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( Silver-Catalyzed Hydrogenation of Aldehydes in Water**
\% Zhenhua Jia, Feng Zhou, Mingxin Liu, Xingshu Li, Albert S. C. Chan, and Chao-Jun Li*

The hydrogenation of organic compounds is one of the most
important classes of reactions for the synthesis of biorenew-
able chemicals and fuels, commodity chemicals, fine chem-
icals, and pharmaceuticals.!"! Since the widely known Wilkin-
son catalyst was prepared and used for the hydrogenation of
alkenes in the 1960s, a vast number of rhodium,? ruthe-
nium,®! palladium,”! and iridium® catalysts have shown
excellent activity in homogeneous hydrogenation. Recently,
there has also been significant progress in hydrogenation by
using cheaper and more abundant metals (Fe, Co etc.) as
catalysts, as well as frustrated Lewis pairs in metal-free
systems."l Surprisingly, homogeneous complexes of silver, one
of the most important metals throughout history, have never
shown any practical catalytic organotransformation through
activating molecular hydrogen,! even though Halpern and
Webster reported that inorganic substrates such as [Cr,0,]*
and Fe*" could be reduced through catalytic hydrogenation in
aqueous solution.”’] One problem is that silver cannot easily
undergo oxidative addition like other transition metals do
(e.g. + 1 to + 3). Traditional catalytic hydrogenations proceed
through the homolytic oxidative addition of H, across a metal
catalyst. The ground-breaking work of Noyori on heterolytic
H-H breaking through ruthenium catalysis led to highly
efficient hydrogenations for carbonyls, especially in the
context of asymmetric synthesis!'l. Heterolytic cleavage of
the H-H bond also allows hydrogenation without changing
the oxidation state of the metal.

In the course of our continuing efforts in developing
metal-mediated or metal-catalyzed reactions in water, we
have discovered that a silver catalyst could activate the C—H
bond of terminal alkynes, and the resulting intermediates
could further react with carbonyls in water to produce the
corresponding addition product. ' Furthermore, as reported
by Halpern and Webster, it is feasible that molecular hydro-
gen could be activated by silver salts in aqueous media.”’ We
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hypothesized that the organic transformation of aldehydes
into alcohols could be realized by using silver complexes as
catalysts. Herein, we report the first silver-catalyzed hydro-
genation of aldehydes in water, revealing an unprecedented
reactivity for silver (Scheme 1).
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Scheme 1. Silver-catalyzed reduction of aldehydes in water.

We began our research by using benzaldehyde (1a) as
a model substrate (Table 1). Given the importance of
bidentate ligands with wide bite angles, bidentate phosphine
ligands were examined first. Under H, (10 bar), 1,1’-bis(di-
phenylphosphino)ferrocene (dppf) was tested in water at
100°C with 20% diisopropylethylamine (DIPEA) as a base
additive; to our frustration, benzyl alcohol (2a) was not
detected after 24 h (Table 1, entry 1). Other bidentate ligands
were screened, and the desired product was generated in 5 %
yield by using QUINAP as the ligand (Table 1, entries 2-6).
We then turned our attention to the electron-rich mono-
phosphine ligands because they have been proven to enhance
the nucleophilicity of nucleophiles.'”® To our delight, in the
presence of AgCl and XPhos (L7), the expected product was
detected in 11 % yield (Table 1, entry 7). Further screening of
monophosphine ligands revealed that the Buchwald ligands
XPhos (L7) and RuPhos (L'?) were more effective than the
others (Table 1, entries 8-12). A series of silver catalysts was
then tested by using XPhos (L’) as the ligand (see the
Supporting Information). Among these, AgPF, was the most
promising and delivered the desired product in 56 % yield
(Table 1, entry 13). The use of the structurally similar ligand
RuPhos (L'?) gave a slightly lower yield (Table 1, entry 14).
We realized that the pressure of H, may be not sufficient to
achieve complete conversion. Subsequently, efforts were
made to increase the H, pressure to further enhance the
catalytic efficiency. Under 20 bar of H,, we obtained 2a in
65% yield (Table 1, entry 15). We also obtained 2a in 83 %
yield under 30 bar of H, (Table 1, entry 16). When the H,
pressure was increased to 40 bar, an almost quantitative yield
was generated (Table 1, entry 17). However, lowering the
reaction temperature to 80°C resulted in lower efficiency
(Table 1, entry 18).
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Table 1: Optimization of the silver-catalyzed hydrogenation in water.

o] OH
H . [Ag] (5 mol%)
+ Hp (10 bar) Ligand (7.5 mol%)
DIPEA (20 mol%)
1a 100 °C, water, 24 h 2a

Entry [Ag] Ligand Yield [9%]
1 AgPF L N. R.
2 AgPF L? trace
3 AgPF L 5
4 AgPF L N. R.
5 AgPF, L° N. R.
6 AgPFg L trace
7 AgCl L 1
8 AgCl L® 7
9 AgCl L’ trace
10 AgCl L' N. R.
n AgCl L" N. R.
12 AgCl L™ 9
13 AgPF L 56
14 AgPF L' 47
15 AgPF, L 65"
16 AgPF L 830
17 AgPF, L 99!l
18 AgPF, L 81t

[a] Yield based on 1a and was determined by 'H NMR analysis by using
mesitylene as an internal standard. [b] Reaction was conducted under
20 bar of H,. [c] Reaction was conducted under 30 bar of H,. [d] Reaction

was conducted under 40 bar of H,. [e] Reaction was conducted at 80°C.
Bidentate ligand:

N
PPh
@ (e, OO0
Ee
Ph,p <> OO PPh, OO PPh,
L L2 L8
dppf (rac)-BINAP (R)-QUINAP
phop” PPz PhoP” """PPh, 4 N
L LS N LS N
dppe dppp
Monodentate Ligand:
L8-L": RgP

PCY2
P P
r O ' lPr’O O O\IPI'

L8: R=cyclohexyl
L®: R=tert-butyl
L'%: R=4-fluorophenyl

L'": R=2-furyl
iPr
L7 L12
XPhos RuPhos

Having established the optimal conditions, we then
converted a variety of commercially available aldehydes
into the corresponding alcohols to further explore the scope
of this novel silver-catalyzed hydrogenation in water
(Table 2). Both electron-donating and electron-withdrawing
groups on the aromatic ring were well tolerated, providing the
corresponding products in excellent yields (Table 2, entries 1—-
5). Electron-withdrawing groups such as trifluoromethyl
retarded the corresponding reaction slightly (Table 2,
entry 5). 4-Hydroxybenzaldehyde was observed to give the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2: Substrate scope of the silver-catalyzed hydrogenation in water."!

9 ey o
g~ e + H2 (40030 5 moi%) R‘J\R2
100 °C, water, 24 h
1 2
Entry Substrate 1 Product 2 Yield
(%]
o) OH
o jog
R R
1 R=H la R=H 2a 93
2 R=Me 1b R=Me 2b 99
3 R=Br 1c R=Br 2c 999
4 R=0OMe 1d R=OMe 2d 99t
5 R=CF, le R=CF, 2e 85
6 R=OH 1f R=OH 2f 95
7 R=1Bu 1g R=tBu 2g  99Pd
(o] H HO
7'\ H I\
9 o 1i 2i 77
o] OH
(o] OH
10 |\ H 1j |\ 2j 83
— —
N N

11 e~~~ ~oy 21 90

©)\0H3 2n

20 45

©/\/\
[0}
16 WCHa 1p ©/\)‘\CH3 2p 27

[a] Conditions: The reaction was conducted by using substrate

(0.5 mmol), H, (40 bar), AgPF, (5 mol %), XPhos (7.5 mol %), and
DIPEA (20 mol %) in H,O (2 mL) at 100°C for 24 h. [b] Yield of isolated
product. [c] No flash column chromatography.

il
I
gﬁ |
o I%:
—
3

trace

corresponding 4-hydroxymethylphenol in 95 % yield (Table 2,
entry 6). The substrate 1g, which has a bulky fert-butyl group,
was reduced to give the corresponding product 2g in
quantitative yield, even without additional purification by
flash column chromatography (Table 2, entry 7). 1-Naphthal-
dehyde was reduced to 1-naphthylmethanol in 90% yield
(Table 2, entry 8). Heterocyclic aldehydes, such as furfural
and 3-pyridinecarboxaldehyde, were also suitable substrates
for this reductive process, affording the corresponding
products in 77 % and 83 % yields (Table 2, entries 9 and 10).
Subsequently, we also examined the reactivity of aliphatic
aldehydes. Gratifyingly, these reactions proceeded smoothly,

Angew. Chem. 2013, 125, 12087 -12090


http://www.angewandte.de

providing an attractive route for the synthesis of aliphatic
alcohols. Under the optimized conditions, we obtained 3-
phenyl-1-propanol and 1-heptanol in 91% and 90% yields
respectively (Table 2, entries 11 and 12). Interestingly, the
introduction of a hydroxy group on the aliphatic chain was
found to decrease the reactivity (Table 2, entry 13). For
a general aromatic ketone such as acetophenone 1m, only
a trace amount of the desired product was detected under the
optimal reaction conditions (Table 2, entry 14). For substrates
with multiple functional groups, a unique chemoselectivity
was observed during the hydrogenation process. Cinnamal-
dehyde 10, which bears a C—C double bond, was reduced to
the corresponding unsaturated alcohol in moderate yield
(Table 2, entry 15). To our surprise, the C—C double bond of
benzalacetone 1p was reduced with preservation of the
carbonyl group.

A tentative mechanism that rationalizes the product
formation is illustrated in Scheme 2. Note that any comment
on the specific details of the mechanism is speculative at this

AgX
v
j)\H L”AgX H-H
H™ 'R
Protonation HX Heterolysis
OAgL”
9 L"Ag—H
|
FmR
o}
§
. R
Insertion R
? Coordination
L”Ag’\;R
]
L" = XPhos

Scheme 2. Proposed mechanism for the silver-catalyzed reduction of
aldehydes in water.

stage. First, the active silver catalyst is generated through
complexation of the ligand with the silver precursor, because
silver(I) cannot undergo oxidative addition easily as other
transition metals do (although a few special silver(IIl)
compounds!' do exist). Furthermore, the high temperature
and basic conditions favor a heterolytic process in the form of
a concerted action by the central metal cation and the
coordinated ligand or anion, as reported by Halpern and
Webster.”>!! However, the possibility of a homolytic process
could not be excluded at this stage. Following this assumption,
the heterolytic splitting of H, catalyzed by the silver complex
forms the intermediate I and liberates the corresponding acid
HX. Coordination of the aldehyde to the catalytic silver
center affords intermediate II, followed by insertion of the
C—O double bond into the Ag—H bond to give intermediate
III. Finally, protonation of the resulting intermediate III by
HX, which is produced in the heterolysis step, releases the
product and closes the catalytic cycle.
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In summary, we have discovered an unprecedented
chemical property of silver complexes. The first silver-
catalyzed hydrogenation of aldehydes in water was devel-
oped. This protocol provides an expeditious and simple way
to access alchohols in water. Further mechanistic studies
related to this silver-catalyzed reduction and its enantiose-
lective potential are currently underway.

Experimental Section

A stainless steel autoclave reactor with a magnetic stirring bar was
charged with Ag catalyst (AgPF,-XPhos; 0.025 mmol), substrate
benzaldehyde (1a; 50.8 uL, 0.5 mmol), DIPEA (0.1 mmol), and H,O
(2 mL). Under 40 bar of H,, the reaction mixture was stirred for 24 h
at 100°C, then cooled to room temperature. After carefully releasing
the hydrogen, the mixture was extracted with CH,Cl, (3 x20 mL).
The combined organic phase was concentrated in vacuo and purified
by flash column chromatography on silica gel to give the desired
product.
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