
lable at ScienceDirect

Tetrahedron 65 (2009) 5462–5471

lable at ScienceDirect
Contents lists avaiContents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet

Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
Indium-catalyzed coupling reaction between silyl enolates and
alkyl chlorides or alkyl ethers

Yoshihiro Nishimoto, Takahiro Saito, Makoto Yasuda, Akio Baba *

Department of Applied Chemistry, Center for Atomic and Molecular Technologies (CAMT), Graduate School of Engineering, Osaka University, 2-1 Yamadaoka,
Suita, Osaka 565-0871, Japan
a r t i c l e i n f o

Article history:
Received 5 December 2008
Received in revised form 12 March 2009
Accepted 13 March 2009
Available online 14 April 2009
* Corresponding author.
E-mail address: baba@chem.eng.osaka-u.ac.jp (A.

0040-4020/$ – see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.tet.2009.03.106
a b s t r a c t

The coupling reactions of alkyl chlorides with silyl enolates catalyzed by InBr3, and the coupling reactions
of alkyl ethers with silyl enolates catalyzed by the combined Lewis acid of InBr3/Me3SiBr are described. In
both reaction systems, various types of silyl enolates were used to give corresponding a-alkylated esters,
ketones, carboxylic acids, amides, thioesters, and aldehydes.

� 2009 Elsevier Ltd. All rights reserved.
R X

R2

R1
OMt

R3+ R
O

R3

R1 R2

expensive
unstable (reactive)

inexpensive
stable (unreactive)
readily available

X = I , Br X = Cl, OR'

General Method This Study

Figure 1. a-Alkylation of carbonyl compounds.
1. Introduction

Much effort has been spent on the development of methods for
a-alkylation of carbonyl compounds, because various fine chem-
icals, pharmaceuticals, and agrochemicals contain carbonyl
groups.1 Many chemists have studied the coupling reactions be-
tween metal enolates and alkyl electrophiles like iodides and
bromides, and have often afforded satisfactory results. In contrast,
less-reactive alkyl chlorides have generally given poor results.
Alkyl ethers are rarely employed as electrophiles due to their low
reactivity. However, if alkyl chlorides and alkyl ethers could be
employed, they would have the advantages of low cost and con-
venient processes because they are inexpensive and readily
available (Fig. 1). Although Reetz reported coupling reactions with
alkyl chlorides catalyzed by ZnBr2 or ZnCl2, some substrates such
as primary benzylic chlorides were not applied in this system.2,3

With respect to alkyl ethers, information appears to be limited to
coupling reactions using tertiary and secondary allylic methyl
ethers catalyzed by TrClO4.4 Herein we report two types of cou-
pling reactions with silyl enolates: (1) the InBr3-catalyzed re-
actions using alkyl chlorides5 and (2) InBr3/Me3SiBr combined
Lewis acid catalyzed reactions using alkyl ethers. This system has
some advantages in that various alkyl chlorides and ethers are
successful and that low reactive aldehyde-derived enolates can
also be employed to afford the corresponding a-alkylated
aldehydes.
Baba).

All rights reserved.
2. Coupling reaction of alkyl chlorides with silyl enolates

2.1. Results and discussion

Initially, the reaction of benzyl chloride 1a with dimethylketene
methyl trimethylsilyl acetal 2a was investigated in the presence of
various Lewis acid catalysts including indium compounds (Table 1).
Indium catalysts like InBr3 and InI3 gave excellent results (entries 3
and 4), while InF3, InCl3, In(OAc)3, In(OH)3, and In(OTf)3 were in-
effective (entries 1, 2, and 5–7). GaCl3 afforded the product 3aa in
a low yield (entry 8).6 ZnCl2 and ZnBr2 had low catalytic ability as
reported by Reetz (entries 9 and 10). Other group 13 Lewis acids
such as BF3$OEt2, B(C6F5)3,7 and AlCl3 yielded no product (entries
11–13). The acidity of these Lewis acids is enough to activate the
alkyl chloride, but predominant interaction with enolates perhaps
disturbs the desired coupling reaction due to their high oxophi-
licity. Other Lewis acids such as BiBr3,8 FeBr3, TiCl4, Sc(OTf)3, or
Yb(OTf)3

9 gave no product as shown in entries 14–18. Conse-
quently, the low oxophilicity and moderate Lewis acidity of InBr3

and InI3 are perhaps the reason why the coupling reaction with
alkyl chlorides proceeded smoothly without deactivation by the
oxygen atom of the ketene silyl acetal.10
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Table 3
Coupling reactions of various alkyl chlorides 1 with ketene silyl acetal 2aa

CH2Cl2, rt

InBr3 (5 mol%)
ClR OMe

OSiMe3
CO2MeR+

1 2a 3

Entry R–Cl Time (h) Yieldb (%)

1
Cl

Cl
1c 12 3ca (99)

2
Cl

1d 2 3da (86)

Table 1
Catalyst screening in the reaction of benzyl chloride 1a with ketene silyl acetal 2aa

Catalyst
Ph Cl OMe

OSiMe3

Ph
CO2Me+

CH2Cl2, rt, 2 h
1a 2a 3aa

Entry Catalyst Yieldb (%)

1 InF3 0
2 InCl3 9
3 InBr3 99
4 InI3 99
5 In(OAc)3 0
6 In(OH)3 0
7 In(OTf)3 0
8 ZnCl2 6
9 ZnBr2 39
10 BF3$OEt2 0
11 B(C6F5)3 0
12 AlCl3 0
13 GaCl3 21
14 BiBr3 0
15 FeBr3 0
16 TiCl4 0
17 Sc(OTf)3 0
18 Yb(OTf)3 0

a Compound 1a (1 mmol), 2a (1.5 mmol), catalyst (5 mol %), and CH2Cl2 (1 mL).
b Yields were determined by 1H NMR analysis.
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The correct choice of solvent is essential for this coupling (Table
2). The InBr3-catalyzed reaction of benzyl chloride 1a with ketene
silyl acetal 2a gave excellent results only in CH2Cl2 (entry 1). All
aprotic and protic polar solvents having coordination ability com-
pletely disturbed the coupling reaction. A non-polar hydrocarbon
solvent like hexane, however, produced the adduct 3aa in moderate
yields (entries 8–10). The achievement of the reaction under non-
halogenated conditions is valuable from the point of view of green
chemistry.11 This coupling in hexane is characteristic for the indium
catalyst to furnish the adduct 3ba from secondary benzylic chloride
1b, because no reaction took place in the case of ZnBr2 catalyst
Table 2
Effect of solvents on the reaction of alkyl chloride 1 with ketene silyl acetal 2aa

CO2MeRR Cl
OSiMe3

OMe

Catalyst

Solvent, rt, 2 h+

1 2a 3

Entry R–Cl Solvent Catalyst Yieldb (%)

1

ClPh
1a

CH2Cl2 InBr3 3aa (99)

2 Et2O InBr3 3aa (0)
3 THF InBr3 3aa (0)
4 CH3CN InBr3 3aa (0)
5 DMF InBr3 3aa (0)
6 MeOH InBr3 3aa (0)
7 H2O InBr3 3aa (0)
8 Hexane InBr3 3aa (51)
9 Benzene InBr3 3aa (53)
10 Toluene InBr3 3aa (53)

11 ClPh
1b

Hexane InBr3 3ba (99)

12 ClPh
1a

Hexane ZnBr2 3aa (0)

13 ClPh
1b

Hexane ZnBr2 3ba (0)

a Compound 1 (1 mmol), 2a (1.5 mmol), catalyst (5 mol %), and solvent (1 mL).
b Yields were determined by 1H NMR analysis.
(entries 12 and 13). These results strongly indicate that co-
ordination by solvents readily disturbs the interaction between
indium catalysts and substrates.

Considering these results noted in Tables 1 and 2, InBr3 was
chosen as a catalyst and CH2Cl2 as a solvent.

The reactivity of alkyl chlorides was examined using the cou-
pling with ketene silyl acetal 2a under optimized conditions (Table
3). Both benzylic chlorides 1c and 1d bearing electron-withdrawing
and -donating groups gave satisfactory yields (entries 1 and 2). The
coupling with cyclohexenyl chloride (1e) produced the corre-
sponding ester 3ea in 91% yield (entry 3). Inactivated tertiary alkyl
chlorides 1f and 1g effectively gave the coupling products 3fa and
3ga, respectively, in high yields (entries 4 and 5). However, the
couplings with inactivated primary or secondary alkyl chlorides
were not successful (entries 6 and 7). When alkyl chlorides bearing
ester or ether moieties 1j–1l were used, the coupling reactions
predominantly proceeded at the chloride moiety (entries 8–10).
These higher yields of tertiary alkyl and benzylic chlorides than that
of primary and secondary alkyl chlorides strongly indicate the in-
volvement of a cationic intermediate.

The scope and limitations of ketene silyl acetals 2 were in-
vestigated (Table 4). In the case of dialkylketene silyl acetals 2b and
MeO

3
Cl

1e 1 3ea (91)

4
Ph Cl

1f 2 3fa (83)

5
Cl

1g 2 3ga (82)

6
Cl

1h 2 3ha (0)

7 Cl 1i 2 3ia (0)

8c

AcO Cl

1j 2 3ja (53)

9c

MeO Cl

1k 6 3ka (75)

10
O

EtO Cl

Ph
1l 3 3la (82)

a Compound 1 (1 mmol), 2a (1.5 mmol), InBr3 (5 mol %), and CH2Cl2 (1 mL).
b Yields were determined by 1H NMR analysis.
c Compound 2a (3 mmol).



Table 5
Effect of the alkyl group at the reacting site in the ketene silyl acetala

OR3

R2

R1
OSiMe3

CO2R3

R1 R2Conditions

InBr3 (5 mol%)
+Ph Cl

1a 2 3

Ph

Entry Silyl enolate Conditions Yieldb (%)

1 OMe
2a

OSiMe3

rt, 2 h 3aa (99)

2

Et

Et
OEt

2b

OSiMe3

rt, 2 h 3ab (83)

3 OMe

2c

OSiMe3

rt, 2 h 3ac (91)

4c OSiMe3

OMe
2dBu

rt, 2 h 3ad (0)

5c 83 �C, 2 h 3ad (75)

6 OSiMe3

OMe
2g

rt, 2 h 3ag (0)

7 83 �C, 2 h 3ag (0)

a Compound 1a (1 mmol), 2 (1.5 mmol) InBr3 (5 mol %), and CH2Cl2 (1 mL) or
ClCH2CH2Cl (2 mL).

b Yields were determined by 1H NMR analysis.
c Compound 2d (E/Z¼89:11).

Table 4
Scope and limitation of ketene silyl acetals 2a

OR3

R2

R1
OSiMe3

CO2R3

R1 R2CH2Cl2

InBr3

+Ph Cl

1b 2 3

Ph
(5 mol%)

rt, 2 h

Entry Silyl enolate Product Yieldd (%)

1

Et

Et
OEt

2b

OSiMe3

Ph
CO2Et

Et Et
3bb (99)

2 OMe

2c

OSiMe3

Ph
CO2Me

3bc (99)

3b

OSiMe3

OMe
2dBu

Ph
CO2Me

Bu
3bd (99) [52:48]

4

OSiMe3

OMe
t-Bu 2e

Ph
CO2Me

t-Bu
3be (99) [50:50]

5c

OSiMe3

OMe
2fPh

Ph
CO2Me

Ph
3bf (62) [54:46]

6
OMe

2g

OSiMe3

Ph
CO2Me 3bg (46)

a Compound 1b (1 mmol), 2 (1.5 mmol), InBr3 (5 mol %), and CH2Cl2 (1 mL).
b Compound 2d (E/Z¼89:11).
c Compound 2f (E/Z¼70:30).
d Yields were determined by 1H NMR analysis. Diastereomeric ratio is shown in

square brackets.

Ph Cl Ph
CO2H

CH2Cl2, rt, 2 h
InBr3 (5 mol %)

+

Ph Cl

Ph OSiMe3

Ph

Ph

CH2Cl2, rt, 2 h

InBr3 (5 mol %)
+

Ph Cl

Ph OSiMe3

CH2Cl2, rt, 2 h

InBr3 (5 mol %)
+

St-Bu

NMe2

St-Bu

O

Ph

Ph

NMe2

O

OSiMe3

OSiMe3

1a (1 mmol) 2h (1.5 mmol) 3ah 60%

1m (1 mmol) 2i (1.5 mmol) 3mi 94%

1m (1 mmol) 2j (1.5 mmol) 3mj 47%

Scheme 1. a-Alkylation of carboxylic acids and its derivatives.
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2c, coupling reactions smoothly proceeded to afford the desired
esters 3bb and 3bc, respectively, in quantitative yields (entries 1
and 2). Monosubstituted ketene silyl acetal 2d quantitatively gave
the corresponding coupling product 3bd, although diaster-
eoselectivity was poor (entry 3). Other monosubstituted ketene
silyl acetal bearing tert-butyl group 2e and phenyl group 2f affor-
ded desired products in 99% and 62% yields, respectively (entries 4
and 5). Unfortunately, the use of unsubstituted ketene silyl acetal
2g resulted in a moderate yield (entry 6).

In order to investigate more clearly the effect of alkyl groups (R1

and R2) at the reacting site of enolates, we examined reactions
using benzyl chloride 1a, which have lower reactivity than sec-
ondary benzylic chloride 1b because a primary benzyl cation is less
stable than a secondary one. The results are listed in Table 5. As
expected, the reaction using dialkylketene silyl acetals 2a–2c
smoothly proceeded at room temperature (entries 1–3). In contrast,
monosubstituted ketene silyl acetal 2d gave no product under the
same conditions (entry 4). In this case, the yield was improved up to
75% under heat conditions (entry 5). No coupling reaction of
unsubstituted ketene silyl acetal 2g, however, took place even un-
der heat conditions (entries 6 and 7). Based on these results, elec-
tron-donation from alkyl groups is more important than the steric
factor of the silyl ketene acetal.12

We examined to expand the scope of silyl enolates to other
than ester-derived ones (Scheme 1). The a-alkylation of carboxylic
acids, thioesters, and amides is also a promising protocol in or-
ganic chemistry. The silyl enolate 2h derived from isopropionic
acid gave the corresponding a-alkylated carboxylic acid 3ah in
60% yield after conventional work-up. Reactions using thioester-
and amide-derived enolates (2i and 2j) proceeded smoothly
without deactivation of InBr3 by the coordination of nitrogen and
sulfur atoms, affording the corresponding products in 94% and 47%
yields, respectively. These are believed to be the first examples of
the coupling of alkyl chlorides with silyl enolates derived from
thioesters and amides.13

Ketone- and aldehyde-derived enolates were the next focus.
Although a ketone-derived enolate generally has lower nucleo-
philicity than an ester-derived one,12 our system exceeded ex-
pectations in allowing smooth coupling reactions with various
enolates. Table 6 shows the results of the coupling reaction of 1-
phenylethyl chloride 1b or benzyl chloride 1a with various ke-
tone-derived enolates in the presence of 5 mol % of indium



Table 6
Coupling reactions of alkyl chloride 1 with various ketone enolates 4a

R3

R2

R1
OSiMe3

R
R3

O

R1 R2
CH2Cl2, 2 h

InBr3 (5 mol%)
+R Cl

1 4 5

Entry R–Cl Silyl enolate Yieldb (%)

1 Ph
1b

Cl
OSiMe3

t-Bu
4a 5ba (99)

2c 1b
OSiMe3 4b 5bb (99) [50:50]

3 1b

OSiMe3
4c 5bc (99)

4 1b

OSiMe3
4d 5bd (83) [52:48]

5 1b
Ph

OSiMe3
4e 5be (99)

6 Ph
1a

Cl
OSiMe3

t-Bu
4a 5aa (31)

7c 1a
OSiMe3 4b 5ab (58)

a Compound 1 (1 mmol), 4 (1.5 mmol), InBr3 (5 mol %), and CH2Cl2 (1 mL) or
ClCH2CH2Cl (2 mL).

b Yields were determined by 1H NMR analysis.
c E/Z¼18:82.

Table 7
Coupling reactions of alkyl chlorides 1 with aldehyde enolates 6a

R Cl

R2

R1
OSiMe3

H
InBr3 (5 mol%) CHOR

R1 R2
+ CH2Cl2, rt, 2 h

1 6
7

Entry R-Cl Silyl enolate Yieldb (%)

1

Ph Cl
1f

OSiMe3

H
6a

7fa (54)

2 7fa (72)c

3 ClPh
1b

OSiMe3

H
6a 7ba (77)

4d 1b

OSiMe3

H
-iPr

6b 7bb (83) [59:41]

5e 1b

OSiMe3

H
-tBu

6c 7bc (83) [65:35]

6 1b
OSiMe3

H
6d 7bd (0)

7 Ph Cl
1a

OSiMe3

H
6a 7aa (68)

a Compound 1 (1 mmol), 6 (2 mmol), InBr3 (5 mol %) and CH2Cl2 (1 mL).
b Yields were determined by 1H NMR analysis. The diastereomeric ratio is shown

in square brackets.
c Compound 6a (3 mmol).
d 6b (E/Z¼44:56).
e 6c (E/Z¼64:36).

8 82%
Br

OMe

O

10 22%

MeO

O

MeO

O

9 46%

cat. InBr3
CH2Cl2, rt

OSiMe3

OMe
Br

Cl +

2a1n

ZnF2

cat. Pd(dba)2

DMF, 80 °C
t-Bu3P

Scheme 2. Chemoselective reaction by the choice of catalyst.
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catalyst. In the case of 1-phenylethyl chloride 1b, various ketone
enolates 4a–4e gave the corresponding products 5ba–5be in
good to quantitative yields (Table 6, entries 1–5). Even in the
case of unsubstituted enolates 4a and 4e (R1¼R2¼H), quantita-
tive yield was achieved. Moreover, the coupling between benzyl
chloride 1a and silyl enolates 4a and 4b at room temperature
gave the corresponding ketones in 31% and 58% yields, re-
spectively (entries 6 and 7), while the corresponding ester-de-
rived enolates 2d and 2g gave no product under the same
conditions (Table 5, entries 4 and 6).

Few examples using aldehyde-derived enolates have been
reported due to lower nucleophilicity.3,12,14 In addition, the
expected aldehyde products could react with the starting enolates
to give complicated mixtures. Gratifyingly, the reaction of silyl
enolate 6a (1.5 equiv) with inactivated tertiary alkyl chloride 1f
gave the corresponding aldehyde 7fa in 54% yield (Table 7, entry
1). The yield was raised to 72% by increasing the amount of the
silyl enolate (entry 2). Secondary benzylic chloride 1b easily
reacted with enolates 6a, 6b, and 6c to produce the corresponding
aldehydes 7ba, 7bb, and 7bc, respectively, in high yields (entries
3–5). Unfortunately, silyl enolate 6d derived from acetaldehyde
was easily decomposed by InBr3 to give a complicated mixture
(entry 6). Primary benzylic chlorides 1a also gave a satisfactory
result (entry 7).

The fine control of chemoselectivity was demonstrated by
changing the catalyst from InBr3 into a Pd-system (Scheme 2). The
alkyl chloride 1n, bearing a bromide moiety selectively provided
the chloro-coupling product 8 in 82% yield with InBr3 catalyst. On
the other hand, employment of Hiyama-coupling conditions pro-
moted alternate coupling at the bromide moiety to furnish the
dehydrochlorinated products 9 and 10.15 This result shows the
complementary selectivity of the palladium- and indium-catalyzed
reaction systems.



InBr3Cl

ClMe3Si

R
R3

O

R1 R2

R2

R1
R3

OSiMe3
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+
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Scheme 3. Plausible mechanism.
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2.2. Mechanistic study

A plausible mechanism for the InBr3-catalyzed coupling re-
action of alkyl chlorides with silyl enolates is shown in Scheme 3.
InBr3 activates the alkyl chloride to produce a carbocation species.
The resulting cation species then reacts with a silyl enolate to give
the desired product and Me3SiCl along with the regeneration of
InBr3 (path A). The reaction may also be accelerated by the com-
bination of InBr3 and Me3SiCl generated in situ (path B), because
the combination system showed strong Lewis acidity as already
reported.5 InBr3 selectively activated an alkyl chloride irrespective
of a silyl enolate because of its high halophilicity.16 In contrast, high
oxophilicity was the reason why the strong Lewis acids such as
AlCl3 and BF3$OEt2 showed no activity.

Kinetic studies were performed in order to gain insights re-
garding the reaction mechanism (Fig. 2). The standard condition
(A) is the reaction of benzyl chloride 1a (0.1 mmol, 0.18 M) with
dimethylketene silyl acetal 2a (0.2 mmol, 0.36 M) and InBr3

(0.01 mmol, 0.018 M) in CD2Cl2. When the amount of either benzyl
chloride 1a (C) or InBr3 (-) was doubled, the reaction rate in-
creased. Thus, it is suggested that the rate-determining step may be
the carbocation generation step by the interaction between 1a and
InBr3. In contrast, an increase in the amount of the silyl enolate 2a
(:) resulted in decreasing the reaction rate. This fact revealed that
Ph Cl OMe

OSiMe3 cat. InBr3

CD2Cl2, 20 °C
Ph

CO2Me+

1a 2a

3aa

0

0.02
0.04

0.06
0.08

0.1
0.12

0.14

0 500 1000 1500 2000 2500
reaction time/ sec

3
a

a
 
/
 
m

m
o

l

1a (0.1 mmol), 2a (0.2 mmol), InBr3 (0.01 mmol)

1a (0.2 mmol), 2a (0.2 mmol), InBr3 (0.01 mmol)

1a (0.1 mmol), 2a (0.2 mmol), InBr3 (0.02 mmol)

1a (0.1 mmol), 2a (0.34 mmol), InBr3 (0.01 mmol)

Figure 2. Effects of amounts of reactants and catalyst for the reaction rate.
the coordination of the oxygen atom on the silyl enolate deactivates
the catalytic activity of InBr3.

2.3. The coupling reaction of alkyl chloride with various
silyl nucleophiles

InBr3 also accelerated the reaction of alkyl chlorides with silyl
nucleophiles other than silyl enolates (Table 8). The reaction of
tertiary alkyl chloride 1f with allyltrimethylsilane 11 proceeded
smoothly in the presence of 5 mol % InBr3 to afford the desired
product 12 in 91% yield.17 The use of alkynylsilane 13 instead of the
allylsilane gave a moderate yield.18 Triethylsilane 15 was used as
a reductant to afford the alkane 16 in 60% yield.

2.4. Three-component tandem reactions

A three-component reaction was envisioned, in which the alde-
hyde generated from the reaction between aldehyde-derived eno-
late and alkyl chloride successively reacted with silyl nucleophiles
(Scheme 4). If this addition to the generated aldehyde was also
promoted by the InBr3 catalyst, a convenient tandem reaction would
be achieved without changing the catalyst and conditions. This idea
was based on the previous report of a Hosomi–Sakurai reaction
catalyzed by the combined Lewis acid of InCl3 and Me3SiCl.19 In the
present reaction system, the formation of In–Si combined Lewis acid
was expected because Me3SiCl was generated as noted in Scheme 3.
It was anticipated that this combined Lewis acid would accelerate
the subsequent addition of the silyl nucleophile to the aldehyde.
Initially, the three components, alkyl chloride 1d, aldehyde enolate
6a, and allylsilane 11 in the presence of 5 mol % of InBr3 were mixed
at one portion at �78 �C, and the resulting mixture was then
warmed to room temperature. Gratifyingly, the desired tandem re-
action selectively took place prior to the coupling of alkyl chloride
and allylsilane, producing the adduct 17 in 54% yield. The addition of
Table 8
Coupling reactions of alkyl chloride 1f with silyl nucleophilesa

Ph Cl Ph Nu

InBr3 (5 mol %)

CH2Cl2, rt, 2 h
+ Nu Si

1f

Entry Nu–Si Yieldb (%)

1 SiMe3 11 12 (91)

2 Ph SiMe3 13 14 (25)

3 H–SiEt3 15 16 (60)

a Compound 1f (1 mmol), Nu–Si (1.5 mmol), InBr3 (5 mol %), and CH2Cl2 (1 mL).
b Yields were determined by 1H NMR analysis.



InBr3 (5 mol %)

OSiMe3

H
SiMe3Ph

OSiMe3

H
SiMe3

Cl

MeO

Cl

MeO

OH

MeO

OH

MeO
Ph

+

17 54%

18 73%

+

OSiMe3

H
Cl

MeO
H

OH

MeO
19 99%

+ H SiEt3

+

+

+

Cl

MeO

OSiMe3

H
InBr3 (5 mol %)

OMe

OSiMe3

OH

MeO

OMe

O

Cl

MeO

OSiMe3

H
InBr3 (5 mol %)

Ph

OSiMe3
OH

MeO

Ph

O

20 92%

21 87%

+

+

CH2Cl2
-78 °C to rt

InBr3 (5 mol %)
CH2Cl2

-78 °C to rt

InBr3 (5 mol %)

CH2Cl2
0 °C to rt

CH2Cl2
0 °C to rt, 2 h

rt, 2 h

0 °C to rt, 2 h
rt, 2 hCH2Cl2

1d (1 mmol) 6a (2 mmol) 11 (2 mmol)

2a (2 mmol)

1d (1 mmol) 6a (2 mmol) 13 (2 mmol)

1d (1 mmol) 6a (2 mmol) 15 (2 mmol)

1d (1 mmol) 6a (2 mmol)

4e (2 mmol)

1d (1 mmol) 6a (2 mmol)

Scheme 4. Three-component tandem reactions.
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alkynylsilane 13, instead of allylsilane, gave propargyl alcohol 18 in
73% yield. The sequential reduction of the generated aldehydes was
also achieved by using triethylsilane 15 to afford the desired alcohol
19 in a quantitative yield. Unfortunately, when an ester-derived
enolate was used as a subsequent nucleophile, the undesired cou-
pling of this enolate with the alkyl chloride proceeded to give no
desired product. This problem could be overcome by the addition of
the ketene silyl acetal 2a after completion of the coupling between
alkyl chloride 1d and aldehyde enolate 6a. The sequential aldol re-
action successfully proceeded to give the b-hydroxy ester 20 in 92%
yield. In a similar manner, silyl enolate 4e also gave the aldol product
21 in 87% yield. InBr3 was found to be a good catalyst that promoted
both coupling and successive addition reactions, and also controlled
the reaction order.
3. The coupling reaction of alkyl ethers with silyl enolates

3.1. Results and discussion

There is no report regarding coupling reactions between silyl
enolates and alkyl ethers, except reactions using tertiary or
Table 9
Effect of combined catalysts; InBr3/Me3SiBra

Ph OMe OMe

OSiMe3 CO2Me
Ph+

Catalyst

rt, 2 h
CH2Cl2

22a 23a 24aa

Entry Catalyst (mol %) Yieldb (%)

1 InBr3 (5) 39
2 InBr3 (5)þMe3SiBr (10) 99
3 Me3SiBr (10) 0

a Compound 22a (1 mmol), 23a (1.5 mmol), InBr3 (5 mol %), Me3SiBr (10 mol %),
and CH2Cl2 (1 mL).

b Yields were determined by 1H NMR analysis.
secondary allylic methyl ethers catalyzed by TrClO4.4 Initially, the
reaction of benzyl methyl ether 22a with ketene silyl acetal 23a was
attempted in the presence of 5 mol % InBr3, but only 39% yield of
adduct 24aa was given (Table 9, entry 1). When the combination
catalyst of InBr3 and Me3SiBr was employed, the yield dramatically
increased to 99% as noted in entry 2. The combination is essential
for this reaction, because no reaction took place when only Me3SiBr
was used (entry 3). Recently we have reported that a similar
combination catalyst of indium trihalide and trimethylsilyl halide
effectively activated such reactions as allylation of ketones or al-
cohols, and Friedel–Crafts reactions.20

Reactions of various alkyl methyl ethers 22 with ketene silyl
acetal 23a in the presence of the combined catalyst are summa-
rized in Table 10. Even the reaction using electron-deficient p-
chlorobenzyl methyl ether 22b proceeded quantitatively (entry 1).
Predictably, secondary benzyl and allyl methyl ethers (22c and
22d) gave excellent results (entries 2 and 3). The tertiary alkyl
methyl ether 22e afforded a lower yield than the corresponding
chloride (entry 4). The reaction of primary allylic methyl ether 22f
also proceeded to give the mixture of isomers 25 and 26 in high
yield (entry 5). This formation of the isomers suggests the in-
corporation of allylic cation species. Acetoxy 22g2,21,22 and ben-
zyloxy 22h groups were also smoothly substituted in high yields
(entries 6 and 7). In the reaction using benzyl allyl ether 22i, the
allyloxy group was substituted prior to the benzyloxy group be-
cause of the higher stability of a benzylic cation compared with an
allylic one (entry 8).

A series of silyl enolates were found to be applicable to this
coupling reaction with ether 22c, as shown in Table 11. Monoalkyl
and monoarylketene silyl acetal (23b and 23c) smoothly afforded
the desired product in 92% and 58% yields, respectively. Methyl
cyclohexylcarboxylate-derived enolate 23d also furnished an ex-
cellent yield. Ketone- and aldehyde-derived enolates (23e and 23f)
also reacted with the methyl ether to give the desired ketone 24ce
and aldehyde 24cf, respectively.



Table 10
Coupling reactions of various ethers 22 with silyl acetal 23aa

OMe

OSiMe3 CO2MeR
InBr3 (5 mol%)

CH2Cl2 (1 mL)
rt, 2 h

R OR' +
Me3SiBr (10 mol%)

22 23a 24

Entry R–OR0 Yieldb (%)

1
OMe

Cl
22b 24ba (99)

2
OMePh

22c 24ca (99)

3
OMe

22d 24da (91)

4
Ph OMe

22e 24ea (28)

5 Ph OMe 22f Ph OMe

25

O

(43)

Ph
26

O

OMe (31)

6 OAcPh 22g
CO2Me

Ph

24aa

(62)

7 OBnPh 22h
CO2Me

Ph

24aa

(99)

8 OAllylPh 22i
CO2Me

Ph

24aa

(89)

a Compound 22 (1 mmol), 23a (1.5 mmol), InBr3 (5 mol %), CH2Cl2 (1 mL).
b Yields were determined by 1H NMR analysis.

Table 11
Coupling reactions of ether 22c with various silyl enolatesa

Ph OMe R3

R2

R1
OSiMe3

Ph R3

O

R1 R2CH2Cl2, 2 h, rt

InBr3 (5 mol %)

+
Me3SiBr (10 mol%)

22c 23 24

Entry Silyl enolate Yieldb (%)

1c

OSiMe3

OMe
Bu

23b 24cb (92) [54:46]

2d

OSiMe3

OMe
Ph

23c 24cc (58) [50:50]

3

OSiMe3

OMe 23d 24cd (96)

4

OSiMe3
23e 24ce (93)

5

OSiMe3

H
23f 24cf (88)

a Compound 22c (1 mmol), 23 (1.5 mmol), InBr3 (5 mol %), Me3SiBr (10 mol %),
and CH2Cl2 (1 mL).

b Yields were determined by 1H NMR analysis. The diastereomeric ratio is shown
in square brackets.

c E/Z¼89:11.
d E/Z¼70:30.

BrMe3Si

R O
δ-
InBr3

δ+

InBr3Br
R

R'OSiMe3

R
R3

O

R1 R2

R2

R1
R3

OSiMe3

R'OSiMe3 +
R OR'BrMe3Si

δ-
InBr3

δ+

R'

Scheme 5. Plausible mechanism.
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3.2. Plausible mechanism

Scheme 5 shows a plausible mechanism. The combination of InBr3

and Me3SiBr is essential, in which the coordination from the bromine
atom on the silicon to InBr3 increases the Lewis acidity of the silicon
center. The combined catalyst effectively activates the ether due to
the high oxophilicity of the silicone center, generating carbocation
species. Perhaps this is the reason that the combination is required in
the reaction of ether in contrast to that of alkyl chlorides. Indium has
enough halophilicity to activate alkyl chloride by itself. The silyl
enolate then attacks the carbocation to give the desired product and
Me3SiOR0 with a regeneration of InBr3 and Me3SiBr.

4. Conclusion

We have accomplished the coupling reactions of alkyl chlorides
with silyl enolates catalyzed by InBr3. This reaction system has a wide
scope of alkyl chlorides and silyl enolates. Various types of silyl
enolates such as ester, ketone, carboxylic acid, thioester, amide, and
aldehyde enolates were successful. In particular, aldehyde enolates
could be applied to a tandem reaction using the product aldehydes.
InBr3 succeeded in the three-component sequential carbon–carbon
bond formations between alkyl chloride, aldehyde enolate, and other
silyl nucleophiles. A coupling reaction of alkyl ether with silyl eno-
lates was accomplished, catalyzed by the combined Lewis acid of
InBr3 and Me3SiBr. Methyl, benzyl, and allyl ether were successfully
applied to this reaction system, and various silyl enolates reacted
with methyl ethers. The high halophilicity and low oxophilicity of
indium catalysts play an important role in both reaction systems.
5. Experimental

5.1. General

New compounds were characterized by 1H, 13C, 13C off-reso-
nance techniques, 1H–1HCOSY, HMQC, HMBC, IR, MS, HRMS, and
elemental analysis. 1H (400 MHz) and 13C NMR (100 MHz) spectra
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were obtained with TMS as internal standard. IR spectra were
recorded as thin films or as solids in KBr pellets. Column chroma-
tography was performed on silica gel (MERK C60 or Fuji Silysia
FL100DX). Bulb-to-bulb distillation (Kugelrohr) was accomplished
at the oven temperature and pressure indicated. Yields were de-
termined by 1H NMR using internal standards.

5.2. Materials

Alkyl chlorides 1f,5 1j,5 1k,5 1l,5 and 1n5 were synthesized by
literature procedure. Silyl enolates 2b,23 2c,24 2d,25 2e,26 2f,24 2g,27

2h,28 2i,5 2j,5 4a,29 4b,30 4c,31 4d,5 6b,5 and 6c5 were synthesized by
literature procedure. Alkyl ether 22b,32 22c,33 22d,34 22e,35 and
22f36 were synthesized by literature procedure. All other materials
are commercially available.

5.3. Products

Products 3aa–3la, 3mi, 3mj, 5bd, 5be, 7fa, 7ba, 7bb, 7bc, 7aa,
7bd, 8, 9, 10, 17, 18 were reported in Ref. 23. Products 3ad,37 3ah,38

5ba,39 5ac,40 5ab,41 5aa,42 12,43 16,44 and 2545 were in an excellent
agreement with the reported data. Compound 24aa is the same
product as 3aa. Compound 24ba is the same product as 3ca.
Compound 24ca is the same product as 3ba. Compound 24da is the
same product as 3ea. Compound 24ea is the same product as 3fa.
Compound 24cb is the same product as 3bd. Compound 24cc is the
same product as 3bf. Compound 24cd is the same product as 3bc.
Compound 24ce is the same product as 5ac. Compound 24cf is the
same product as 7ba. The spectral data for the products 3ab, 3ac,
3bb, 3bc, 3bd, 3be, 3bf, 5bb, 5bc, 14, 19, 20, 21, and 26 are shown
below.

5.3.1. Typical procedure of the coupling reaction of benzyl chloride
1a with dimethylketene trimethylsilyl methyl acetal 2a catalyzed
by InBr3

To a solution of InBr3 (0.05 mmol) and dimethylketene trime-
thylsilyl methyl acetal 2a (1.5 mmol) in CH2Cl2 (1 mL) was added
benzyl chloride 1a (1 mmol), and the mixture was stirred for 2 h at
room temperature. The resulting mixture was then poured into
saturated NaHCO3aq. The mixture was extracted with Et2O and the
organic layer was dried over MgSO4. The evaporation of the ether
solution gave the crude product, which was analyzed by 1H NMR.
The analytical data for this compound matched that previously
reported (Ref. 5).

5.3.2. Typical procedure of the coupling reaction of benzyl methyl
ether 22a with dimethylketene trimethylsilyl methyl acetal 23a
catalyzed by the combined Lewis acid of InBr3 and Me3SiBr

To a solution of InBr3 (0.05 mmol) and dimethylketene trime-
thylsilyl methyl acetal 23a (1.5 mmol) in CH2Cl2 (1 mL) was added
benzyl methyl ether 22a (1 mmol). Then, to the mixture was added
Me3SiBr and the mixture was stirred for 2 h at room temperature.
The resulting mixture was then poured into saturated NaHCO3aq.
The mixture was extracted with Et2O and the organic layer was
dried over MgSO4. The evaporation of the ether solution gave the
crude product, which was analyzed by 1H NMR. The analytical data
for this compound matched that previously reported (Ref. 5).

5.3.3. Ethyl 2,2-diethyl-3-phenylpropanoate 3ab
According to the typical procedure, this compound was pro-

duced from InBr3, 2b, and 1a. IR: (neat) 1728 (C]O) cm�1; 1H NMR:
(400 MHz, CDCl3) 7.24 (t, J¼7.2 Hz, 2H, m), 7.18 (t, J¼7.2 Hz, 1H, p),
7.09 (d, J¼7.2 Hz, 2H, o), 4.12 (q, J¼7.2 Hz, 2H, OCH2CH3), 2.87 (s, 2H,
3-H2), 1.62 (dq, J¼15.2, 7.6 Hz, 2H, 2-(CHAHBCH3)2), 1.52 (dq, J¼15.2,
7.6 Hz, 2H, 2-(CHAHBCH3)2), 1.23 (t, J¼7.2 Hz, 3H, OCH2CH3), 0.88 (t,
J¼7.6 Hz, 6H, 2-(CH2CH3)2); 13C NMR: (100 MHz, CDCl3) 176. 4 (s, C-
1), 137.9 (s, i), 129.9 (d, o), 127.9 (d, m), 126.2 (d, p), 60.1 (t,
OCH2CH3), 51.1 (s, C-2), 39.7 (t, C-3), 26.0 (t, 2-CH2CH3), 14.2 (q,
OCH2CH3), 8.5 (q, 2-CH2CH3); MS: (EI, 70 eV) m/z 234 (Mþ, 22), 164
(31), 160 (26), 115 (21), 91 (PhCH2, 100); HRMS: (EI, 70 eV) calcu-
lated (C15H22O2) 234.1620 (Mþ), found: 234.1624. Analysis:
C15H22O2 (234.33) calcd: C, 76.88; H, 9.46. Found: C, 76.61; H, 9.19.

5.3.4. Methyl 1-benzylcyclohexanecarboxylate 3ac
According to the typical procedure, this compound was pro-

duced from InBr3, 2c, and 1a. IR: (neat) 1728 (C]O) cm�1; 1H NMR:
(400 MHz, CDCl3) 7.25 (t, J¼6.8 Hz, 2H, m), 7.19 (t, J¼6.8 Hz, 1H, p),
7.03 (d, J¼6.8 Hz, 2H, o), 3.60 (s, 3H, OMe), 2.78 (s, 2H, 1-CH2Ph),
2.13–2.00 (m, 2H), 1.68–1.50 (m, 3H), 1.36–1.09 (m, 5H); 13C NMR:
(100 MHz, CDCl3) 176.4 (s, COOMe), 137.1 (s, i), 129.8 (d, o), 127.8 (d,
m), 126.4 (d, p), 51.2 (q, OMe), 48.7 (s, C-1), 46.9 (t, 1-CH2Ph), 34.0 (t,
C-2), 25.7 (t, C-4), 23.3 (t, C-3); MS: (EI, 70 eV) m/z 232 (Mþ, 15), 172
(25), 150 (33), 141 (22), 91 (PhCH2, 100), 81 (59); HRMS: (EI, 70 eV)
calculated (C15H20O2) 232.1463 (Mþ), found: 232.1466.

5.3.5. Ethyl 2,2-diethyl-3-phenylbutanoate 3bb
According to the typical procedure, this compound was pro-

duced from InBr3, 2b, and 1b. Bp: 126 �C/0.2 mmHg. IR: (neat) 1720
(C]O) cm�1; 1H NMR: (400 MHz, CDCl3) 7.26–7.08 (m, 5H, Ar), 4.10
(dq, J¼10.8, 7.2 Hz, 1H, OCHAHCH3), 4.02 (dq, J¼10.8, 7.2 Hz, 1H,
OCHBHCH3), 2.96 (q, J¼7.4 Hz, 1H, 3-H), 1.88 (dq, J¼14.8, 7.2 Hz, 1H,
2-(CHAHMe)A), 1.69 (dq, J¼14.8, 7.2 Hz, 1H, 2-(CHBHMe)A), 1.59 (dq,
J¼15.2, 7.6 Hz, 1H, 2-(CHAHMe)B), 1.43 (dq, J¼15.2, 7.6 Hz, 1H, 2-
(CHBHMe)B), 1.34 (d, J¼7.4 Hz, 3H, 4-H3), 1.17 (t, J¼7.2 Hz, 3H,
OCH2CH3), 0.84 (t, J¼7.2 Hz, 2-(CH2CH3)A), 0.84 (t, J¼7.2 Hz, 2-
(CH2CH3)B); 13C NMR: (100 MHz, CDCl3) 175.7 (s, C-1), 143.5 (s, i),
128.7 (d), 127.6 (d), 126.3 (d, p), 59.8 (t, OCH2CH3), 52.9 (s, C-2), 44.5
(d, C-3), 24.5 (t, 2-CH2CH3), 24.1 (t, 2-CH2CH3), 16.5 (q, C-4), 14.0 (q,
OCH2CH3), 8.7 (q, 2-CH2CH3), 8.5 (q, 2-CH2CH3); MS: (EI, 70 eV) m/z
248 (Mþ, 0.45), 144 (Mþ�PhCHCH3, 32), 105 (PhCHCH3, 100);
HRMS: (EI, 70 eV) calculated (C16H24O2) 248.1776 (Mþ), found:
248.1796. Analysis: C16H24O2 (248.36) calcd: C, 77.38; H, 9.74.
Found: C, 77.45; H, 9.87.

5.3.6. Methyl 1-(1-phenylethyl)cyclohexanecarboxylate 3bc
According to the typical procedure, this compound was pro-

duced from InBr3, 2c, and 1-phenylethyl chloride 1b. Bp: 124 �C/
0.3 mmHg. IR: (neat) 1728 (C]O) cm�1; 1H NMR: (400 MHz, CDCl3)
7.25 (t, J¼7.2 Hz, 2H, m), 7.19 (t, J¼7.2 Hz, 1H, p), 7.09 (d, J¼7.2 Hz,
2H, o), 3.60 (s, 3H, OMe), 2.88 (q, J¼7.6 Hz, 1H, 1-CH(CH3)Ph), 2.16–
2.13 (m, 1H), 2.06–2.02 (m, 1H), 1.63–1.51 (m, 3H), 1.36–0.93 (m,
5H), 1.26 (d, J¼7.6 Hz, 3H, 1-CH(CH3)Ph); 13C NMR: (100 MHz,
CDCl3) 176.1 (s, COOMe), 142.6 (s, i), 128.9 (d, o), 127.5 (d, m), 126.4
(d, p), 51.6 (s, C-1), 51.1 (q, OMe), 48.3 (d, 1-CH(CH3)Ph), 32.6 (t),
30.6 (t), 25.6 (t), 23.8 (t), 23.4 (t), 15.6 (q, 1-CH(CH3)Ph); MS: (EI,
70 eV) m/z 246 (Mþ, 3), 142 (68), 105 (C6H5CHCH3, 100); HRMS: (EI,
70 eV) calculated (C16H22O2) 246.1620 (Mþ), found: 246.1626.
Analysis: C16H22O2 (246.34) calcd: C, 78.01; H, 9.00. Found: C, 77.73;
H, 8.96.

5.3.7. Methyl 2-(1-phenylethyl)hexanoate 3bd (diastereo mixture)
According to the typical procedure, this compound was pro-

duced from InBr3, 2d, and 1-phenylethyl chloride 1b. Bp: 165 �C/
3 mmHg. IR: (neat) 1736 (C]O) cm�1; 1H NMR: (400 MHz, CDCl3)
major isomer: 7.31–7.14 (m, 5H, Ar), 3.71 (s, 3H, OMe), 2.88 (dq,
J¼10.4, 7.2 Hz, 1H, 2-CH(CH3)Ph), 2.57–2.50 (m, 1H, 2-H), 1.67–1.58
(m, 1H, 3-HA), 1.49–1.06 (m, 5H, 4- and 5-H2 and 3-HB), 1.21 (d,
J¼7.2 Hz, 3H, 2-CH(CH3)Ph), 0.87 (t, J¼6.8 Hz, 3H, 6-H3); minor
isomer: 7.31–7.14 (m, 5H, Ar), 3.38 (s, 3H, OMe), 2.96 (dq, J¼9.2,
7.2 Hz, 1H, 2-CH(CH3)Ph), 2.57–2.50 (m, 1H, 2-H), 1.67–1.58 (m, 1H,
3-HA), 1.49–1.06 (m, 5H, 4- and 5-H2 and 3-HB), 1.28 (d, J¼7.2 Hz,
3H, 2-CH(CH3)Ph), 0.76 (t, J¼6.4 Hz, 3H, 6-H3); 13C NMR: (100 MHz,
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CDCl3) 176.3 (s), 175.5 (s), 144.9 (s), 144.7 (s), 128.4 (d), 128.1 (d),
127.3 (d), 127.2 (d), 126.3 (d), 126.2 (d), 53.3 (d), 52.9 (d), 51.2 (q),
50.9 (q), 42.9 (d), 42.2 (d), 30.9 (t), 29.8 (t), 29.6 (t), 29.5 (t), 22.6 (t),
22.3 (t), 20.7 (q), 18.7 (q), 13.8 (q), 13.7 (q); MS: (EI, 70 eV) m/z major
isomer: 234 (Mþ, 3.6), 105 (PhCHCH3, 100); minor isomer: 234 (Mþ,
3.9), 105 (PhCHCH3, 100); HRMS: (EI, 70 eV) major isomer: calcu-
lated (C15H22O2) 234.1620, found: 234.1622; minor isomer: found:
234.1620.

5.3.8. Methyl 2-tert-butyl-3-phenylbutanoate 3be (diastereo
mixture)

According to the typical procedure, this compound was pro-
duced from InBr3, 2e, and 1-phenylethyl chloride 1b. IR: (neat) 1736
(C]O) cm�1; 1H NMR: (400 MHz, CDCl3) major isomer 7.30–7.12
(m, 5H, Ar), 3.22 (s, 3H, OMe), 3.18–3.09 (m, 1H, 3-H), 2.51 (d,
J¼10.0 Hz, 1H, 2-H), 1.39 (d, J¼7.2 Hz, 3H, 4-H3), 1.10 (s, 9H, CMe3);
minor isomer 7.30–7.12 (m, 5H, Ar), 3.69 (s, 3H, OMe), 3.18–3.09 (m,
1H, 3-H), 2.61 (d, J¼10.0 Hz, 1H, 2-H), 1.19 (d, J¼7.2 Hz, 3H, 4-H3),
0.79 (s, 9H, CMe3); 13C NMR: (100 MHz, CDCl3) major isomer 174.6
(s, C-1), 146.1 (s, i), 128.0 (d), 127.6 (d), 126.2 (d, p), 62.6 (d, C-2), 50.4
(q, OMe), 40.5 (d, C-3), 33.1 (s, CMe3), 29.0 (q, CMe3), 22.84 (q, C-4);
minor isomer 175.3 (s, C-1), 146.6 (s, i), 128.4 (d), 127.5 (d), 126.2 (d,
p), 61.7 (d, C-2), 50.8 (q, OMe), 39.3 (d, C-3), 33.5 (s, CMe3), 28.6 (q,
CMe3), 22.76 (q, C-4); MS: (EI, 70 eV) m/z major isomer: 234 (Mþ,1),
177 (Mþ�CMe3, 33), 105 (PhCHCH3, 100); minor isomer: 234
(Mþ,1), 177 (Mþ�CMe3, 26), 105 (PhCHCH3, 100); HRMS: (EI, 70 eV)
major isomer: calculated (C15H22O2) 234.1620 (Mþ), found:
234.1598; minor isomer: found: 234.1628.

5.3.9. Methyl 2,3-diphenylbutanoate 3bf (diastereo mixture)
According to the typical procedure, this compound was pro-

duced from InBr3, 2f, and 1-phenylethyl chloride 1b. IR: (neat) 1736
(C]O) cm�1; 1H NMR: (400 MHz, CDCl3) 7.46–6.96 (m, 10H, Ar),
7.46–6.96 (m, 10H, Ar0), 3.73–3.68 (m, 1H, 2-H), 3.73–3.68 (m, 1H,
20-H), 3.69 (s, 3H, OMe), 3.50–3.41 (m, 1H, 3-H), 3.50–3.41 (m, 1H,
30-H), 3.35 (s, 3H, OMe), 1.39 (d, J¼6.8 Hz, 3H, 40-H3), 1.02 (d,
J¼7.2 Hz, 3H, 4-H3); 13C NMR: (100 MHz, CDCl3) 174.0 (s, C-10), 173.4
(s, C-1), 144.8 (s, e), 143.5 (s, e0), 137.6 (s, a), 137.4 (s, a0), 128.6 (d),
128.5 (d), 128.4 (d), 128.3 (d), 128.1 (d), 128.0 (d), 127.5 (d), 127.3 (d),
126.9 (d), 126.5 (d), 126.1 (d), 59.4 (d, C-2), 59.1 (d, C-20), 51.9 (q,
OMe0), 51.6 (q, OMe), 43.8 (d, C-30), 43.4 (d, C-3), 20.9 (d, C-40), 19.9
(d, C-4); MS: (EI, 70 eV) m/z major 254 (Mþ, 2), 150 (41), 105
(C6H5CHCH3, 100); minor 254 (Mþ, 2), 150 (41), 105 (C6H5CHCH3,
100); HRMS: (EI, 70 eV) major calculated (C17H18O2) 254.1307 (Mþ),
found: 254.1294; minor found: 254.1309. Analysis: C17H18O2

(254.32) calcd: C, 80.28; H, 7.13. Found: C, 80.56; H, 7.13.

5.3.10. 4-Methyl-5-phenylhexan-3-one 5bb (diastereo mixture)
According to the typical procedure, this compound was pro-

duced from InBr3, 4b, and 1-phenylethyl chloride 1b. Bp: 150 �C/
3 mmHg. IR: (neat) 1712 (C]O) cm�1; 1H NMR: (400 MHz, CDCl3)
major isomer 7.32–7.11 (m, 5H, Ar), 2.93 (dq, J¼10.4, 6.8 Hz, 1H, 5-
H), 2.79–2.69 (m, 1H, 4-H), 2.58 (dq, J¼17.6, 7.2 Hz, 1H, 2-HA), 2.40
(dq, J¼17.6, 7.2 Hz, 1H, 2-HB), 1.17 (d, J¼6.8 Hz, 3H, 6-H3), 1.07 (t,
J¼7.2 Hz, 3H, 1-H3), 0.83 (d, J¼7.2 Hz, 3H, 4-Me); minor isomer
7.32–7.11 (m, 5H, Ar), 2.99 (dq, J¼9.6, 7.2 Hz, 1H, 5-H), 2.79–2.69 (m,
1H, 4-H), 2.23 (dq, J¼18.4, 8.0 Hz, 1H, 2-HA), 1.94 (dq, J¼18.4, 8.0 Hz,
1H, 2-HB), 1.25 (d, J¼7.2 Hz, 3H, 6-H3), 1.10 (d, J¼6.4 Hz, 3H, 4-Me),
0.78 (t, J¼8.0 Hz, 3H, 1-H3); 13C NMR: (100 MHz, CDCl3) 215.4 (s),
214.9 (s), 145.4 (s), 144.7 (s), 128.34 (d), 128.27 (d), 127.4 (d), 127.2
(d), 126.3 (d), 126.2 (d), 52.9 (d), 52.7 (d), 42.8 (d), 42.0 (d), 35.9 (t),
35.7 (t), 20.5 (q), 17.9 (q), 16.2 (q), 14.1 (q), 7.5 (q), 7.3 (q); MS: (EI,
70 eV) m/z major isomer 190 (Mþ, 18), 105 (PhCHCH3, 100), 91
(PhCH2, 38); minor isomer 190 (Mþ, 17), 105 (PhCHCH3, 100), 91
(PhCH2, 37); HRMS: (EI, 70 eV) major isomer calculated (C13H18O)
190.1358 (Mþ), found: 190.1350; minor isomer found: 190.1348.
Analysis: C13H18O (190.28) calcd: C, 82.06; H, 9.53. Found: C, 81.86;
H, 9.66.

5.3.11. 3,3-Dimethyl-4-phenyl-2-pentanone 5bc
According to the typical procedure, this compound was pro-

duced from InBr3, 4c, and 1-phenylethyl chloride 1b. Bp: 70 �C/
0.2 mmHg. IR: (neat) 1701 (C]O) cm�1; 1H NMR: (400 MHz, CDCl3)
7.28 (t, J¼7.2 Hz, 2H, m), 7.23 (d, J¼7.2 Hz, 1H, p), 7.17 (d, J¼7.2 Hz,
2H, o), 3.16 (q, J¼7.2 Hz, 1H, 4-H), 2.09 (s, 3H, 1-H3), 1.20 (d, J¼7.2 Hz,
3H, 5-H3), 1.06 (s, 3H, 3-MeA), 0.99 (s, 3H, 3-MeB); 13C NMR:
(100 MHz, CDCl3) 214.2 (s, C-2), 142.2 (s, i), 129.1 (d, o), 127.8 (d, m),
126.5 (d, p), 51.3 (s, C-3), 45.6 (d, C-4), 26.1 (q, C-1), 23.7 (q, 3-MeB),
19.5 (q, 3-MeA), 15.8 (q, C-5); MS: (EI, 70 eV) m/z 190 (Mþ, 1.3), 105
(PhCHCH3, 100), 86 (37); HRMS: (EI, 70 eV) calculated (C13H18O)
190.1358 (Mþ), found: 190.1363.

5.3.12. 3,3-Dimethyl-1,5-diphenyl-1-pentyne 14
IR: (neat) 3062–3027 cm�1; 1H NMR: (400 MHz, CDCl3) 7.44–

7.39 (m, 2H, 1-Ph-o), 7.31–7.15 (m, 8H, Ar), 2.88–2.81 (m, 2H, 5-H2),
1.83–1.75 (m, 2H, 4-H2), 1.35 (s, 6H, 3-Me2); 13C NMR: (100 MHz,
CDCl3) 142.8 (s, 5-Ph-i), 131.6 (d), 128.4 (d), 128.3 (d), 128.1 (d), 127.5
(d), 125.7 (d), 123.9 (s, 1-Ph-i), 96.8 (s, C-2), 80.8 (s, C-1), 45.5 (t, C-
4), 32.1 (t, C-5), 31.8 (s, C-3), 29.2 (q, 3-Me2); MS: (EI, 70 eV) m/z 248
(Mþ, 8), 233 (Mþ�CH3, 100), 143 (Mþ�CH3�CH3�C6H5, 58), 128
(21), 91 (PhCH2, 32); HRMS: (EI, 70 eV) calculated (C19H20) 248.1565
(Mþ), found: 248.1571.

5.3.13. 3-(4-Methoxyphenyl)-2,2-dimethyl-1-propanol 19
Mp 44–45 �C. IR: (KBr) 3352 (OH) cm�1; 1H NMR: (400 MHz,

CDCl3) 7.09 (d, J¼8.8 Hz, 2H, o), 6.83 (d, J¼8.8 Hz, 2H, m), 3.80 (s, 3H,
OMe), 3.31 (m, 2H, 1-H2), 2.53 (s, 2H, 3-H2), 1.59 (m, 1H, OH), 0.88 (s,
6H, 2-Me2); 13C NMR: (100 MHz, CDCl3) 157.8 (s, p), 131.3 (d, o),
130.8 (s, i), 113.2 (d, m), 71.0 (t, C-1), 55.2 (q, OMe), 43.7 (t, C-3), 36.3
(s, C-2), 23.9 (q, 2-Me2); MS: (EI, 70 eV) m/z 194 (Mþ, 24), 121
(MeOC6H4CH2, 100); HRMS: (EI, 70 eV) calculated (C12H18O2)
194.1307 (Mþ), found: 194.1303. Analysis: C12H18O2 (194.27) calcd:
C, 74.19; H, 9.34, found: C, 74.00; H, 9.32.

5.3.14. Methyl 3-hydroxy-5-(4-methoxyphenyl)-2,2,4,4-
tetramethylpentanoate 20

To a suspended solution of InBr3 (0.05 mmol) and 6a (2 mmol)
in CH2Cl2 (1 mL) was added 1d (2 mmol) at 0 �C. The mixture was
stirred and warmed to room temperature for 2 h. Then, 2a
(2 mmol) was added to the reaction mixture and the mixture was
stirred at room temperature for 2 h. The reaction was quenched by
H2O aq (10 mL), and the mixture was extracted with diethyl ether.
The collected organic layer was dried (MgSO4). The solvent was
evaporated and the residue was purified by column chromatogra-
phy (hexane/ethyl acetate¼85/15, column length 11 cm) to give the
product. IR: (neat) 3545 (OH), 1724 (C]O) cm�1; 1H NMR:
(400 MHz, CDCl3) 7.08 (d, J¼8.4 Hz, 2H, o), 6.81 (d, J¼8.4 Hz, 2H, m),
3.78 (s, 3H, ArOMe), 3.65 (s, 3H, COOMe), 3.58 (d, J¼8.0 Hz, 1H, 3-H),
2.73 (d, J¼13.0 Hz, 1H, 5-HAH), 2.65 (d, J¼8.0 Hz, OH), 2.48 (d,
J¼13.0 Hz, 1H, 5-HBH), 1.30 (s, 3H, 2-MeA), 1.26 (s, 3H, 2-MeB), 0.89
(s, 3H, 4-MeA), 0.85 (s, 3H, 4-MeB); 13C NMR: (100 MHz, CDCl3)
178.5 (s, C-1), 157.8 (s, p), 131.7 (d, o), 130.6 (s, i), 113.1 (d, m), 81.6 (d,
C-3), 55.1 (q, ArOMe), 51.8 (q, COOMe), 46.9 (s, C-2), 46.2 (t, C-5),
40.7 (s, C-4), 26.0 (q, 2-MeB), 24.3 (q, 4-MeB), 22.9 (q, 2-MeA), 22.7
(q, 4-MeA); MS: (EI, 70 eV) m/z 294 (Mþ, 4), 121 (MeOC6H4CH2,
100); HRMS: (EI, 70 eV) calculated (C17H26O4) 294.1831 (Mþ),
found: 294.1835.

5.3.15. 3-Hydroxy-5-(4-methoxyphenyl)-4,4-dimethyl-1-
phenylpentan-1-one 21

To a suspended solution of InBr3 (0.05 mmol) and 2-methyl-1-
trimethylsiloxy-1-propene (2 mmol) in dichloromethane (1 mL)
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was added 4-methoxybenzyl chloride (1.0 mmol) at 0 �C. The
mixture was stirred and warmed to room temperature for 2 h.
Then, 1-phenyl-1-trimethylsiloxyethene (2 mmol) was added to
the reaction mixture and the mixture was stirred at room tem-
perature for 2 h. The reaction was quenched by H2Oaq, and the
mixture was extracted with diethyl ether. The collected organic
layer was dried (MgSO4). The solvent was evaporated and the
mixture of the crude product, 1 N HClaq (1.5 mL), and THF (10 mL)
was stirred at 0 �C for 1 h. Then, the reaction was quenched by
NaHCO3aq. The mixture was extracted with diethyl ether. The
collected organic layer was dried (MgSO4). The solvent was evap-
orated and the residue was purified by column chromatography
(hexane/ethyl acetate¼70/30, column length 11 cm) to give the
product. Mp 112–113 �C. IR: (KBr) 3518 (OH), 1670 (C¼O) cm�1; 1H
NMR: (400 MHz, CDCl3) 7.94 (d, J¼7.2 Hz, 2H, 1-Ph-o), 7.56 (t,
J¼7.2 Hz, 1H, 1-Ph-p), 7.45 (t, J¼7.2 Hz, 2H, 1-Ph-m), 7.13 (d,
J¼8.8 Hz, 2H, 5-Ph-o), 6.82 (d, J¼8.8 Hz, 2H, 5-Ph-m), 3.94 (ddd,
J¼10.0, 3.2, 1.6 Hz, 1H, 3-H), 3.77 (s, 3H, OMe), 3.38 (d, J¼3.2 Hz, 1H,
OH), 3.20 (dd, J¼17.2, 1.6 Hz, 1H, 2-HA), 3.03 (dd, J¼17.2, 10.0 Hz, 1H,
2-HB), 2.82 (d, J¼13.2 Hz, 1H, 5-HA), 2.51 (d, J¼13.2 Hz, 1H, 5-HB),
0.97 (s, 3H, 4-MeA), 0.87 (s, 3H, 4-MeB); 13C NMR: (100 MHz, CDCl3)
201.6 (s, C-1), 157.8 (s, 5-Ph-p), 136.4 (s, 1-Ph-i), 133.4 (d, 1-Ph-p),
131.6 (d, 5-Ph-o), 130.6 (s, 5-Ph-i), 128.6 (d, 1-Ph-m), 127.9 (d, 1-Ph-
o), 113.1 (d, 5-Ph-m), 72.8 (d, C-3), 55.1 (q, OMe), 43.6 (t, C-5), 39.6
(t, C-2), 37.9 (s, C-4), 23.3 (q, 4-MeB), 22.2 (q, 4-MeA); MS: (EI, 70 eV)
m/z 312 (Mþ, 1.4), 121 (MeOC6H4CH2, 100), 105 (24); HRMS: (EI,
70 eV) calculated (C20H24O3) 312.1725 (Mþ), found: 312.1727.

5.3.16. Methyl 2,2-dimethyl-3-phenyl-4-pentenoate 26
IR: (deposit from CDCl3) 1736 (C]O) cm�1; 1H NMR: (400 MHz,

CDCl3) 7.28 (t, J¼7.0 Hz, 2H, m), 7.22 (t, J¼7.0 Hz, 1H, p), 7.17 (d,
J¼7.0, 2H, o), 6.23 (ddd, J¼16.0, 12.0, 8.0 Hz, 1H, 4-H), 5.14–5.12 (m,
1H, 5-HBH), 5.12–5.08 (m, 1H, 5-HAH), 3.61 (s, 3H, OMe), 3.61 (d,
J¼8.0 Hz, 1H, 3-H), 1.17 (s, 3H, 2-MeB), 1.11 (s, 3H, 2-MeA); 13C NMR:
(100 MHz, CDCl3) 177.4 (s, C-1), 140.3 (s, i), 136.9 (d, C-4), 129.1 (d,
o), 127.9 (d, m), 126.7 (d, p), 117.5 (t, C-5), 57.7 (d, C-3), 51.6 (q, OMe),
46.9 (s, C-2), 23.2 (q, 2-MeA), 22.2 (q, 2-MeB); MS: (EI, 70 eV) m/z
218 (Mþ, 3), 117 (Mþ�C(CH3)2COOMe, 100); HRMS: (EI, 70 eV)
calculated (C14H18O2) 218.1307 (Mþ), found: 218.1301.
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