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Efficient Reduction of Esters to Aldehydes through Iridium-Catalyzed

Hydrosilylation™**
Chen Cheng and Maurice Brookhart*

Reduction of esters to aldehydes is challenging since the
aldehyde products are often more reactive toward nucleo-
philic hydride reducing agents than the starting esters.!"
Hence, bulky reducing agents such as diisobutylaluminum
hydride (DIBALH) or lithium tri-fer-butoxyaluminum hy-
dride have been developed for this transformation.”! How-
ever, these reagents are usually toxic, air- and moisture-
sensitive, require exigent reaction conditions, and are not
compatible with many functional groups. In addition, even
these reagents often result in over-reduction of substrates.
Alternatively, reduction of carbonyl derivatives can be
achieved through catalytic hydrosilylation followed by
hydrolysis of the silyl group.” For example, hydrosilylation
of ketones and aldehydes followed by acidic or basic workup
affords secondary and primary alcohols.® This strategy has
also been widely applied to the reduction of esters to alcohols
or ethers (Scheme 1). In contrast, there have been very few
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Scheme 1. Reduction of esters through catalytic hydrosilylation.

examples of controlled reduction of esters to silyl acetals,
which upon hydrolysis give aldehydes.”) One such example
employed a ruthenium carbonyl complex at high temperature
(100°C) and demonstrated limited substrate scope.
Another method requires using 2-pyridinyl esters as substrate
and cannot be applied to “simple” esters.”” Finally, B(C¢Fs)s
has been used to catalyze reduction of esters to silyl acetals
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with Ph;SiH, although the reactions were accompanied with
substantial over-reduction to silyl ethers and alkanes.™ Here
we report a simple and highly efficient method for reduction
of esters to aldehydes via silyl acetal intermediates generated
by iridium-catalyzed hydrosilylation. The catalyst, [{Ir-
(coe),Cl},], (coe =cyclooctene) can be easily prepared and
is commercially available, and this reduction system exhibits
high conversion at low catalyst loading (down to 0.1 mol %)
and good functional group compatibility.

Previously we showed that the binuclear iridium complex
[{Ir(coe),Cl},] is an efficient catalyst for reduction of secon-
dary amides to secondary amines through hydrosilylation
using diethylsilane.”! For reduction of ethyl benzoate we
screened several silanes, including diethylsilane, in C,Dy at
room temperature (Table 1). Consistent with previous results
concerning amide reduction, diethylsilane proved most effec-

Table 1: Screening experiment for hydrosilylation of esters.
S|R3

(0]
N [{Ir(coe),Cl},] N
Silane
CeDe
1a
Entry Silane t[h] Conversion [%)]
1 Et,SiH, 2 >99
2 Et,SiH 12 0
3 TMDSP! 12 0
4 PMHSH 12 0
5 EtMe,SiH 12 0
6 (EtO),SiH 12 0
7 Ph,SiH, 24 23
8 PhMeSiH, 5 96

[a] Reaction conditions: ethyl benzoate (0.1 mmol) with [{Ir(coe),Cl},]
(0.15 pmol) and silane (1.5 equiv) in C¢Dg (0.35 mL). Reactions were run
at room temperature. Conversions were determined by 'H NMR
spectroscopy. [b] 1,1,3,3-Tetramethyldisiloxane (1.5 equiv, 3 equiv SiH
functionality). [c] Polymethylhydrosiloxane (5 equiv), assuming MW =60
for each SiH functionality.

tive, and hydrosilylation of the carbonyl double bond took
place rapidly at room temperature to afford the diethylsilyl
acetal (Table 1, entry 1). Several tertiary silanes screened
proved to be ineffective (Table 1, entries 2-6), whereas
bulkier secondary silanes react more slowly than diethylsilane
(entries 7 and 8).

In ester reductions studied here, cleavage of the C—O
bond of the acetal intermediates by diethylsilane to give silyl
ethers occurs much more slowly than the initial hydrosilyla-
tion and generally requires higher temperatures.”l Hence,
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optimization of the reaction time and catalyst loading can
avoid/minimize over-reduction and lead to high yields of silyl
acetals, which can be hydrolyzed under mildly acidic con-
dition to give the corresponding aldehydes (Scheme 1). A
biphasic extraction method was employed for the separation
of aldehydes from siloxane by-products and eliminated the
need for column chromatography in most cases.®!

The results of iridium-catalyzed reductions of a variety of
esters using diethylsilane are shown in Table 2. The reductions
proceed with low catalyst loading (0.1-0.5 mol % ) under mild
reaction condition (RT-50°C) and are compatible with
various functionalities including aryl halides, alkyl halides,
ethers, alkenes, alkynes, tertiary amines, nitriles, hydroxy, and

Table 2: Reduction of esters to aldehydes through hydrosilylation.”!

o) 0.1-0.5 mol% _SiHEt, o
[{Ir(coe)2Cl},] acidic
2 2
R1JJ\0’R T’ R1J\O/R > R1JJ\H
.5 equiv workup
Et,SiH, ) s
RT - 50 °C
Entry Ester T t Conversion Yield
£ [ [96]9
(0]
(0]
a ©)ko/\ 1a 23 1 >99 95
(0]
O
_B
(0]
5 @AO/ o0 1 > 99(79)
Cl
(0]
i Q)ko/\ e 01 >9 94(73)
Br
(0]
’ J@AO& 150 > 97(71)
|
(0]
8 %O/\ 1g 23 3  >99 99(90%)
(o]
9 0" 1h 23 7 >99 99(67)
o
(0]
N (jA)koA s o1 e %6(60)
(e]
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sulfonyl groups. In this study, ethyl esters were chosen as the
primary substrates because of their commercial availability
and the easy removal of the ethanol by-product, although
esters with other R? groups such as methyl or benzyl are also
suitable substrates. The iridium catalyst is not compatible with
nitro groups: reaction with ethyl 4-nitrobenzoate led to
insoluble and unidentified products. Finally, this catalytic
system does competitively hydrosilylate carbonyl groups in
amides, aldehydes, and ketones.

We propose that the catalytically active species is
a binuclear silylene-bridged iridium dimer formed by sequen-
tial displacement of the cyclooctene and chloride ligands on
[{Ir(coe),Cl},] (Scheme 2). An analogous complex prepared

Table 2: (Continued)

Entry Ester T t  Conversion Yield
°C ] [9e]” (%]
ol
N
1200 z  © Tk 23 1 >9 98(74)
o}
o™
13 1M 23 4 99 99(681¢)
~N
i
o]
140 Q)ko/\ Tm 50 9 90 90(70)
NC
o}
15 G)Lo/\ 1n 23 3 >99 99(82)
\_0
0
16 7 o lo 50 7 97 96(77)
\_s
©\/0 i g
17 & _1p 50 4 >99 99(75)
4 0
o]
0
-
1w [ © 1q 50 4 90 90(74)
[ =
Fs
o]
19 Mo/ 1r 23 2 >99 99(79'¢)
o}
201 /©)\O/\ 1s 50 2 >99 _n(37t)
HO

[a] Reaction conditions: ester (1.0 mmol) with [{Ir(coe),Cl},] (0.9 mg,

1 pumol) and Et,SiH, (130 mg, 1.5 mmol) in CH,Cl, (0.5 mL). [b] Deter-
mined by "H NMR spectroscopy. [c] Yields of 2 determined by '"H NMR
spectroscopy. The numbers in parenthesis are the yields of isolated 3.
[d] Reaction run in the presence of benzyl chloride or benzyl bromide
(1.0 mmol), which remained unreacted throughout the reaction. [e] Iso-
lated as the 2,4-dinitrophenylhydrazone adduct. See Ref. [9]. [f] 4.5 mg
(0.5 mol %) [{Ir(coe),Cl},] was used. [g] Purified by column chromatog-
raphy. [h] 2.5 equiv Et,SiH, was used. [i| Unable to determine the NMR
yield.
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Scheme 2. Proposed catalytically active species and catalytic cycle.

R1

from rBu,SiH, was previously characterized by X-ray crys-
tallography to confirm the bridging silylene structure. Since
tertiary silanes cannot easily form the dimer species 5 (such
a reaction would require Si—C bond cleavage),'”! it is not
surprising that only secondary silanes showed significant
activities in this catalytic system (Table 1). In the catalytic
cycle, transfer of “Et,HSi*” to the carbonyl oxygen appears to
be rate-limiting as seen by reduced reaction rates in electron-
deficient substrates (Table 2, entry 1 vs entry 18). Substrates
with strongly coordinating groups retard the rate of reaction
and require higher temperatures or higher catalyst loadings
(see entry 14).

In summary, we have demonstrated that aldehydes can be
prepared from esters via hydrosilylation using Et,SiH,/[{Ir-
(coe),Cl},] followed by hydrolysis of silyl acetals. Featuring
low catalyst loadings of a commercially available iridium
complex, mild reaction conditions, high yields, easy product
isolation, and good functional group compatibility, this
method is an attractive new procedure for preparing alde-
hydes from esters.

Received: July 1, 2012
Published online: August 21, 2012

Keywords: aldehyde synthesis - ester reduction -
homogeneous catalysis - hydrosilylation - iridium catalysis

[1] a) Comprehensive Organic Transformations: A Guide to Func-
tional Group Preparations, 2nd ed. (Ed.: R. C. Larock), Wiley-
VCH, New York, 1999; b) Modern Reduction Methods (Eds.:

P.G. Andersson, I.J. Munslow), Wiley, New York, 2008;
c) Compendium of Organic Methods (Eds.: T. Harrison, S.
Harrison), Wiley, New York, 1971.

a) L. 1. Zakharkin, I. M. Khorlina, Tetrahedron Lett. 1962, 3,
619-620; b) L. 1. Zakharkin, V. V. Gavrilenko, D. N. Maslin,
I. M. Khorlina, Tetrahedron Lett. 1963, 4, 2087 -2090; c) P. M.
Weissman, H. C. Brown, J. Org. Chem. 1966, 31, 283-287; d) T.
Izawa, T. Mukaiyama, Bull. Chem. Soc. Jpn. 1979, 52, 555-558.
a) K. Miither, M. Oestreich, Chem. Commun. 2011, 47, 334—
336; b) S. Rendler, M. Oestreich in Modern Reduction Methods
(Eds.: P. G. Andersson, 1. J. Munslow), Wiley, Weinheim, 2008,
pp- 183-207; ¢) D. T. Hog, M. Oestreich, Eur. J. Org. Chem.
2009, 5047-5056; d) S. Rendler, M. Oestreich, Angew. Chem.
2008, 720, 6086-6089; Angew. Chem. Int. Ed. 2008, 47, 5997 -
6000; e) N. S. Shaikh, K. Junge, M. Beller, Org. Lett. 2007, 9,
5429-5432; f) P. Bhattacharya, J. A. Krause, H. Guan, Organo-
metallics 2011, 30,4720-4729; g) E. A. Ison, E. R. Trivedi, R. A.
Corbin, M. M. Abu-Omar, J. Am. Chem. Soc. 2005, 127, 15374 -
15375; h) G. Du, P. E. Fanwick, M. M. Abu-Omar, J. Am. Chem.
Soc. 2007, 129, 5180-5187; 1) G. Du, M. M. Abu-Omar, Organo-
metallics 2006, 25, 4920-4923; j)J. Yang, D. Tilley, Angew.
Chem. 2010, 122, 10384 -10386; Angew. Chem. Int. Ed. 2010, 49,
10186-10188; k) S. Park, M. Brookhart, Organometallics 2010,
29, 6057 - 6064.

a) S. C. Berk, K. A. Kreutzer, S. L. Buchwald, J. Am. Chem. Soc.
1991, 713, 5093-5095; b) S. C. Berk, S.L. Buchwald, J. Org.
Chem. 1992, 57, 3751-3753; ¢) Z. Mao, B.T. Gregg, A.R.
Cutler, J. Am. Chem. Soc. 1995, 117, 10139-10140; d) T. Ohta,
M. Kamiya, M. Nobutomo, K. Kusui, I. Furukawa, Bull. Chem.
Soc. Jpn. 2005, 78,1856 -1861; ¢) K. Matsubara, T. Iura, T. Maki,
H. Nagashima, J. Org. Chem. 2002, 67, 4985-4988; f)H.
Mimoun, J. Org. Chem. 1999, 64, 2582-2589; g) D.J. Parks,
W. E. Piers, J. Am. Chem. Soc. 1996, 118, 9440-9441; h) A. C.
Fernandes, C. C. Romaio, J. Mol. Catal. A 2006, 253, 96-98; 1) N.
Sakai, T. Moriya, T. Konakahara, J. Org. Chem. 2007, 72, 5920 -
5922;j) J. Tsurugi, R. Nakao, T. Fukumoto, J. Am. Chem. Soc.
1969, 91, 4587 -4588.

[5] a) M. Igarashi, R. Mizuno, T. Fuchikami, Tetrahedron Lett. 2001,
42,2149-2151; b) J. Nakanishi, H. Tatamidani, Y. Fukumoto, N.
Chatani, Synlett 2006, 869—872; c) D. J. Parks, J. M. Blackwell,
W. E. Piers, J. Org. Chem. 2000, 65, 3090 —-3098.

[6] C. Cheng, M. Brookhart, J. Am. Chem. Soc. 2012, 134, 11304 -
11307.

[7] For methyl and benzyl esters screened, over-reduction was not
observed even at elevated temperature, whereas ethyl esters
undergo up to ca. 5% further reduction (C—O bond cleavage)
under this condition. It is not clear how the reactivity of the silyl
acetals toward further reduction depends on the R? group.

[8] S.Ohta, M. Okamoto, Chem. Pharm. Bull. 1980, 28, 1917 -1919.

[9] The aldehyde products 3g and 3q are volatile, and 3p decom-
posed during normal workup (both by extraction-based method
and column chromatography). Thus, the yields were better
gauged by converting these aldehydes to the corresponding 2,4-
dinitrophenylhydrazone adduct in situ and isolating the hydra-
zones. See: M. Behforouz, J. L. Bolan, M. S. Flynt, J. Org. Chem.
1985, 50, 11861189, and Supporting Information.

[10] S. Park, B. G. Kim, I. Gottker-Schnetmann, M. Brookhart, ACS
Catal. 2012, 2, 307 -316.

2

—_—

3

—

(4

—_—

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 9422 -9424


http://dx.doi.org/10.1016/S0040-4039(00)70918-X
http://dx.doi.org/10.1016/S0040-4039(00)70918-X
http://dx.doi.org/10.1016/S0040-4039(01)90974-8
http://dx.doi.org/10.1021/jo01339a063
http://dx.doi.org/10.1246/bcsj.52.555
http://dx.doi.org/10.1039/c0cc02139c
http://dx.doi.org/10.1039/c0cc02139c
http://dx.doi.org/10.1002/ejoc.200900796
http://dx.doi.org/10.1002/ejoc.200900796
http://dx.doi.org/10.1002/ange.200801675
http://dx.doi.org/10.1002/ange.200801675
http://dx.doi.org/10.1002/anie.200801675
http://dx.doi.org/10.1002/anie.200801675
http://dx.doi.org/10.1021/ol7021802
http://dx.doi.org/10.1021/ol7021802
http://dx.doi.org/10.1021/om2005589
http://dx.doi.org/10.1021/om2005589
http://dx.doi.org/10.1021/ja055704t
http://dx.doi.org/10.1021/ja055704t
http://dx.doi.org/10.1021/ja068872+
http://dx.doi.org/10.1021/ja068872+
http://dx.doi.org/10.1021/om060503z
http://dx.doi.org/10.1021/om060503z
http://dx.doi.org/10.1002/ange.201005055
http://dx.doi.org/10.1002/ange.201005055
http://dx.doi.org/10.1002/anie.201005055
http://dx.doi.org/10.1002/anie.201005055
http://dx.doi.org/10.1021/om100818y
http://dx.doi.org/10.1021/om100818y
http://dx.doi.org/10.1021/ja00013a074
http://dx.doi.org/10.1021/ja00013a074
http://dx.doi.org/10.1021/jo00040a001
http://dx.doi.org/10.1021/jo00040a001
http://dx.doi.org/10.1021/ja00145a036
http://dx.doi.org/10.1246/bcsj.78.1856
http://dx.doi.org/10.1246/bcsj.78.1856
http://dx.doi.org/10.1021/jo025726n
http://dx.doi.org/10.1021/jo982314z
http://dx.doi.org/10.1021/ja961536g
http://dx.doi.org/10.1021/jo070814z
http://dx.doi.org/10.1021/jo070814z
http://dx.doi.org/10.1021/ja01044a067
http://dx.doi.org/10.1021/ja01044a067
http://dx.doi.org/10.1016/S0040-4039(01)00094-6
http://dx.doi.org/10.1016/S0040-4039(01)00094-6
http://dx.doi.org/10.1021/jo991828a
http://dx.doi.org/10.1021/ja304547s
http://dx.doi.org/10.1021/ja304547s
http://dx.doi.org/10.1248/cpb.28.1917
http://dx.doi.org/10.1021/jo00208a009
http://dx.doi.org/10.1021/jo00208a009
http://dx.doi.org/10.1021/cs200629t
http://dx.doi.org/10.1021/cs200629t
http://www.angewandte.org

