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A novel catalytic system formed from Fe(stearate),/
NH,CH,CH,;NH, and polymethylhydrosiloxane was directly
developed for the hydrosilylation of carboxylic acid esters to
alcohols. The catalytic method exhibits broad substrate

scope, including 20 aliphatic, aromatic, and heterocyclic es-
ters. The corresponding alcohols are obtained in moderate to
very good yields.

Introduction

Reduction of carbonyl compounds to alcohols is one of
the most fundamental transformations in organic synthe-
sis.l! Here, for the synthesis of special products and on lab-
oratory scale, stoichiometric reactions with boron and alu-
minum hydrides still prevail.l’! In contrast to these tradi-
tional stoichiometric methods, catalysis offers more versa-
tile strategies and might allow for improved selectivities.’]

Clearly, catalytic hydrogenation is the ideal method for
the reduction of esters. Thus, heterogeneous hydrogenation
of fatty esters is realized on bulk scale in industry.*] How-
ever, harsh reaction conditions (200-300°C and 200-
300 atm) are required with the applied catalyst systems,
which leads to low functional group tolerance.l’! In con-
trast, homogeneous hydrogenation of carboxylic esters to
alcohols with organometallic complexes is challenging,
which is reflected by the limited number of known re-
ports.[©]

Complementary to hydrogenation or transfer hydrogen-
ation, catalytic hydrosilylation is a well-accepted tool that
is operationally simple to perform and often allows for high
chemoselectivity and regioselectivity under mild condi-
tions.”l" Therefore, over the last decade metal-catalyzed
hydrosilylations of esters have received considerable inter-
est. To date, various catalyst systems including Rh,® Ru,”!
Mol T, [n,l121 Mn, 13 Pd,'4 Zn,U'5] and B com-
pounds!!®l have proven to be effective for this reduction.
Although the majority of the published catalytic systems
allow the synthesis of alcohols, only few examples describe
the formation of the respective ether.[?®!!"13] Nevertheless,
the development of cost-effective, efficient, and highly selec-

[a] Leibniz-Institut fiir Katalyse e.V. an der Universitat Rostock,
Albert-Einstein-Stralle 29A, 18059 Rostock, Germany
Fax: +49-381-1281-51113
E-mail: Matthias.Beller@catalysis.de
Homepage: www.catalysis.de
[b] College of Chemistry, Central China Normal University
Luoyu Road, No. 152, 430079 Wuhan, P. R. China
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201300039.

Eur. J. Org. Chem. 2013, 2061-2065

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

tive catalysts for this transformation is still desirable, be-
cause most of the known protocols either require expensive
silanes or have limited functional group tolerance.!'”]

Results and Discussion

Recently, iron-catalyzed reductions gained increased at-
tention as a result of the economic and ecologic advantages
of this metal.l'® Next to its abundance and low toxicity,
iron complexes mimic nature, which makes them catalysts
of choice.l' Recently, we published the iron-catalyzed
hydrosilylation of carboxylic acid esters to the correspond-
ing ethers by using Fe3(CO);, and tetramethyldisiloxane
(TMDS).2% Parallel to our work, Darcel described ester re-
duction by the well-defined iron complex [CpFe(CO),-
(PCy3)][BF,4] (Cp = cyclopentadienyl, Cy = cyclohexyl) and
PhSiH; to produce a mixture of the corresponding ether
and alcohol.[>! This catalytic reaction is supposed to pro-
ceed via an O-silylated intermediate that is generated by
hydrosilylation of the carbonyl group in the ester function-
ality (Scheme 1). Depending on the reaction conditions, the
corresponding ether or alcohol can be formed. On the basis
of our experience in the hydrosilylation of carboxylic acid
derivatives with non-noble metals,*?? we became interested
in developing the first iron catalyst that preferentially trans-
forms esters into alcohols.
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Scheme 1. Iron-catalyzed hydrosilylation of carboxylic acid esters
to ethers or alcohols.

In initial experiments, different iron precursors, silanes,

and ligands were investigated for the reduction of the model
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substrate, methyl 3-phenylpropanoate. In a typical catalytic
experiment, the iron salt (5mol-%), 1,2-diaminoethane
(L13, 10 mol-%), and polymethylhydrosiloxane (PMHS,
3 equiv.) were used to reduce the carboxylic acid ester
(1 mmol). Although most of the iron precursors showed no
reactivity at all (Table 1, entries 1-3, 11-17), Fe(OAc), and
Fe(stearate), produced 3-phenylpropanol in up to 86%
yield (Table 1, entries 4 and 6). For further optimization,
the in situ formed catalyst Fe(stearate),/LL13 was tested by
applying various silanes (Table 1, entries 8-10). Silanes with
structural motifs similar to that of PMHS only gave low
yields of the desired product (Table 1, entries 8 and 9). No-
tably, the use of our active catalyst system for ether forma-
tion [i.e., Fe3(CO);,] in the presence of N ligands gave no
reaction (Table 1, entry 17). As expected by applying
Fe3(CO),, without any ligand, both 3-phenylpropanol and
(3-methoxypropyl)benzene were formed (Table 1, entry 18).
In addition, no or low reactivity was observed for
Fe(OAc), and Fe(stearate), in the absence of L13 (Table 1,
entries 5 and 7). Clearly, next to the iron precursor, the
choice of the ligand has a crucial influence on the formation
of the corresponding alcohol or ether.

Table 1. Initial screening of iron precursors, silanes, and ligands for
reduction of esters.[!

o [Fe] (0.05 equiv.)

OMe NH,CH,CHoNH, (L13, 0.1 equiv.)
1a

PMHS (3 equiv.)
or
silane (1.2 equiv.)

OH
3a

Entry [Fe] Silane Yield
[%][b]
1 FeBr, PMHS -
2 FeCl, PMHS -
3 Fe(ClOy), PMHS -
4 Fe(AcO), PMHS 63
5t Fe(AcO), PMHS -
6 Fe(stearate), PMHS 86
7l Fe(stearate), PMHS 5
8 Fe(stearate), TMDS 20
9 Fe(stearate), Me;SiO(Me)Si(H)OSiMes 18
10 Fe(stearate), Ph;SiH 1
11 Fe(OTY), PMHS -
12 Fe,04 PMHS -
13 Fe;0, PMHS -
14 FeCl;-6H,O PMHS -
15 FePO,44H,0 PMHS -
16 Fe(NO,);-9H,0 PMHS —
17 Fe3(CO)y» PMHS -
18dl Fey(CO),y PMHS 25 (23)
191 [EtsNH][HFe;(CO),;] PMHS 24 (17)

[a] Reaction conditions: carboxylic acid ester (1 mmol), [Fe] (5 mol-
%), L13 (10 mol-%), PMHS (3 equiv.) or silane (1.2 equiv.), toluene
(2mL), 20 h, 100 °C. [b] Hexadecane was used as an internal stan-
dard. [c] Without ligand L13. [d] Yield of ether is given in parenthe-
ses. Fe(stearate), = Fe[CH3(CH,),;,COO];.

Therefore, different diamino ligands L1-L13 were inves-
tigated in the presence of Fe(stearate),. Here, not only the
backbone but also the chain length between the amino
functions were varied (Scheme 2). Apparently, an ethylene
2062
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or C, bridge such as in 1,2-diphenylethane-1,2-diamine (L4,
L5), cyclohexane-1,2-diamine (L6, L8), and 1,2-diamino-
ethane (L13) is beneficial for the catalytic reduction of es-
ters, as they provided good yields of the products (5086 %).
Interestingly, for the frans/cis mixture of cyclohexane-1,2-
diamine (L6), nearly the same yield (65%) was obtained as
that provided by single cis isomer L8 (69%), whereas in
the presence of only frans ligand L7, the yield decreased. A
dramatic reduction in catalytic efficiency was observed
when the backbone of 1,2-diaminoethane (L13) was en-
larged by one methylene group (i.e., L12).

3a

0 [Fe] (0.05 equiv.)

QMOME L1-L13 (0.1 equiv.)
1a

Elegl=:i====scs
NH,
99 L
NH,

PMHS (3 equiv.)

L1:17 % L2:<1 % L3:n.r.
Ph._NH, NH, HoN NH,
X (X o,

Ph™ “NH, NH,
L9: n=10 n.r.
L10:n= 8 n.r.
L6: transicis 65 % L11:n= 4 1%
L4: rac 50 % L7: trans 23% LW12:n= 3 4%
L5: meso 58 % L8: cis 69% L13:n= 2 86%

Scheme 2. Screening of different N-containing ligands for the
model reaction. Yields were determined by GC with an internal
standard.

Finally, the scope and limitations of the iron-catalyzed
hydrosilylation of carboxylic acid esters to alcohols was in-
vestigated. Under the optimized conditions [Fe(stearate),
(5 mol-%), NH,(CH,),NH, (L13, 10 mol-%), PMHS
(3 equiv.), toluene, 20 h, 100 °C], a number of different ali-
phatic and aromatic esters was reduced (Table 2). In gene-
ral, aliphatic esters show better results (up to 86% yield) in
the catalytic reaction compared to the aromatic substrates
(up to 72%). Most of the yields were determined by GC
by using an internal standard, but in selected examples the
formed alcohols were isolated by column chromatography,
and the yields are given in brackets (Table 2, entries 2, 8, 9).
There is no significant decrease in the product yield after
isolation. For methyl 2-phenylacetate (Table 2, entry 2) the
influence of different substituents was investigated in detail.
When longer alkyl chains were placed at the ester moiety,
higher yields were observed than for the methyl ester
(Table 2, entries 3 and 5). In the case of the sterically more
demanding isopropyl ester, a slightly lower amount of 2-
phenylethanol was formed (Table 2, entry 4). No general
trend could be found for para substituents on the phenyl
ring of methyl-2-phenylacetate. Both, electron-donating and
electron-withdrawing groups caused an increase in the
product yield (Table 2, entries 8 and 9). In contrast, a re-
duced yield for the corresponding alcohol was detected for
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Table 2. Substrate scope for reduction of esters.[!

Entry Ester Alcohol Yield
[%]™
o)
OH
1 ©/\)L0Me m 86
1a
OMe OH
2 m (j/V 76 (65
1bo 3b ©
OEt OH
3 m ©/V 83
1c° 3b
OiPr OH
1d 3b
@/Y’V\@ oH .
5 84"
OEt OH
<l 1f cl 3
OMe OH
MeO 1g MeO 3g
OMe OH
8 m /©/\/ 81 (81)
tBu 1h tBu 3h
OMe OH
9 m /©/\/ 75 (72)1
F 1i F 3i
o)
N0 d
10 /\/\/\)LOMe . 74
1j
o]
/\/\/\/\OH
1 AS~e~e~Honoe o 62
1K
o)
MR NANANATN,
12 \/\/\/\)J\OMe OH 55{e]
1 3l
o)
NN
13 \)J\o/\/ - OH 75
1m
o)

OH
14 Mkoa Djn\ g9
in

o]
OH 55
* O)%Me O: 62"
1o
16 (=0 EO\H_OH 64

o 1p 3p
o
OH
17 OMe O/\ 59!
3q
1q
o
OH
18 ©)J\osn @A 72
3q
1r

o
OH "
19 OMe 62
3s
1s
N OH
20 = OMe | N 350!
I pZ N 3t

[a] Reaction conditions: carboxylic acid ester (1 mmol), Fe(stearate),
(5 mol-%), NH,(CH,),NH, (L13, 10 mol-%), PMHS (3 equiv.),
toluene (2mkL), 20h, 100 °C. [b] Hexadecane was used as an
internal standard; isolated yield is given in parentheses. [c] Carboxylic
acid ester (5 mmol), toluene (10 mL). [d] L8 (10 mol-%). [e] 40 h.
[f] Fe(stearate), (10 mol-%), NH,(CH,),NH, (L13, 20 mol-%).
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the ester with a chlorine substituent on the phenyl ring
(Table 2, entry 6). In addition, linear aliphatic esters could
be reduced in good yields (Table 2, entries 10-13). Cyclic
carboxylic acid esters form the prevailing alcohols or diol
in moderate amounts up to 69% (Table 2, entries 14-16).
Moreover, aromatic esters were applied in the iron-cata-
lyzed hydrosilylation to give up to 72% of the alcohol
(Table 2, entries 17-19). Regarding heterocyclic acid esters,
the efficiency of the catalyst was decreased, and the corre-
sponding alcohol was produced in only 35%, even though
the reaction time was extended to 40 h (Table 2, entry 20).

Unfortunately, the functional group tolerance of the aro-
matic substrates is still limited with this catalytic system
(Figure 1). Hence, in methyl 4-(benzylcarbamoyl)benzoate
(1u) bearing both an ester and an amide group, the amide
was preferentially attacked. Furthermore, nitro (in 1v) and
keto groups (in 1w) were reduced to the amine or the
alcohol with our catalyst system, whereas the ester group
remained intact.

o (0] o}

OMe ©\)L0Me

o 1u o 1 1w

OMe
BnHN

Figure 1. Aromatic esters showing low functional group tolerance.

Conclusions

The first iron-catalyzed hydrosilylation of carboxylic acid
esters to alcohols was described. By using a combination of
Fe(stearate),/NH,CH,CH,NH, and PMHS, 20 aliphatic,
aromatic, and heterocyclic substrates gave the correspond-
ing alcohols in moderate to very good yields (up to 86%).

Experimental Section

General Methods: All chemicals were obtained commercially and
were used as received. Fe(OAc), was purchased from Aldrich with
99.995% purity on the basis of trace metals analysis. Fe(stearate),
was available from ABCR (9.57% Fe). With ICP-AES no trace
amounts of copper were determined within the detection limit
(0.004 mgL!). PMHS, TMDS, Me;SiO(Me)Si(H)OSiMes, and
Ph;SiH were purchased from Aldrich or Merck and were used as
received. All isolated compounds were characterized by '"H NMR
and '3C NMR spectroscopy, HRMS, and HPLC. NMR spectra
were recorded with Bruker AV 300 or AV 400 spectrometers. All
chemical shifts are related to solvent peaks [chloroform: 7.27 ppm
(*H), 77.00 ppm (*3C)]. All measurements were carried out at room
temperature unless otherwise stated. Mass spectra were generally
recorded with a Finnigan MAT 95-XP (Thermo Electron) or a
6210 Time-of-Flight LC/MS (Agilent). GC spectra were measured
by using an Agilent GC 7890A.

General Procedure for the Hydrosilylation of Carboxylic Acid Es-
ters: Fe(stearate), (0.05 mmol) was placed in an argon-sealed
Schlenk tube and dissolved in dry toluene (2 mL). After addition
of 1,2-diaminoethane (.13, 0.1 mmol), the solution was heated for
15 min at 75 °C. The carboxylic acid ester (1 mmol) was added at
room temperature, and the mixture was stirred for 5 min. Finally,
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the reaction was initiated by the addition of PMHS (180 uL,
3 equiv.). The reaction mixture was placed in a preheated oil bath
(100 °C) for 20 h. Then, hexadecane (GC internal standard, 100 pL
per 1 mmol ester) was added at room temperature. The reaction
mixture was diluted with THF (4 mL) and carefully quenched with
NaOH (25% in MeOH, 300 puL). Caution: The reaction mixture
bubbles vigorously! Conversion and yield were determined by GC
analysis without further manipulations and compared with authen-
tic samples. The yield was determined by GC (30 m HP 5 Agilent
Technologies 50-300 °C) on the basis of an internal standard (cali-
bration curve). For isolated yields, the catalytic reaction was re-
peated on a 4-5 mmol substrate scale. After basic quenching of the
reaction mixture, the solvents were evaporated. The crude product
was purified by column chromatography (pentane/diethyl ether,
4:1-2:1-1:1).

2-Phenylethanol (3b): Yield: 318 mg (4 mmol scale), 65% (isolated).
'H NMR (300 MHz, CDCls): 6 = 7.28-7.20 (m, 2 H, C4Hs), 7.19—
7.11 (m, 3 H, C¢Hs), 3.76 (t, J = 6.6 Hz, 2 H, CH,), 2.78 (t, J =
6.5Hz, 2 H, CH,) 1.57 (s, 1 H, OH) ppm. '3C NMR (75 MHz,
CDCly): 0 = 138.5 (i-C¢Hs), 129.1 (m-C¢Hs), 128.6 (0-C¢Hs), 126.5
(p-CgHs), 61 (CH,), 38 (CH,) ppm. MS (EI): m/z (%) = 122 (22)
[M]*, 103 (3), 91 (100), 77 (6), 65 (23), 63 (9), 51 (10), 39 (12), 31
.

2-(4-tert-Butylphenyl)ethanol (3h): Yield: 721 mg (5 mmol scale),
81% (isolated). '"H NMR (300 MHz, CDCl,): 6 = 7.36 (d, J =
8.4Hz, 2 H, C¢H,), 7.18 (d, J = 8.4 Hz, 2 H, C¢H,), 3.86 (t, J =
6.7Hz, 2 H, CH,), 2.86 (t, J = 6.6 Hz, 2 H, CH,), 1.65 (s, 1 H,
OH), 1.34 (s, 9 H, -C4Hy) ppm. 3C NMR (75 MHz, CDCly): 6 =
149.4 (p-C¢H,), 135.4 (i-C4Hy), 128.8 (0-CHy), 125.6 (m-CgHy),
63.7 (CH,), 38.7 (CH,), 34.5 (C-CH3), 31.4 (C-CH3) ppm. MS (EI):
mlz (%) = 178 (18) [M]*, 163 (100), 147 (14), 132 (11), 117 (30),
143 (8), 105 (15), 91 (19),77 (6), 65 (5), 57 (3), 51 (3), 41 (7), 31 (8).

2-(4-Fluorophenyl)ethanol (3i): Yield: 507 mg (5 mmol scale), 72%
(isolated). '"H NMR (300 MHz, CDCls): § = 7.22-7.15 (m, 2 H,
C¢Hy), 7.04-6.96 (m, 2 H, C¢Hy), 3.82 (t, J = 6.6 Hz, 2 H, CH,),
2.83 (t, J = 6.5Hz, 2 H, CH,), 1.8 (s, 1 H, OH) ppm. '*C NMR
(75 MHz, CDCly): 0 = 161.5 (d, J = 243.8 Hz, p-C¢Hy,), 134.2 (d,
J = 3.2 Hz, i-C¢Hy), 130.4 (d, J = 8.0 Hz, 0-C¢Hy), 115.3 (d, J =
21.7 Hz, m-C4Hy), 63.6 (CH,), 38.4 (CH,) ppm. MS (EI): m/z (%)
=140 (16) [M]*, 122, (2), 109 (100), 101 (1), 96 (3), 89 (3), 83 (19),
75 (3), 63 (6), 57 (7), 51 (4), 39 (4), 31 (7), 29 (3).

Supporting Information (see footnote on the first page of this arti-
cle): NMR data and NMR spectra.
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