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A Mild and Base-Free Protocol for the Ruthenium-
Catalyzed Hydrogenation of Aliphatic and Aromatic
Nitriles with Tridentate Phosphine Ligands

Rosa Adam, Charles Beromeo Bheeter, Ralf Jackstell, and Matthias Beller*?!

A novel protocol for the general hydrogenation of nitriles in
the absence of basic additives is described. The system is
based on the combination of [Ru(cod)(methylallyl),] (cod = cy-
clooctadiene) and L2. A variety of aromatic and aliphatic ni-

Introduction

Amines are present in natural compounds such as nucleotides,
neurotransmitters, and amino acids, which play an important
role in biological processes. Moreover, a large number of in-
dustrially relevant dyes, solvents, additives, anti-foam agents,
detergents, agrochemicals, and drugs contain amines in their
structure.V In particular, primary amines are of interest as they
are essential intermediates that can easily be modified by
follow-up reactions to obtain secondary and tertiary amines,”?
for example, through reductive amination® or N-alkylation
with alcohols® or carboxylic acids.” Among the available
methodologies for the synthesis of primary amines,” nitrile re-
duction constitutes a clean and atom economical approach.”
On a laboratory scale, nitriles are commonly reduced with stoi-
chiometric amounts of metal hydrides such as LiAlH, or NaBH,,
generating metal salts as waste.®’ Thus, hydrogenation of ni-
triles constitutes a more environmentally benign and clean
methodology to obtain primary amines. In industry, heteroge-
neous catalysts, usually Raney®-Ni and -Co, are the selected
ones for performing such reactions.”” However, these catalysts
do not tolerate some functional groups and/or need additives,
such as ammonia, to avoid the formation of side products.
After pioneering work in the 1980s"” based in the use of Ru
or Rh hydride complexes, recently several catalyst systems for
nitriles hydrogenation based on Ru," Ir,['? Re,™ and Mo™
have been described. Remarkably, also non-noble metal sys-
tems have been successfully applied to this reaction. For exam-
ple, two Fe pincer complexes"” developed by our group and
Milstein’s group and a Co pincer complex® published by Mil-
stein and co-workers are the most representative examples.
Despite all these advances, nitrile hydrogenation is still an
interesting reaction in terms of selectivity. As shown in
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triles is hydrogenated under mild conditions (50°C and 15 bar
H,) with this system. Kinetic studies revealed higher activity in
the case of aromatic nitriles compared with aliphatic ones.
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Scheme 1. Catalytic hydrogenation of nitriles to primary amines (A) and pos-
sible side reaction (B).

Scheme 1, initially the nitrile is hydrogenated to the primary
imine, which leads either the desired primary amine (pathway
A), or to the secondary amine or imine (pathway B). To avoid
the formation of the latter products, derived from pathway B,
several strategies can be applied, the addition of a base to
shift the equilibrium to the primary imine being the most fre-
quent. Furthermore, it has been showed that in some cases
a basic additive not only has a positive effect on the selectivity,
but also on the performance of the catalyst."'¥ Hence, the de-
velopment of more active catalytic systems that can perform
nitrile hydrogenation selectively without the need for any addi-
tive is highly desirable. Currently, only a few Ru systems!''@bdel
as well as a Fe—-PNP complex!*® are known to perform nitrile
hydrogenation in the absence of base.

Recently, our group has reported the synthesis of novel tri-
dentate phosphine ligands that are inspired by the so-called
triphos ligand (Figure 1).1"7

Catalytic applications of these systems included the produc-
tion of vy-valerolactone from biomass derivatives, such as
methyl levulinate and levulinic acid."® Based on our previous
experience in nitrile hydrogenation using the combination of
[Ru(cod)(methylallyl),] (cod=cyclooctadiene) and monoden-
tate or bidentate P- or PN- ligands in the presence of a basic
additive, we decided to explore this reaction using the new tri-
dentate ligands.
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Figure 1. Tridentate phosphine-type ligands.

Results and Discussion

1-Heptanenitrile 1, a more demanding substrate in comparison
with aromatic ones, was selected as the model compound to
initiate this study (Table 1). First, tridentate ligands L1 and L2
were tested for the hydrogenation of 1-heptanenitrile 1 in the
presence of [Ru(cod)(methylallyl),] 1mol% and KOtBu
10 mol% at 120°C and 30 bar of H, for 17 h (Table 1, entries 1

Table 1. Hydrogenation of 1-heptanenitrile 1 with [Ru(cod)(methylallyl),]
and L1 or L2: optimization of reaction conditions.®

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

\/\/\///N 0.5-1 mol% L1 or L2

A VY NH,
1 10-30 bar H,, 50-120°C )
6-17 h, iPrOH

Entry Cat. Ligand Additive T Conv. Yield 2

[mol %] [°Cl [%]"™ [%]"
1 1 L1 KOtBu 120 100 56
2 1 L2 KOtBu 120 100 >99
3 1 L1 KOtBu 70 18 6
41 1 L2 KOtBu 70 100 >99
5ledl 1 L2 KOtBu 70 100 >99
6led 1 L2 KOtBu 50 94 94
74 1 L2 KOtBu 50 9% 95
8 0.5 L2 KOtBu 50 84 82
9 0.5 L2 KOtBu 50 99 98
10 0.5 L2 - 50 100 >99
11 0.5 L2 - 50 96 95
12 0.5 L2 - RT - -
131 0.5 L2 - 50 - -
1419 0.5 L2 - 50 20 -
15 0.5 - - 50 - -

[a] Standard reaction conditions: 1-heptanenitrile (0.5 mmol, 55.6 mg),
[Ru(cod)(methylallyl),] (0.5-1 mol%), L1 or L2 (0.5-1 mol%), KOtBu
(10 mol%), dry iPrOH (2 mL), 15 bar H,, 17 h. [b] Conversion of 1 and
yield of 2 were calculated by GC by using hexadecane as an external
standard. [c] 30 bar H,. [d] The reaction time was 6 h. [e] 10 bar H.. [f] No
H, pressure. [g] First, [Ru(cod)(methylallyl),]/L2 (0.5 mol%) in dry iPrOH
(2 mL) was preactivated with 15 bar H,, at 50°C, for 1 h, then, 1-heptane-
nitrile (0.5 mmol) was added and the reaction was run at 50°C, 17 h, with

no H, pressure; 18 % of N-benzylpropan-2-imine was formed.

and 2). Under these conditions, heptyl amine 2 was obtained
in quantitative yield in the case of L2, whereas for L1 only
56 % of the amine was detected. At lower temperature (70°C),
[Ru(cod)(methylallyl),]/L2 system was equally active, giving
heptyl amine 2 in excellent yields (Table 1, entry 4). In contrast,
in the presence of L1, heptyl amine 2 was formed in low yields
(6%, Table 1, entry 3), confirming the lower efficiency of this
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catalytic system. Further investigation of reaction time, temper-
ature, and pressure with [Ru(cod)(methylallyl),]/L2 (Table 1, en-
tries 5-7) showed that it was possible to obtain heptyl amine 2
in excellent yields at 50°C and 15 bar of H, in 6 h by using
1 mol% of the catalyst. Moreover, the catalyst performance did
not decrease when using 0.5 mol% of the Ru/L2 system at
a longer reaction time of 17 h (Table 1, entry 9). To our delight,
the hydrogenation of 1-heptanenitrile 1 afforded heptyl amine
2 in quantitative yields when the [Ru(cod)(methylallyl),]/L2
combination was used in the absence of any basic additive
(Table 1, entry 10).

At this point, the influence of different solvents in the hydro-
genation of 1-heptanenitrile 1 under the optimized reaction
conditions (Table 1, entry 10) was assessed (Figure 2). Interest-
ingly, the primary amine was obtained in excellent yield only
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Figure 2. Influence of different solvents on 1-heptanenitrile 1 hydrogenation
with [Ru(cod)(methylallyl),] and L2 at 0.5 mol %, 50°C, 15 bar H,, 17 h.

in iPrOH. Primary alcohols MeOH and EtOH gave also total con-
version of the 1-heptanenitrile, although with no selectivity to
the primary amine. MeOH afforded the secondary imine as the
only product, while EtOH gave a mixture of the secondary
imine and amine. Other solvents, such as toluene, THF, and di-
oxane, did not afford any conversion of 1-heptanenitrile 1. The
fact that the reaction only works in alcohol-type solvents en-
couraged us to explore the possibility of a hydrogen transfer
mechanism. With that aim, the hydrogenation of 1-heptaneni-
trile was run in the absence of hydrogen, with and without
preactivation of the [Ru(cod)(methylallyl),]/L2 system with hy-
drogen (Table 1, entries 13 and 14). Only in the experiment
with hydrogen pretreatment was some conversion detected
(20%), identifying N-benzylpropan-2-imine as the only product.
In addition, the hydrogenation of benzonitrile (selected be-
cause of the easier isolation of the amine as an ammonium
salt) was performed under the standard conditions by using
iPrOH-dg as the solvent. Phenyl methanammonium chloride
was isolated in 95% yield. The 'H NMR analysis of this product
reveals a possible deuterium incorporation of 15% at the ben-
zylic carbon, and in the “C{'H} NMR spectrum, no C-D cou-
pling is observed (Figure S1 in the Supporting Information).
Taking into account all these data, it can be deduced that the
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hydrogen transfer mechanism is not the major pathway of this
reaction.

Next, several ruthenium precursors in combination with L2
were evaluated for the hydrogenation of 1-heptanenitrile
1 under the optimal reaction conditions (Table S1 in the Sup-
porting Information). Remarkably, none of the ruthenium pre-
cursors tested, other than [Ru(cod)(methylallyl),], afforded any
conversion. Apparently, ruthenium pre-catalysts containing
either halide anions or Ru carbonyl species do not form
the active catalyst under such mild conditions. As expected,
no hydrogenation of 1-heptanenitrile 1 was observed using
[Ru(cod)(methylallyl),] in the absence of L2 (Table 1, entry 15).

It should be noted that all previously reported systems for
nitrile hydrogenation using [Ru(cod)(methylallyl),] in combina-
tion with a monodentate or bidentate P-, PP- or PN- ligand,
needed the presence of a basic additive to achieve high con-
versions and selectivities to the primary amine.""*™ To under-
stand the improved activity of the present ligand, a comparison
of the 1-heptanenitrile 1 hydrogenation without base in the
presence of [Ru(cod)(methylallyl),] and different mono-, bi-,
and tridentate phosphines was performed (Table 2).

Table 2. Ligand screening in the hydrogenation of 1-heptanenitrile
1 with [Ru(cod)(methylallyl),].””
[Ru(cod)(methylallyl),] 0.5 mol%

\/\/\///N Ligand 0.5 mol%

W\/\
50°C, 15 bar Hp, 17h NH;
e iPrOH 2
Entry Ligand Conv. Yield 2
[%] [b] [0/0] [b]
1 PPh, 26 24
2 PtBu, 24 19
PPh, PPh,
o
3 98 93
DPEPhos
4 DPEPhos + PPh, 95 91
PtBu, PtBu,
o)
5 20 13
L3
6 L3 +PPh, 10 6

PPh, PPh,

o}
7 O O 27 24
L4

PPh,
PPh,
8 73 62
PPh,
Triphos
9 L1 23 15
10 L2 100 >99

[a] Standard reaction conditions: 1-heptanenitrile (0.5 mmol, 55.6 mg),
[Ru(cod)(methylallyl),] (0.5 mol%), ligand (0.5 mol%), dry iPrOH (2 mL),
15 bar H,, 17 h. [b] Conversion of 1 and yield of 2 were calculated by GC
by using hexadecane as an external standard. [c] Ligand (1.5 mol%).
[d] Each ligand was used at 0.5 mol %.
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Monodentate phosphines at 1.5 mol%, for example, PPh,
and PtBu,, did not promote the hydrogenation of 1-heptaneni-
trile 1 efficiently, giving heptyl amine 2 in low yields (Table 2,
entries 1 and 2). In contrast, the commercially available biden-
tate ligand bis-[2-(diphenylphosphino)phenyllether (DPEPhos)
afforded heptyl amine 2 in high yields (Table 2, entry 3), where-
as its tert-butyl analog only gave the amine in low yields
(Table 2, entry 5). For a better comparison with the tridentate
phosphines, the combinations of bidentate ligands DPEPhos
and L3 with PPh; (each ligand at 0.5 mol %) were tested; these
results showed no significant differences with respect to the
catalytic tests with the bidentate ligands (Table 2, entries 4 and
6). In addition, a rigid analogue of DPEPhos, 4,6-bis(diphenyl-
phosphino)dibenzofuran L4, only gave low yields of heptyl
amine 2 (24%, Table 2, entry 7). Among the tridentate phos-
phines tested (Table 2, entries 8-10), L2 resulted in the highest
activity and gave much better results than the commercially
available 1,1,1-tris(diphenylphosphinomethyl)ethane (triphos).

Then, the ability of the most active systems, [Ru(cod)(methy-
lallyl),] with DPEPhos and L2, to hydrogenate aromatic nitriles
was studied by employing benzonitrile 3 as benchmark sub-
strate (Scheme 2). By using the optimized conditions for 1-hep-
tanenitrile (Table 1, entry 10), excellent yields of benzyl amine
4 were found in the case of L2, whereas DPEPhos only gave
the amine in moderate yields (63 %). Taking into account this
result, further studies were continued using only L2 as the
ligand.

[Ru(cod)(methylallyl),] 0.5 mol%
L2 0.5 mol%

50°C, 15 bar Hp, 17h

N iProH
.,

[Ru(cod)(methylallyl),] 0.5 mol%
DPEPhos 0.5 mol%

50°C, 15 bar Hp, 17h
iPrOH

o
4 99%

o
463%

Scheme 2. Comparison of benzonitrile hydrogenation with [Ru(cod)(methyl-
allyl),] in the presence of L2 or DPEPhos.

Remarkably, the novel [Ru(cod)(methylallyl),]/L2 combination
allowed for hydrogenation of both aromatic and aliphatic ni-
triles under mild reaction conditions (50°C, 15 bar H,, and
0.5 mol %), affording good yields of the corresponding amines.
For a deeper understanding of this process, we decided to per-
form a comparative study of the yield versus time profiles of
the hydrogenation of an aromatic nitrile, an aliphatic nitrile,
and the combination of both. Figure 3 shows the results corre-
sponding to the hydrogenation of benzonitrile 3 (a), 1-octane-
nitrile 5 (b, selected for analytical reasons), and the mixture of
both substrates (c). Figure S2 (in the Supporting Information)
shows a more detailed graph of the corresponding initial rates
of each experiment. A comparison of the benzonitrile and 1-
octanenitrile plots shows that the [TOF], value (turnover fre-
quency at initial times, calculated as [r,x (mol%)~'] where r, is
the slope of the linear equation: yield (%)=r,xtime (h), de-
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Figure 3. Yield versus time kinetic profiles using [Ru(cod)(methylallyl),]/L2

1 mol %, at 50°C, 15 bar H,, 6 h for: a) benzonitrile 3 hydrogenation to
benzyl amine 4; b) 1-octanenitrile 5 hydrogenation to octyl amine 6; c) con-
comitant benzonitrile 3 and 1-octanenitrile 5 hydrogenation. Insets for a and
b correspond to the initial rates plots in which [TOF], is calculated as

[rox (Mol %)~'] where r, is the slope of the linear equation: yield

(%) =r,x time (h) defined at initial reaction times. Figure S1 (in the Support-
ing Information) shows the initial rates for all the experiments.

fined at initial reaction times) for the aromatic nitrile is approxi-
mately 3.5 times higher than the value for the aliphatic one. In-
terestingly, in the experiment performed with both nitriles (Fig-
ure 3¢), although the hydrogenation rates for both com-
pounds decreased, the ratio between the [TOF], values corre-
sponding to each substrate is very similar, being four times
higher for the aromatic nitrile with respect to the aliphatic
one. These results clearly demonstrate that the studied catalyt-
ic system is more active for the hydrogenation of aromatic ni-
triles than for aliphatic ones.

With the aim of gaining mechanistic clues about the catalyt-
ic system, a yield versus time profile of the hydrogenation of
1-octanenitrile was performed after preactivation of the [Ru(-
cod)(methylallyl),]/L2 combination with H, (Figure S2a in the
Supporting Information). Under these conditions, the induction
period was significantly mitigated, indicating that a Ru-hydrido
complex could be an active species in the catalytic cycle. More-
over, the prevention of the induction period was also observed
when the hydrogenation of 1-octanenitrile was performed in
the presence of 10 mol% KOtBu (Figure S3b in the Supporting
Information).
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Finally, the general applicability of the methodology was
evaluated through the hydrogenation of a series of aromatic
and aliphatic nitriles (Table 3). For the majority of substrates,
good yields of the corresponding primary amines were ob-
tained at 50°C by using 15bar of H,. Electron-releasing
(Table 3, entries 2-6) as well as electron-withdrawing (Table 3,
entries 7-9) substituted benzonitriles were successfully hydro-
genated with the [Ru(cod)(methylallyl),]/L2 system, although
higher catalyst loadings were needed (2 mol%) in the latter
case. Interestingly, ester and amido functionalities were also
tolerated (Table 3, entries 10 and 11) and the corresponding
amines were isolated in high yields. However, slightly higher
temperatures (70 °C for methyl 4-cyanobenzoate and 100 °C for
N-(4-cyanophenyl)acetamide) and 2 mol% catalyst loading
were required for these examples. Furthermore, thiophene-2-
carbonitrile could also be hydrogenated at mild conditions by
using 2 mol % catalyst (Table 3, entry 12).

Then, a series of aliphatic nitriles was tested by using the
[Ru(cod)(methylallyl),]/L2 system (Table 3, entries 13-20) at
50°C, with 15 bar of H,, and 0.5 mol% catalyst loading. Under
these conditions, aliphatic nitriles bearing a short alkyl chain
afforded the corresponding amines in high yields (Table 3, en-
tries 13-15). In contrast, substrates with longer alkyl chains
(Table 3, entries 16 and 17) or branched (Table 3, entry 18),
needed either higher catalyst loadings (1 mol%) or tempera-
tures (70°C) to be successfully hydrogenated, which is proba-
bly due to the major steric hindrance of these substrates. Final-
ly, cyclic nitriles (Table 3, entries 19 and 20) were converted
into the corresponding primary amines at mild conditions, too.

In comparison with the already described Ru base-free sys-
tems for the hydrogenation of nitriles, most of which are
based on pincer complexes operating in a temperature range
between 90 and 135°C,"**4 the [Ru(cod)(methylallyl),]/L2
system presents the advantage of being able to hydrogenate
a broad range of substrates at 50 °C.

Conclusions

We have described a novel catalytic system based on the com-
bination of [Ru(cod)(methylallyl),] and ligand L2 for the selec-
tive hydrogenation of nitriles to primary amines. This new pro-
tocol presents the advantage of not needing any basic additive
to achieve good selectivities to the primary amine. Further-
more, a variety of aromatic and aliphatic nitriles can be hydro-
genated at mild conditions (50°C, 15 bar H,).

Experimental Section

General procedure for nitrile hydrogenation with [Ru(cod)-
(methylallyl),]/L2

A 4mL glass vial containing a stirring bar was charged with
[Ru(cod)(methylallyl),] (0.8 mg, 0.0025 mmol, 0.5 mol%) and L2
(1.5 mg, 0.0025 mmol, 0.5 mol%). The vial, sealed with a septum
equipped with a syringe needle, was evacuated and subsequently
flushed with argon three times. Dry isopropanol (2 mL) and the
corresponding nitrile (0.5 mmol) were added under argon. The vial
was set in an alloy plate and introduced into a 300 mL autoclave

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemcatchem.org

®*ChemPubSoc
' Europe

e

CHEMCATCHEM
Full Papers

Table 3. Hydrogenation of various nitriles.”
0.5-2 mol% [Ru(cod)(methylallyl),]
_N 0.5-2mol% L2
R R NH,
50°C, 15 bar Hy, 17h
iPrOH
Entry  Nitrile Amine Cat. Conv. Yield Entry Nitrile Amine Cat. Conv. Yield
[mol %] [%][b] [%][b] [moI %] [%][b] [%] [b]
N
N =
1 ” NH 0.5 99 969 11® 1 ] )OL gNHZ 2 99 819
, 2 . > PN N >
N H
H
_N
~ NH, s S NH,
2 05 >99 90 12 U—:N E/)—/ 2 >99 76
_N
Z NH,
NH
3 ©/ g 0.5 >99 94 13 CSHH/\\\N CoHy > 2 0.5 >99 82
H,CO HsCO
N
Z NH,
NH
4 HiCO H,CO 05 S99 86 14 Cehi Ny CoHis™ > 2 05 >99 99
OCH, OCH,
N
Z NH, P NH
5 0.5 >99 99 15 CrHis™ Ny CHys” > 2 0.5 >99 97
H,N HaN
N NH
2 NH
6 ©/ - /@ 1 >99 949 1g °9H19/\\\N CoHig”™ > 2 1 >99 81
~ S
S
N NH
2
’ /©/ g 2 09 g8 179 CuhT Ny Croag” N2 05 >99 729
. F
N
- . N )\/\
8 2 >99 75 18 )\/// 1 >99 82
FsC NH,
FsC 3
N
Z NH, N NH,
9 2 >99 97 19 0.5 >99 95
cl Cl
N
Z NH, _N
o} i NH,
10 (@) 2 >99  80¢ 20 0.5 >99 89
o SN
[a] Standard reaction conditions: nitrile (0.5 mmol), [Ru(cod)(methylallyl),] (0.5-2 mol %), L2 (0.5-1 mol %), dry iPrOH (2 mL), 15 bar H,, 50°C, 3 h. [b] Conver-
sion and yields were calculated by GC by using hexadecane as an external standard. [c] Isolated yield as ammonium salt. [d] The reaction was performed
at 70°C. [e] The reaction was performed at 100°C.

filled with argon. The autoclave was sealed, purged (20 bar H,,
three times), and pressurized with H, (15 bar). Then, the autoclave
was seated in an aluminum block on a magnetic stirrer and heated
to 50°C for 17 h. After that, the reaction mixture was cooled in
cold water and the gas carefully released. The reaction mixture
was analyzed by GC-MS and GC with n-hexadecane as an internal
standard.

Isolation of reaction products as the HCl salts

HCl (1M in MeOH, 1 mL) was added to the reaction mixture and
stirring was maintained for 30 min at room temperature. Then, the
reaction mixture was transferred to a 100 mL round-bottom flask
containing 50 mL of diethyl ether. The resulting precipitate was fil-
tered and washed with diethyl ether and ethyl acetate.

ChemCatChem 2016, 8, 1329-1334 www.chemcatchem.org

1333

Acknowledgements

The analytic department of LIKAT is acknowledged for excellent
analytical and technical support. R.A. thanks the Ramdn Areces
Foundation for a postdoctoral fellowship.

Keywords: amines nitriles

ligands - ruthenium

hydrogenation phosphine

[1] a)S. A. Lawerence, Amines: Synthesis Properties and Applications, Cam-
bridge University, Cambridge, 2006; b) K. Eller, E. Henkes, E. R. Ross-
bacher, H. Hoke, Amines, Aliphatic in Ullmann’s Encyclopedia of Industrial
Chemistry, Wiley-VCH, Weinheim, 2000.

[2] a) K. S. Hayes, Appl. Catal. A 2001, 221, 187-195; b) T. C. Nugent, M. El-
Shazly, Adv. Synth. Catal. 2010, 352, 753-819; c) P. Camurlu, E. Eren, C.
Gultekin, J. Polym. Sci. Part A 2012, 50, 4847 - 4853.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/S0926-860X(01)00813-4
http://dx.doi.org/10.1016/S0926-860X(01)00813-4
http://dx.doi.org/10.1016/S0926-860X(01)00813-4
http://dx.doi.org/10.1002/adsc.200900719
http://dx.doi.org/10.1002/adsc.200900719
http://dx.doi.org/10.1002/adsc.200900719
http://dx.doi.org/10.1002/pola.26321
http://dx.doi.org/10.1002/pola.26321
http://dx.doi.org/10.1002/pola.26321
http://www.chemcatchem.org

:@2 ChemPubSoc
et Europe

[3] a) V.I. Tararov, A. Bérner, Synlett 2005, 203-211; b)S. A. Lunde, M. O.
Sydnes, Synlett 2013, 24, 2340-2344; c) K. N. Gusak, V.. Zh, E. V. Korole-
va, Russ. Chem. Rev. 2015, 84, 288-309.

[4] a) G. E. Dobereiner, R. H. Crabtree, Chem. Rev. 2010, 110, 681-703; b) G.
Guillena, D. J. Ramon, M. Yus, Chem. Rev. 2010, 110, 1611-1641; c) K-i.
Shimizu, Catal. Sci. Technol. 2015, 5, 1412-1427.

[5] a) C. Perrio-Huard, C. Aubert, M.-C. Lasne, J. Chem. Soc. Perkin Trans.

1 2000, 311-316; b)S. Savourey, G. Lefevre, J.-C. Berthet, T. Cantat,
Chem. Commun. 2014, 50, 14033-14036; c)l. Sorribes, K. Junge, M.
Beller, Chem. Eur. J. 2014, 20, 7878-7883; d) |. Sorribes, K. Junge, M. [12]
Beller, J. Am. Chem. Soc. 2014, 136, 14314-14319; e)l. Sorribes, J.R. [13]
Cabrero-Antonino, C. Vicent, K. Junge, M. Beller, J. Am. Chem. Soc. 2015,
137, 13580-13587. [14]

[6] a)S. Gomez, J. A. Peters, T. Maschmeyer, Adv. Synth. Catal. 2002, 344, [15]

1037-1057; b) J. Bédis, L. Lefferts, T. E. Muiller, R. Pestman, J. A. Lercher,

Catal. Lett. 2005, 104, 23-28; c) Q. Shen, J. F. Hartwig, J. Am. Chem. Soc.

2006, 728, 10028-10029; d) C. Gunanathan, D. Milstein, Angew. Chem.

Int. Ed. 2008, 47, 8661-8664; Angew. Chem. 2008, 120, 8789-8792; [16]

e) E. Balaraman, B. Gnanaprakasam, L. J. W. Shimon, D. Milstein, J. Am.

Chem. Soc. 2010, 132, 16756-16758; f) R. J. Lundgren, B. D. Peters, P. G. [17]

Alsabeh, M. Stradiotto, Angew. Chem. Int. Ed. 2010, 49, 4071-4074;

Angew. Chem. 2010, 122, 4165-4168; g) D. Pingen, C. Miiller, D. Vogt,

Angew. Chem. Int. Ed. 2010, 49, 8130-8133; Angew. Chem. 2010, 122,

8307-8310; h)S. Das, B. Wendt, K. Mdller, K. Junge, M. Beller, Angew.

Chem. Int. Ed. 2012, 51, 1662-1666; Angew. Chem. 2012, 124, 1694 -

1698.

a) S. Werkmeister, K. Junge, M. Beller, Org. Process Res. Dev. 2014, 18,

289-302; b)D. B. Bagal, B. M. Bhanage, Adv. Synth. Catal. 2015, 357,

883-900; c) D.S. Mérel, M. L. T. Do, S. Gaillard, P. Dupau, J.-L. Renaud,

Coord. Chem. Rev. 2015, 288, 50-68; d) S. Werkmeister, J. Neumann, K.

Junge, M. Beller, Chem. Eur. J. 2015, 21, 12226 -12250.

J. Seyden-Penne, Reductions by the Alumino- and Borohydrides in Organ-

ic Synthesis, 2nd ed., John Wiley & Sons, Inc., New York, 1997.

a) Handbook of Heterogeneous Catalytic Hydrogenation for Organic Syn-

thesis (Ed.: S. Nishimura), Chap. 7, John Wiley & Sons, Inc., New York,

2001; b) P. Kukula, M. Studer, H.-U. Blaser, Adv. Synth. Catal. 2004, 346,

1487 -1493; ¢) L. Hegedus, T. Mathé, Appl. Catal. A 2005, 296, 209-215.

[10] a) T. Yoshida, T. Okano, S. Otsuka, J. Chem. Soc. Chem. Commun. 1979,
870-871; b) R. A. Grey, G. P. Pez, A. Wallo, J. Am. Chem. Soc. 1981, 103, [18]
7536-7542.

[11] a)J. Neumann, C. Bornschein, H. Jiao, K. Junge, M. Beller, Eur. J. Org.

S

=

s

CHEMCATCHEM
Full Papers

2011, 3381-3386; e) R. Reguillo, M. Grellier, N. Vautravers, L. Vendier, S.
Sabo-Etienne, J. Am. Chem. Soc. 2010, 132, 7854-7855; f) D. Addis, S.
Enthaler, K. Junge, B. Wendt, M. Beller, Tetrahedron Lett. 2009, 50, 3654 -
3656; g) S. Enthaler, K. Junge, D. Addis, G. Erre, M. Beller, ChemSusChem
2008, 7, 1006-1010; h) S. Enthaler, D. Addis, K. Junge, G. Erre, M. Beller,
Chem. Eur. J. 2008, 14, 9491-9494; ) T. Li, |. Bergner, F. N. Haque, M.
Zimmer-De luliis, D. Song, R. H. Morris, Organometallics 2007, 26, 5940 -
5949; j)R.P. Beatty, R.A. Paciello, WO Patent WO/1996/23802 -804,
1996.

C. Chin, B. Lee, Catal. Lett. 1992, 14, 135-140.

K. Rajesh, B. Dudle, O. Blacque, H. Berke, Adv. Synth. Catal. 2011, 353,
1479-1484.

S. Chakraborty, H. Berke, ACS Catal. 2014, 4, 2191-2194.

a) C. Bornschein, S. Werkmeister, B. Wendt, H. Jiao, E. Alberico, W. Bau-
mann, H. Junge, K. Junge, M. Beller, Nat. Commun. 2014, 5, 4111; b) S.
Chakraborty, G. Leitus, D. Milstein, Chem. Commun. 2016, 52, 1812-
1815.

A. Mukherjee, D. Srimani, S. Chakraborty, Y. Ben-David, D. Milstein, J.
Am. Chem. Soc. 2015, 137, 8888-8891.

For selected references on Ru/triphos-catalyzed hydrogenations, see:
a) Y. Li, C. Topf, X. Cui, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2015,
54, 5196 -5200; Angew. Chem. 2015, 127, 5285-5289; b) X. Cui, Y. Li, C.
Topf, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2015, 54, 10596 -10599;
Angew. Chem. 2015, 127, 10742-10745; c) J. R. Cabrero-Antonino, . Sor-
ribes, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2016, 55, 387-391;
Angew. Chem. 2016, 128, 395-399; d)T. vom Stein, M. Meuresch, D.
Limper, M. Schmitz, M. Holscher, J. Coetzee, D. J. Cole-Hamilton, J. Klan-
kermayer, W. Leitner, J. Am. Chem. Soc. 2014, 136, 13217-13225; e) Y. Li,
I. Sorribes, T. Yan, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2013, 52,
12156-12160; Angew. Chem. 2013, 125, 12378-12382; f)J. Coetzee,
D.L. Dodds, J. Klankermayer, S. Brosinski, W. Leitner, A. M. Z. Slawin,
D. J. Cole-Hamilton, Chem. Eur. J. 2013, 19, 11039-11050; g) K. Beydoun,
T. vom Stein, J. Klankermayer, W. Leitner, Angew. Chem. Int. Ed. 2013, 52,
9554-9557; Angew. Chem. 2013, 125, 9733-9736; h) S. Wesselbaum, T.
vom Stein, J. Klankermayer, W. Leitner, Angew. Chem. Int. Ed. 2012, 51,
7499-7502; Angew. Chem. 2012, 124, 7617-7620; i) F. M. A. Geilen, B.
Engendahl, M. Holscher, J. Klankermayer, W. Leitner, J. Am. Chem. Soc.
2011, 733, 14349-14358.

A. Dutta Chowdhury, R. Jackstell, M. Beller, ChemCatChem 2014, 6,
3360-3365.

Chem. 2015, 5944-5948; b) J.-H. Choi, M. H. G. Prechtl, ChemCatChem

2015, 7, 1023-1028; c) S. Werkmeister, K. Junge, B. Wendt, A. Spannen- Received: December 15, 2015
berg, H. Jiao, C. Bornschein, M. Beller, Chem. Eur. J. 2014, 20, 4227 - Revised: January 25, 2016
4231; d) C. Gunanathan, M. Holscher, W. Leitner, Eur. J. Inorg. Chem. Published online on March 1, 2016

ChemCatChem 2016, 8, 13291334 www.chemcatchem.org 1334

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1055/s-2004-837225
http://dx.doi.org/10.1055/s-2004-837225
http://dx.doi.org/10.1055/s-2004-837225
http://dx.doi.org/10.1070/RCR4443
http://dx.doi.org/10.1070/RCR4443
http://dx.doi.org/10.1070/RCR4443
http://dx.doi.org/10.1021/cr900202j
http://dx.doi.org/10.1021/cr900202j
http://dx.doi.org/10.1021/cr900202j
http://dx.doi.org/10.1021/cr9002159
http://dx.doi.org/10.1021/cr9002159
http://dx.doi.org/10.1021/cr9002159
http://dx.doi.org/10.1039/C4CY01170H
http://dx.doi.org/10.1039/C4CY01170H
http://dx.doi.org/10.1039/C4CY01170H
http://dx.doi.org/10.1039/a908991h
http://dx.doi.org/10.1039/a908991h
http://dx.doi.org/10.1039/a908991h
http://dx.doi.org/10.1039/a908991h
http://dx.doi.org/10.1039/C4CC05908E
http://dx.doi.org/10.1039/C4CC05908E
http://dx.doi.org/10.1039/C4CC05908E
http://dx.doi.org/10.1002/chem.201402124
http://dx.doi.org/10.1002/chem.201402124
http://dx.doi.org/10.1002/chem.201402124
http://dx.doi.org/10.1021/ja5093612
http://dx.doi.org/10.1021/ja5093612
http://dx.doi.org/10.1021/ja5093612
http://dx.doi.org/10.1021/jacs.5b07994
http://dx.doi.org/10.1021/jacs.5b07994
http://dx.doi.org/10.1021/jacs.5b07994
http://dx.doi.org/10.1021/jacs.5b07994
http://dx.doi.org/10.1002/1615-4169(200212)344:10%3C1037::AID-ADSC1037%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1615-4169(200212)344:10%3C1037::AID-ADSC1037%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1615-4169(200212)344:10%3C1037::AID-ADSC1037%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1615-4169(200212)344:10%3C1037::AID-ADSC1037%3E3.0.CO;2-3
http://dx.doi.org/10.1007/s10562-005-7431-4
http://dx.doi.org/10.1007/s10562-005-7431-4
http://dx.doi.org/10.1007/s10562-005-7431-4
http://dx.doi.org/10.1021/ja064005t
http://dx.doi.org/10.1021/ja064005t
http://dx.doi.org/10.1021/ja064005t
http://dx.doi.org/10.1021/ja064005t
http://dx.doi.org/10.1002/anie.200803229
http://dx.doi.org/10.1002/anie.200803229
http://dx.doi.org/10.1002/anie.200803229
http://dx.doi.org/10.1002/anie.200803229
http://dx.doi.org/10.1002/ange.200803229
http://dx.doi.org/10.1002/ange.200803229
http://dx.doi.org/10.1002/ange.200803229
http://dx.doi.org/10.1021/ja1080019
http://dx.doi.org/10.1021/ja1080019
http://dx.doi.org/10.1021/ja1080019
http://dx.doi.org/10.1021/ja1080019
http://dx.doi.org/10.1002/anie.201000526
http://dx.doi.org/10.1002/anie.201000526
http://dx.doi.org/10.1002/anie.201000526
http://dx.doi.org/10.1002/ange.201000526
http://dx.doi.org/10.1002/ange.201000526
http://dx.doi.org/10.1002/ange.201000526
http://dx.doi.org/10.1002/anie.201002583
http://dx.doi.org/10.1002/anie.201002583
http://dx.doi.org/10.1002/anie.201002583
http://dx.doi.org/10.1002/ange.201002583
http://dx.doi.org/10.1002/ange.201002583
http://dx.doi.org/10.1002/ange.201002583
http://dx.doi.org/10.1002/ange.201002583
http://dx.doi.org/10.1002/anie.201108155
http://dx.doi.org/10.1002/anie.201108155
http://dx.doi.org/10.1002/anie.201108155
http://dx.doi.org/10.1002/anie.201108155
http://dx.doi.org/10.1002/ange.201108155
http://dx.doi.org/10.1002/ange.201108155
http://dx.doi.org/10.1002/ange.201108155
http://dx.doi.org/10.1021/op4003278
http://dx.doi.org/10.1021/op4003278
http://dx.doi.org/10.1021/op4003278
http://dx.doi.org/10.1021/op4003278
http://dx.doi.org/10.1002/adsc.201400940
http://dx.doi.org/10.1002/adsc.201400940
http://dx.doi.org/10.1002/adsc.201400940
http://dx.doi.org/10.1002/adsc.201400940
http://dx.doi.org/10.1016/j.ccr.2015.01.008
http://dx.doi.org/10.1016/j.ccr.2015.01.008
http://dx.doi.org/10.1016/j.ccr.2015.01.008
http://dx.doi.org/10.1002/chem.201500937
http://dx.doi.org/10.1002/chem.201500937
http://dx.doi.org/10.1002/chem.201500937
http://dx.doi.org/10.1002/adsc.200404128
http://dx.doi.org/10.1002/adsc.200404128
http://dx.doi.org/10.1002/adsc.200404128
http://dx.doi.org/10.1002/adsc.200404128
http://dx.doi.org/10.1039/c39790000870
http://dx.doi.org/10.1039/c39790000870
http://dx.doi.org/10.1039/c39790000870
http://dx.doi.org/10.1039/c39790000870
http://dx.doi.org/10.1021/ja00415a022
http://dx.doi.org/10.1021/ja00415a022
http://dx.doi.org/10.1021/ja00415a022
http://dx.doi.org/10.1021/ja00415a022
http://dx.doi.org/10.1002/ejoc.201501007
http://dx.doi.org/10.1002/ejoc.201501007
http://dx.doi.org/10.1002/ejoc.201501007
http://dx.doi.org/10.1002/ejoc.201501007
http://dx.doi.org/10.1002/cctc.201403047
http://dx.doi.org/10.1002/cctc.201403047
http://dx.doi.org/10.1002/cctc.201403047
http://dx.doi.org/10.1002/cctc.201403047
http://dx.doi.org/10.1002/chem.201303989
http://dx.doi.org/10.1002/chem.201303989
http://dx.doi.org/10.1002/chem.201303989
http://dx.doi.org/10.1002/ejic.201100392
http://dx.doi.org/10.1002/ejic.201100392
http://dx.doi.org/10.1002/ejic.201100392
http://dx.doi.org/10.1002/ejic.201100392
http://dx.doi.org/10.1021/ja102759z
http://dx.doi.org/10.1021/ja102759z
http://dx.doi.org/10.1021/ja102759z
http://dx.doi.org/10.1016/j.tetlet.2009.03.108
http://dx.doi.org/10.1016/j.tetlet.2009.03.108
http://dx.doi.org/10.1016/j.tetlet.2009.03.108
http://dx.doi.org/10.1002/cssc.200800185
http://dx.doi.org/10.1002/cssc.200800185
http://dx.doi.org/10.1002/cssc.200800185
http://dx.doi.org/10.1002/cssc.200800185
http://dx.doi.org/10.1002/chem.200801600
http://dx.doi.org/10.1002/chem.200801600
http://dx.doi.org/10.1002/chem.200801600
http://dx.doi.org/10.1021/om700783e
http://dx.doi.org/10.1021/om700783e
http://dx.doi.org/10.1021/om700783e
http://dx.doi.org/10.1007/BF00764228
http://dx.doi.org/10.1007/BF00764228
http://dx.doi.org/10.1007/BF00764228
http://dx.doi.org/10.1002/adsc.201000867
http://dx.doi.org/10.1002/adsc.201000867
http://dx.doi.org/10.1002/adsc.201000867
http://dx.doi.org/10.1002/adsc.201000867
http://dx.doi.org/10.1021/cs5004646
http://dx.doi.org/10.1021/cs5004646
http://dx.doi.org/10.1021/cs5004646
http://dx.doi.org/10.1039/C5CC08204H
http://dx.doi.org/10.1039/C5CC08204H
http://dx.doi.org/10.1039/C5CC08204H
http://dx.doi.org/10.1021/jacs.5b04879
http://dx.doi.org/10.1021/jacs.5b04879
http://dx.doi.org/10.1021/jacs.5b04879
http://dx.doi.org/10.1021/jacs.5b04879
http://dx.doi.org/10.1002/anie.201500062
http://dx.doi.org/10.1002/anie.201500062
http://dx.doi.org/10.1002/anie.201500062
http://dx.doi.org/10.1002/anie.201500062
http://dx.doi.org/10.1002/ange.201500062
http://dx.doi.org/10.1002/ange.201500062
http://dx.doi.org/10.1002/ange.201500062
http://dx.doi.org/10.1002/anie.201503562
http://dx.doi.org/10.1002/anie.201503562
http://dx.doi.org/10.1002/anie.201503562
http://dx.doi.org/10.1002/ange.201503562
http://dx.doi.org/10.1002/ange.201503562
http://dx.doi.org/10.1002/ange.201503562
http://dx.doi.org/10.1002/anie.201508575
http://dx.doi.org/10.1002/anie.201508575
http://dx.doi.org/10.1002/anie.201508575
http://dx.doi.org/10.1002/ange.201508575
http://dx.doi.org/10.1002/ange.201508575
http://dx.doi.org/10.1002/ange.201508575
http://dx.doi.org/10.1021/ja506023f
http://dx.doi.org/10.1021/ja506023f
http://dx.doi.org/10.1021/ja506023f
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/ange.201306850
http://dx.doi.org/10.1002/ange.201306850
http://dx.doi.org/10.1002/ange.201306850
http://dx.doi.org/10.1002/chem.201204270
http://dx.doi.org/10.1002/chem.201204270
http://dx.doi.org/10.1002/chem.201204270
http://dx.doi.org/10.1002/anie.201304656
http://dx.doi.org/10.1002/anie.201304656
http://dx.doi.org/10.1002/anie.201304656
http://dx.doi.org/10.1002/anie.201304656
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/anie.201202320
http://dx.doi.org/10.1002/anie.201202320
http://dx.doi.org/10.1002/anie.201202320
http://dx.doi.org/10.1002/anie.201202320
http://dx.doi.org/10.1002/ange.201202320
http://dx.doi.org/10.1002/ange.201202320
http://dx.doi.org/10.1002/ange.201202320
http://dx.doi.org/10.1021/ja2034377
http://dx.doi.org/10.1021/ja2034377
http://dx.doi.org/10.1021/ja2034377
http://dx.doi.org/10.1021/ja2034377
http://www.chemcatchem.org

