe 50 bar Hy, 80 °C, THF

*R"0OH
yields up to 95%
Aee = eegypstrate - €CProduct = <1-6

* NHBoc  OH NH,
T Q‘f A A A

y Ha
P\ ./ ~‘ P\ |/N
/ ,\ / |\
Ph Ph \Hz Ph Ph \Hz
19<R,R) 19-(S,5)

Lately, Kuriyama et al3® described their recent inves-
tigations on the development of more active and eflicient
catalysts for industrial applications. They developed a new
ruthenium complex (Ru-Macho 20), which undergoes carbon-
ylation and decarbonylation. Advantageously, the catalyst is not
deactivated in MeOH, which is formed during the hydro-
genation of methyl esters. Therefore, MeOH has been used as
solvent to avoid separation problems. Aromatic, aliphatic
substrates with N- and O-containing functional groups (in the
a-position) and dimethyl esters have been reduced with high
yields. Unfortunately, N- and O-containing functional groups in
the p-position led to low yields, whereby isopropyl- and ftert-
butyl esters showed a good activity. A general reaction is
presented in Scheme 14.

Scheme 14. Hydrogenation of various esters with complex
20

H
" ‘\PPh
0 Ru-Macho 20 (0.1 mol %) BT
3 R"NOH i
R’ “OR? NaOMe, MeOH
50 bar Hp, 100 °C, 16 h CI
Ru-Macho 20

Besides, Kuriyama and co-workers investigated the challeng-
ing synthesis of industrially important (R)-1,2-propandiol,
which constitutes a crucial intermediate for pharmaceuticals
and 2-(l-menthoxy)ethanol as cooling agent (Scheme 15).

Clarke and co-workers performed the reduction of p-
fluorobenzoic acid methyl ester by applying several in situ-
formed ruthenium complexes 19-(S,S) (Scheme 13) and 21—
27 (Figure 6). For their substrate scope of aromatic and
heteroaromatic esters catalyst 19, 21 or 27 has been used to
achieve very high isolated yields.>®

In previous studies, Clarke et al. synthesized complex 22 for
the first time and utilized this ruthenium catalyst for the
reduction of an activated ester (CF;CF,CF,CO,CH,;). Here, an
excellent yield of 100% was obtained. Unfortunately, dimethyl
phthalate gave a mixture of isobenzofuran-1(3H)-one and 1,2-
phenylenedimethanol (Scheme 16).*

In 2012, Gusev and co-workers focused on the development
of new ruthenium catalysts for ester reduction.>”*® Their
catalysts showed excellent activity and efficiency with very high
TONSs up to 17000 while reducing few aliphatic and aromatic
esters at low temperature (40—100 °C) and low catalyst
loading (50 ppm [Ru]). Starting from ligands shown in Figure
7, a range of ruthenium and osmium complexes has been
synthesized (Figure 8).

Besides, the dehydrogenative coupling of ethanol to ethyl
acetate, they applied complex 34 for the hydrogenation of
esters and imines.

With the application of low catalyst loadings (0.005—0.025
mol %) of 34 at S0 bar H, and 40 °C and in the presence of 1—
10 mol % of base, aromatic and aliphatic esters as well as a a-
hydroxy and a-methoxy esters were reduced within 16—18 h in
THE or neat to give the desired alcohols in high to excellent
yields of 94—100%. In addition to the reduction of esters to
alcohols, this system is also actlve for the dehydrogenative
conversion of alcohols to esters.*® Hence, complexes 37 and 38
were used for methyl benzoate reduction as well as for
hydrogenation of aliphatic and cyclic esters and dimethyl
carbonate. Additionally, methyl oleate was transformed to give
in the presence of complex 38 a mixture of (E)- and (Z)-
octadec-9-enols after 14 h. Worthy to note is the excellent
TON (18000) obtained after 17 h for the hydrogenation of
methyl benzoate. By applying complex 37 the back reaction was
successfully performed for various alcohols such as ethanol,
propanol, butanol, and heptanol.

Recently, new complexes containing sulfur ligands instead of
phosphorous have been synthesized by the same group.” With
complexes 39—42, esters were reduced more selectively
towards the desired alcohol with high yields (85—100%)
(Figure 9).

Especially the air-stable complex 39 proved to be more
reactive for the hydrogenation of methyl benzoate and methyl

Scheme 15. Hydrogenation of (R)-1,2-propandiol and 2-(I-menthoxy)ethanol with complex 20

OH

OMe AorB

OH

NaOMe, H, MeOH /‘\/OH

o)

A: 10 mmol substrate, 0.01 mmol 20, 40 °C, 50 bar H, 16 h: yield = 98%, eegpstrate= 99.2, €€product= 98.6
B: 21,133 mol substrate, 10.6 mol % 20, 26-28 °C, 40-42 bar Hy 12 h: yield = 78%, eegpstrate= 99.6, €€proguct= 99.2

A
é\o/\n/o'v'e NaOMe, H,, MeOH

AN 0

(5\0/\/0H

/:\

A: 160 mmol substrate, 0.08 mmol 20, 80 °C, 45 bar H, 5 h: yield = 87%
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Scheme 16. Hydrogenation of dimethyl phthalate by Clarke
et al.
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Figure 7. PNHP, NNHP, NNHN ligands for the synthesis of
ruthenium and osmium complexes by Gusev et al.
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Figure 8. Ruthenium complexes 31—38 by Gusev et al.

hexanoate than complexes 12, 20, 34, and 43. As shown in
Figure 10, various esters were reduced to give the

(0] o (0] o (0]
©)LO/ ©)ko/\ o/ \o)‘\©/lko/
o\

95% 85% 95% 100%

o (0] (0] (0]
PSR W WA O

95% 98% 100% 97%

(@] k o (o] (0]
)’l\o \/\/\/\)LO/ \Hko/ o)

OH

100% 100% 93% 99%

Figure 10. Conversions for ester reduction using complex 39:
substrate scope.

corresponding alcohols in high to excellent conversions. In
the case of (E)-methyl non-3-enoate, the authors observed a
product ratio of trans-3-nonen-1-ol:1-nonanol of 73:27.

These results revealed that Noyori-type catalysts can be
replaced by complexes with less sensitive sulfurous ligands
which prevent working with phosphines.

3.1.4. Miscellaneous Catalysts. Several other esters and
lactones were hydrogenated with various Ru—phosphine and/
or nitrogen ligand-containing systems as shown in Table 2.

3.2. Osmium. Interestingly, in 2012 Gusev and co-workers
demonstrated the application of osmium-based catalysts for the
hydrogenation of unsaturated esters. The most active catalyst
was the osmium dimer 45 which successfully catalyzed the
reduction of methyl 3-nonenoate, methyl oleate, and glyceryl
trioleate to the corresponding alcohols with the retention of the
C—C double bond. The back reaction (alcohol to ester) can be

catalyzed as well (Scheme 17).>%%°

tBUZ
ESI""EI wPPh ES""E PP Es R I \AsPhy Es R WCO P, : .CO
NT SsEt N I SsEt HN’| Sset =N st éN)’QNEtz
S
| | | | |
Cl Cl Cl Cl cl
39 40 4 42 43

Figure 9. Ruthenium complexes 39—42 containing sulfur ligands by Gusev et al.
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Table 2. Selected catalytic hydrogenations of carboxylic acid esters and analogues

Substrate Catalyst (mol%) Reaction conditions Yield [%] Reference
Ru(acac);/P(nCsH,7)3 10 bar Hy, 15 h, 200 °C, Zn a
PhCH,CO,CHs (0.02 mol %/0.2 mol %) (02 mol %) 4.4 40
N
7=
foONRu- 8 bar H, 3 h, 25 °C, KO7Bu b
PhCH,CO,CH; Cﬂ N Nj 53 a0l %) 23 41
Hk©
(0.07 mol %)
(0] -
R :
Th =
= : 50 bar Hy, 6-18 h, 100 °C,
ATk Hon-RUs KOBu (25 mol %), 74-90 2
CeHsCH, H = isopropanol
4-CH;0CgH,CH, &
3-CgH5CH,0CgH4CH:
3.4-(OCH,0)CgHaCHy (1 mol %)
0 :
R \g
o) g L2 50 bar Hy, 12-12.5 h,
NN 100 °C, KOrBu (25 mol %),  81-87 42
H \—‘ _ isopropanol
R = CgHs
4-CH30C¢H, cl
(1 mol %)
Q 9y jR ( 50 bar Hy, 15 h, 100 °C,
o NN KO#Bu (25 mol %), 81 42
H \—‘ _— isopropanol
Cl
(1 mol %)
[Ru(benzene)Cl,]»/
[N\>_/P(p robe 50 bar Hy, 2-4.5 h, 100 °C
2,2-4.5h, ,
R-CO,CH; \ KOBu (10 mol %), THF 1 7%° 43a
(0.25 mol %/1 mol %)
[Ru(p-cymene)Cl,],
- 50 bar Hy, 6 h, 100 °C
— _ 2| 2,0h, s
R-CO,CH; Bn/N/:\q rE\N\B? KOBu (30 mol %), 32-92 43b
NI 1,4-dioxane
(0.5 mol %/2 mol %)
“Yield/TON. ®Conversion.
Remarkably, the reduction of methyl oleate was successfully secondary amine (B). Scheme 18 gives an overview of this
achieved after 4 h with almost full conversion, demonstrating unwanted side reaction.
the specific potential of this largely overseen class of 4.1. Ruthenium. 4.1.1. Ruthenium Complexes. Early
hydrogenation catalysts. studies describe the hydrogenation of nitriles with Fe(CO);
and Ni(CO), at high temperature/pressure (~200 °C, ~140
44
4. CATALYTIC REDUCTION OF NITRILES bar H,).”* Later on, Ru(PPh,;);Cl, and Ru(CO)HCI were
] o ) o disclosed for this transformation in another industrial patent by
Amines represent major intermediates for the chemlc.al 1ndusFry Dewhirst. Here, the reduction proceeded already at milder
as well.as 1mPortant natural produ?ts. Hence, their .selectlve conditions (130 °C with 40 bar H,).** In 2000, Bianchini and
synthesis continues to attract the interest of chemists after Psaro performed the hydrogenation of benzonitrile. Besides the
many years. Applying imine or nitrile reductions with molecular use of heterogenized catalysts [(sulphos)Ru(NCMe),]-
hydrogen offers efficient and versatile strategies for selective (0SO,CF,)/SiO, (46), some homogeneous reductions with
C—N bond formation. In this respect, atom-economic catalytic [(sulphos)Ru(NCMe),](OSO,CF;) (47) (sulphos = ~O;S-
hydrogenations represent a key technology for a “green” (C¢H,)CH,C (CH,PPh,),) were accomplished.*® In THF as
synthesis of amines. However, in comparison to the hydro- solvent, at 100 °C and using 47, the secondary imine (E)-N-
genation of imines, the reduction of nitriles has been less benzylidene aniline was obtained as the major product with a
studied so far. A general problem for nitrile hydrogenation to good yield of 65%. Unfortunately, the primary amine was
primary amines (A) is the inevitable side reaction towards the obtained only in a low yield of 34%.When the temperature was
297 dx.doi.org/10.1021/0p4003278 | Org. Process Res. Dev. 2014, 18, 289—302
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Scheme 17. Osmium-containing complexes 44 and 45 for the (de)hydrogenation reactions: Forward and back reaction

% 440r45 Prag
JJ\ R1/\OH + HO/\R2 EPIII"OI l“\\\CO
1 2 s
R™ "OR® 50 bar Hy, 40-100 °C, 1.5-7 h NN
| __
Substrates for forward reaction Cl
44
A: R'": Ph, R?% ethyl G: R": (S)-2-hydroxypropyl, R% methyl
B: R": Ph, R% isobutyl H: dimethyl oxalate
C: R": 0Br-Ph, RZ isopropyl I: R": methoxy, R?: methoxy KOfBu
D: R": hexyl, R? methyl J: R": non-2-en, R% methyl
E: R": methyl, RZ ethyl K: R': non-3-en, RZ methyl H
F: oxepan-2-one /7 \ PH/PI’Q
Substrates for back reaction ’Pr? Pu, os "“N"S | \n
L: R!, R% methyl 0: R', R?% isoamy!
M: R', R2 ethyl P R', R hexyl Q \—Lj
N: R', RZ propyl

Scheme 18. Hydrogenation of nitriles and possible side
reaction

A B
P catalyst 1A catalyst 1N
R T> R SNH T> R NH,
2 2
R'" " NH,
-NH;
talyst 1NN R
AN catalyst R N™ "R
RTSN” "R Hy H

decreased to 70 °C, the catalyst system seemed to be more
selective, whilst giving only the secondary imine in excellent
yield (98%) after 1.5 h.

Two years later, an improvement was reported by the group
of Hidai who synthesized new ruthenium complexes 48
containing bis(diarylamido)/thioether ligands (Figure 11),
which catalyzed the hydrogenation of benzonitrile when treated

with PCy3
R
N
@s;R ~n"CgHsg

N
N\
R

Q

48a: R = Xyl, 48b: R = Xyf

Figure 11. Ru complexes from Hidai and co-workers for hydro-
genation of benzonitrile.

The highest selectivity (94%) and yield of 92% for benzyl
amine was achieved with additional base (NaOtBu), at 30 bar
H,, 80 °C after 18 h. Additionally, they noticed that the product
distribution was affected by the substituent on the amide ligand.

Further progress has been achieved by our group. Using
benzonitrile as model substrate, two appropriate catalyst
systems have been developed (Scheme 19) applylng [Ru(cod)-
methylallyl], as precursor and DPPE*** (1,2-bis-
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(diphenylphosphino)ferrocene) or PPh,**® (triphenylphos-
phenylphosp 3 phenylp
phine) as ligand.

Scheme 19. Ruthenium-catalyzed hydrogenation of nitriles

by Beller and co-workers
o o

To demonstrate the general applicability of these optimized
systems, a broad variety of substrates was investigated under
optimized conditions. To our delight, smooth hydrogenation
was demonstrated with both catalyst systems for various
aromatic nitriles with electron-donating and electron-with-
drawing groups (e.g., methoxy, amino, ester, bromide, chloride,
trifluoromethyl) in ortho- and para-positions. In addition,
heteroaromatic substrates as well as alkyl nitriles were reduced
in good yields. Moreover, our group performed selective
hydrogenation of benzonitrile and derivatives by applying a
combination of the ruthenium precursor in the presence of
carbene ligands and additional base (Scheme 20).* This latter
procedure constitutes the first example of Ru/carbene-catalyzed
chemoselective reductions of C—N triple bonds.

4.1.2. Ruthenium—Hydride Complexes. In the beginning of
the 1980s, Pez and Grey applied ruthenium hydride complexes
[(PhsP)Ph,P(C¢H,)RuH, K*(Et,0)-CioH 5], (6) and
[(Ph;P)(Ph,P)RuH, K" diglyme], (7)'® in addition to the
ester hydrogenation (section 3.1.1) for the reduction of
acetonitrile, stearonitrile, trimethylacetonitrile, and benzonitrile.
Notably, the addition of 18-crown-6 as additive was effective to
obtain high conversion and to suppress the unwanted reaction
pathway B as shown in Scheme 18.

The industrial interest in nitrile hydrogenation is shown by
the work of Beatty and Paciello who patented this trans-
formation using 0.1 mol % of [RuH,(H,),(PCy,),] (50) at
50—70 bar H, and a temperature between 80 and 100 °C.*°

The catalytic activity of related complexes
RuH,(CO),(PnBuy), (51), RuH,(CO),(PPh,), (52), and
RuH,(PPh,); (53) was described by Frediani et al. for the
hydrogenation of nitriles.>’ Using benzonitrile as a benchmark
system, all these catalysts allowed only for moderate conversion

N [Ru(cod)(methylallyl),] (0.5 mol %)
DPPF (0.5 mol%) or PPh3 (1 mol %)

KOtBu (10 mol %)
50 bar H,, 80 or 140 °C, 1 or 2 h, toluene
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Scheme 20. Ruthenium-catalyzed hydrogenation of nitriles by applying Ru/carbene complexes

[Ru(cod)(methylallyl),] (0.5 mol %)
Carb.-1 (0.5 mol %)

KOtBu (10 mol %)
35 bar Hy 40-140 °C, 1-16 h, toluene

R1

“>NH,

R': e.g. methyl, bromide, phenyl, p-methoxy, o-methoxy, 2-furyl, phenylpropane

BF, PFg Br Cl -
[ \+ T+ T\ T\
NN NN~~~ NN~ NN~~~
Carb.-1 Carb.-2 Carb.-3 Carb.-4
y =98% y =50% y=1% y=2%
cl~ cl cl~ cl™
N TN N_N.
NN =\, N N NN~
N\&N
Carb.-5 Carb.-6 Carb.-7 Carb.-8
y =98% y =80% y=7% y=1%

(highest conversion: 77% by using catalyst 52). More
specifically, all three catalysts did not form the primary amine
as main product, instead N,N-dibenzyl amine was formed in
moderate yields.

Treating RuHCI(PPh;); with [PPh,((o-C4H,)CH,NH
CH,-)], in THF led to isomeric trans-RuHCl{ethP,(NH),}
(54). After activation of 54 with KOtBu as base, benzonitrile
was reduced to benzyl amine with good activity (Scheme 21).%*

Scheme 22. Hydrogenation of benzonitrile with complex 56

PCyps
"Ru
Ho TSN H
s /
A H’ N B
PCyps
56

PC pC
Apart from the latter catalyst, RuHCl{tmeP,(NH),} (55) was | YP3 ‘ YP3
also active similar to the combination of 54+50 and 55+50. HI""Ru ‘‘‘‘‘ W H//"'Ru' .... 3
e ‘ N N ’ N
Scheme 21. Hydrogenation of benzonitrile with complexes H H
50, 54 and 55 PCyPs PCyps
57 58
H . o
N complex 50, 54 or 55 (0.55 mol%) NH, [ PhoP, H N Tal?le 3. Hydrog'enatlon'of' benzorgtrlle towards benzyl
©/ KOIBu(5 mol%) JRUQ j amine (I) and dibenzyl imine (II)
14 bar H,, 20 °C, 3-50 h, toluene PhP™ C1 N
H conversion of
benzonitrile (%)  product ratio of LII (%)

54 catalyst solvent 2h 24 h 2h 24 h
56 pentane 94 94 94:6 94:6
The addition of KH as base to the reaction mixture using 56 THF 56 96 96:4 99:1
complex 54 led to a shorter reaction time of 3 h since traces of s6” THF 62 98 22:77 96:4
water were removed. Consequently, the reductions proceed 56 none 84 97 0.1:99.9 89:11
more rapidly and selectively. 57 THF 68 97 96:4 99:1
58 THF 68 96 98:2 99:1

More insight into the mechanism of nitrile hydrogenations
using com3plex 56 was given by Grellier and Sabo-Etienne et al.
in 2010.° Surprisingly, the authors demonstrated that this
precatalyst is converted with one (A) or two (B) equivalents of
benzonitrile to give the corresponding cyclometalated imine
complexes 57 and 58 as the resting state of the catalyst
(Scheme 22).

It is assumed that key to success for this reaction is the ortho-
directed C—H activation of the aryl group. All the complexes
56—58 were successfully used for the hydrogenation of
benzonitrile to benzyl amine under mild conditions. As
shown in Table 3, almost no difference in the catalyst activity
is observed.

Another ruthenium hydride complex with pincer ligands was
described for nitrile reduction in 2011 by the group of
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“Catalyst 56, 57 or 58 (0.5 mol %), 22 °C, 3 bar H,, THF. 0.2 mol %
catalyst.

Leitner.>* Under optimized conditions, aromatic and aliphatic
nitriles were hydrogenated with complex 59. However,
relatively high pressure, high temperature, and long reaction
times were necessary to obtain yields between 36 and 96%.

Remarkably, adding a small amount of water (S equiv relative
to the catalyst) provided increased conversions and selectivities
towards primary amines (Scheme 23).

4.2. Rhodium. Rhodium(I) hydrides were first disclosed in
1979 by Yoshida, Okano, and Otsuka for the catalytic
hydrogenation of several nitriles.>> In more detail, RhH(PiPr;),
(60) and Rh,H,(u-N,{P(cyclohexyl);}, (61) proved to
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Scheme 23. Hydrogenation of nitriles with the nonclassical ruthenium hydride pincer complex 59

complex 59 (0.4 mol %)

F

R'—=N R17NH,
H,O (2 mol %)
75 bar Hy 135 °C, 24 h, toluene H »L
= ' ~
R': a: phenyl a: 59% vyield g /P\é
b: p-chlorophenyl b: 95% yield P/REU\H
c: p-methylbenzyl c: 95% yield %/4\ H
d: m,p-methoxyphenyl d: 96% yield H=H
e: 2-Furyl e: 62% yield 59
f: benzyl f. 80% yield
g: cyclohexyl g: 93% vyield
h: npropyl h: 92% vyield
i 4-(dimethylamino)butane i: 90% vyield

hydrogenate aromatic and aliphatic nitriles to give the
corresponding primary amines with very high yields up to
>99%.

Later on, complex 60 was also used by Eckert et al. for the
hydrogenation of phenylacetonitrile and benzonitrile in THF
and CO,-expanded THF (20 bar) at room temperature with
molecular hydrogen.*® As shown in Table 4, in two cases the

Table 4. Rh-catalyzed hydrogenation of benzonitrile and
phenylacetonitrile in THF and CO,-expanded THF

substrate CO, pressure [bar] yield [%]”
benzonitrile 0 47
benzonitrile 20 61
phenylacetonitrile 0 95
phenylacetonitrile 20 96

“Catalyst 60 (20 bar H,, 23—25 °C, 20 h, THF). bYield is calculated
from the total amount of the primary amine derivatives in the solution
and precipitation.

yield of the primary amine was increased by the addition of
CO,. The authors explained this fact with the in situ
preparation of the primary amine from the in-solution
remaining metal center. It should be noted that the product
as carbamic acid or ammonium carbamate can be easily
separated from the homogeneous catalyst.

4.3, Iridium. In 1992, Chin and Lee described the first
iridium-catalyzed hydrogenation of aromatic and aliphatic
nitriles. Unfortunately, a mixture of products was observed.”’
[Ir(cod) (PPh;)(PhCN),]ClO, (62), [Ir(cod)(PPh;),]ClO,
(63), and [Ir(cod)(PhCN),]ClO, (64) have been deployed
in different solvents, e.g, dichloromethane, methanol, and
benzol. Hydrogenation of the nitrile in dichloromethane
proceeded best (except catalyst 63) compared to other polar-
and nonpolar solvents. Furthermore, during catalysis with
complex 64 metallic iridium powders are generated in
combination with molecular hydrogen. Therefore, iridium
metal and probably nanoparticles are formed, which are
responsible for the hydrogenation of the phenyl ring of
benzonitrile.

5. CONCLUSION AND OUTLOOK

On the basis of pioneering work in the 1960s—1970s, it has
been demonstrated in the last two decades that different noble
metal complexes allow for the hydrogenation of aromatic and
aliphatic carboxylic acid derivatives to the corresponding
alcohols and amines. Nowadays even chemoselective hydro-
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genations of such functional groups are possible in the presence
of unsaturated compounds. Typically, these hydrogenations are
performed using Ru complexes in combination with multi-
dentate ligands. Clearly, the reported homogeneous reactions
are still far off from immediate industrial applications, and also
the substrate scope should be further improved. Hence, more
mechanistic work needs to be performed because this
constitutes the basis for further progress of molecular-defined
catalysts. A detailed understanding of the elementary steps and
the relationships between structure and action will lead to
enhanced catalyst activity and productivity which are crucial
issues with respect to practical applications.

What do we expect for the future in this area? With respect
to methodology development, catalytic hydrogenations of
amides to amines should work in a more general manner,
applying milder conditions. Clearly, a “dream reaction” in the
area of hydrogenation of carboxylic acid derivatives would be
the selective hydrogenation of esters to ethers. So far, no
examples exist for this valuable reaction. Regarding catalyst
improvements it is highly desirable to establish also non-noble
metal systems for these transformations. The advantages of
biomimetic or bioinspired non-noble metal complexes in
catalysis are obvious. Here, we think especially iron, copper,
and nickel complexes will offer valuable opportunities.
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