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ABSTRACT

An indium triiodide catalyst promoted the direct transformation from esters to β-hydroxycarbonyl compounds using hydrosilanes and silyl
enolates by a one-stage process. Various esters were applicable, and the high chemoselectivity of this system brings compatibility to many
functional groups: alkenyl, alkynyl, chloro, and hydroxy.

The cross-aldol reaction is one of themost representative
tools in organic chemistry because produced β-hydroxy-
carbonyl compounds play an important role in medicinal
and agricultural chemicals. In particular, the Mukaiyama
aldol reaction using aldehydes and silyl enolates is of
central importance.1 While aldehydes are versatile electro-
philes, some have problems with stability and storage. In
this context, we sought to combine esters and hydrosilanes
instead of aldehydes, where the simple treatment of both
reagents and silyl enolates in the presence of a catalyst
would achieve a Mukaiyama aldol addition (Figure 1).
Yet, the scarcity of reports on the selective hydrosilylation
of esters into aldehydes under catalytic conditions indi-
cates the difficulty of this alternative route using esters.2

Recently, the InBr3-catalyzed hydrosilylation of esters into

the corresponding ethers via no formation of aldehydes

was investigated.3 Even in the case of an active metal

hydride, there is only one example of the use of DIBALH.

However, a two-stage process, where the completion of the

DIBALH addition to esters was followed by a treatment

with silyl enolates, was required.4a Recently, we reported

some examples of the removal of the alkoxy moiety of

esters: hydroallylation5 and Friedel�Crafts acylation.6 In

particular, part of the hydroallylation results strongly

suggested that esters would be a promising alternative to

aldehydes. Herein, we wish to report the direct synthesis of

β-hydroxycarbonyl compounds from esters, hydrosilanes,

and silyl enolates, developing a practical alternative to the

Mukaiyama aldol reaction using aldehydes. This system

does not require a multistage process.

Figure 1. A conceivable strategy in this paper.
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The reaction usingmethyl ester 1a (1 mmol), HSiMe2Ph
(1.5 mmol), and dimethylketene trimethylsilyl methyl ace-
tal 2a (1.5 mmol) in CH2Cl2 at rt was most effectively
catalyzed by InI3 to give the desired β-hydroxycarbonyl
compound 3aa in 92% yield with a negligible amount of
β-methoxycarbonyl compound 4aa (Table 1, entry 1). The
use of InBr3 catalyst produced a low yield (entry 2). The
higher Lewis acidity of InBr3 than that of InI3 lowers the
turnover frequency because of the stronger deactivation by
the coordination of O-atoms of starting materials and
products. Almost the entire amount of starting ester 1a

was unreacted in the runs using other indium compounds
(entries 3�5). Also, representative Lewis acids such as
BF3 3OEt2 and AlCl3 were ineffective.7 In the case of Ti-
(OiPr)4,

8 B(C6F5)3,
9 and Zn(OAc)2,

10 which have report-
edly reduced esters using hydrosilane, the desired product
3aa was not gained efficiently (entries 6�8). In the case of
the InI3 catalyst, the salient features are as follows: (i) the
produced ester 3aa did not incur further nucleophilic addi-
tions; (ii) despite one-stage treatment, no generation of the
reduction products 5 and 6was observed, which is a critical
problem in the hydroallylation of esters;5,11 and (iii) the lack

of formation of ether derivatives such as 4aa and 6 provided
an interesting contrast to the reduction of esters to ethers
with the InBr3/HSiEt3 system reported by Sakai.3

Table 2 summarizes the scope and limitation of appli-
cable esters 1. The present system is highly valuable as an
alternative for the Mukaiyama aldol reaction, because
esters 1b and 1c, corresponding to acetaldehyde and
phenylacetaldehyde, respectively, were applicable (entries
1 and 2). In general, these aliphatic aldehydes are labile and
too difficult to handle.12 The product 3dawas also isolated
in 92% yield from the reaction using ester 1d possessing a
cyclohexyl group near the carbonylmoiety (entry 3). In the
case of the sterically hindered ester 1e, a good result was
obtained by using H3SiPh instead of HSiMe2Ph (entries 4
and 5). The reaction ofmethyl benzoate 1f resulted in a low
yield due to the low electrophilicity of aromatic esters
(entry 6). The transformation of ester 1g gave 3ga with a

Table 1. Reaction of Ester 1a with HSiMe2Ph and Ketene Silyl
Acetal 2a in the Presence of Lewis Acid Catalysta

yield/ %b

entry catalyst 3aa 4aa 5 6

1 InI3 92 1 0 0

2 InBr3 17 1 0 0

3c InCl3 0 0 0 0

4c In(OTf)3 0 0 0 0

5c In(OH)3 0 0 0 0

6c Ti(OiPr)4 0 0 0 0

7 B(C6F5)3 17 0 45 0

8c Zn(OAc)2 0 0 0 0

aReaction conditions: 1a (1 mmol), HSiMe2Ph (1.5 mmol), 2a

(1.5 mmol), catalyst (0.05 mmol), CH2Cl2 (1 mL), rt, 2 h. bYields were
determined by 1H NMR spectroscopy using 1,1,2,2-tetrachloroethane
as an internal standard. c>90% of 1a was recovered.

Table 2. Scope and Limitation of Esters 1a

aReaction conditions: 1 (1 mmol), HSiMe2Ph (1.5 mmol), 2a

(1.5 mmol), InI3 (0.05 mmol), CH2Cl2 (1 mL), rt, 2 h. b Isolated yield.
cYield was determined by 1H NMR spectroscopy using 1,1,2,2-tetra-
chloroethane as an internal standard. dHSiMe2Ph (3 mmol), 2a

(3 mmol), 12 h. eH3SiPh (3 mmol), 2a (3 mmol), 12 h. fHSiMe2Ph
(2 mmol), 2a (2 mmol), 5 h. g anti/syn = 92:8.
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H.; Yamanaka, H. Tetrahedron Lett. 1993, 34, 5777–5780. (e) Ishihara,
T.; Takahashi, A.; Hayashi, H.; Yamanaka,H.; Kubota, T.Tetrahedron
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high anti-diastereoselectivity (entry 7). Alkenyl, alkynyl,
methoxy, and chloro groups survived the conditions
(entries 8�11). The above-mentioned outcomes suggest
that the high chemoselectivity of this work can be applied
to various fields such as natural-product synthesis.13

The effects of alkoxymoieties of ester 1 and hydrosilanes
(HSi) were investigated in Table 3. Unlike the exclusive
formation of 3aa using methyl ester 1a, the reaction of
isopropyl ester 1lwithHSiMe2Ph and ketene silyl acetal 2a
furnished the mixture of β-hydroxycarbonyl product 3aa
and β-isopropoxycarbonyl 4la in 89% and 11% yields,
respectively (entries 1 and2).The ratiowas almost reversed
by the usage of H3SiPh to produce themixtures of 3aa and
4la in 20% and 80% yields, respectively (entry 3). In
contrast, 1a provided β-hydoxycarbonyl product 3aa se-
lectively even in the case of H3SiPh (entry 5). Treatment of
HSiEt3 and 1a gave 3aa along with a negligible amount of
4aa (entry 6). Ethyl ester 1m also showed high selectivity

for β-hydroxycarbonyl product 3aa (entries 7 and 8).
These results suggested that a small alkoxy moiety
leads to the selective formation of β-hydoxycarbonyl
compound 3.
A plausible mechanism is illustrated in Scheme 1. First,

InI3-catalyzed hydrosilylation ofmethyl ester 1 takes place
to generate acetal intermediate 7.3,5 Next, the selective
interaction between InI3 and the methoxy moiety pro-
motes the elimination of the methoxy moiety, due to a less
steric hindrance, to afford either oxonium ion 8 or alde-
hyde 9. Finally, the reaction with silyl enolate 2 produces
β-siloxycarbonyl compound 10, along with the regenera-
tion of InI3.

14 The effective nucleophilic attack of 2 in a
timely manner may prevent the reduction of the electro-
philic intermediate (8 or 9) by hydrosilane to achieve a
single treatment of all substrates. The stereochemistry of
3ga was well accounted for by the Felkin�Anh model for
oxonium cation 8 or aldehyde 9 (Table 2, entry 7).15

The one-step transformation from mandelic acid ester 1n
to β-hydroxy-γ-lactone 12 with high stereoselectivity was

Table 3. Effects ofAlkoxyMoieties ofEster 1 andHydrosilanesa

products/ %b

entry ester 1 HSi 3 4

1 R2 = Me 1a HSiMe2Ph 92 1

2 iPr 1l HSiMe2Ph 89 11

3 iPr 1l H3SiPh 20 80

4 iPr 1l HSiEt3 52 5

5 Me 1a H3SiPh 75 7

6 Me 1a HSiEt3 90 1

7 Et 1m HSiMe2Ph 83 1

8 Et 1m HSiEt3 81 2

aReaction conditions: 1 (1 mmol), HSi (1.5 mmol), 2a (1.5 mmol), InI3
(0.05mmol), CH2Cl2 (1 mL), rt, 2 h. bYields were determined by 1HNMR
spectroscopy using 1,1,2,2-tetrachloroethane as an internal standard.

Scheme 1. Plausible Mechanism
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demonstrated (Scheme 2).16 In the case of the Mukaiyama
aldol reaction,multistep syntheses involvingprotectionof the
hydroxy moiety in unstable R-hydroxyaldehydes should be
performed.17 The stereochemistry of product 12 was ex-
plained by the Cram chelate model of 1,2-induction in the
reaction of the corresponding intermediate such as oxonium
cation 8 or aldehyde 9 with ketene silyl acetal 2a.18

Table 4 shows the scope of silyl enolates 2. Diethyl- and
phenylketene silyl acetal (2b and 2c) applied well to the
present system (entries 1 and 2). The reaction of carboxylic
acid derived ketene silyl acetal 2d also furnished β-hydro-
xycarboxylic acid 3ad in high yields (entry 3). The utiliza-
tion of 1l, H3SiPh, and 2d resulted in β-isopropoxycar-
boxylic acid 4ldas amajorproduct (entry 4).The employment
of silyl enol ethers is a challenging subject because the
produced β-oxyketone is more sensitive to nucleophilic
attack than starting esters. This issue was resolved by the
introduction of HSiMePh2 and silyl enol ethers such as 2e
and 2f, leading to the products 3ae and 3afpossessing steric
hindrance around the carbonyl group to avoid overreaction
(entries 5 and 6).
In conclusion, we have established the first direct intro-

duction of esters into the Mukaiyama aldol reaction
catalyzed by InI3. Various types of esters and silyl enolates
were applicable, and the high chemoselectivity lent com-
patibility to many functional groups. In addition, we
demonstrated the replacement of unstable and difficult to
handle aldehydes such as acetaldehyde, phenylacetalde-
hyde, and an R-hydroxyaldehyde with the corresponding
esters.
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Scheme 2. One-Step Transformation fromMandelic Acid Ester
1n to β-Hydroxy-γ-lactone 12

Table 4. Scope and Limitation of Silyl Enolates 2a

aReaction conditions: 1a (1 mmol), HSiMe2Ph (1.5 mmol), 2a

(1.5 mmol), InI3 (0.05 mmol), CH2Cl2 (1 mL), rt, 2 h. b Isolated yields.
c E/Z = 76:24 dDiastereomer ratio 53:47. e 1l (1 mmol), H3SiPh
(1.5 mmol). f 3ad was obtained in 19% yield determined by 1H NMR
spectroscopy using 1,1,2,2-tetrachloroethane as an internal standard.
gHSiMePh2 (3 mmol), 2 (3 mmol), 5 h.
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