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ABSTRACT: A highly enantioselective allylation reaction of aldehydes with silyl reagents was developed for the synthesis of a
variety of chiral homoallylic alcohols. In the presence of a chiral oxazaborolidinium ion (COBI) catalyst, the reaction proceeded in
high yield (up to 99%) with excellent asymmetric induction (up to 99% ee).

he enantioselective allylation reaction of carbonyl
compounds is one of the most powerful carbon—carbon
bond-forming methods for the stereoselective construction of
optically active homoallylic alcohols, which are valuable and
versatile chiral building blocks that, after simple transformation
to other functional groups, have been used for the synthesis of
numerous biologically active compounds and natural product-
s."*4 Because of their importance, allylation reactions have
attracted considerable attention of organic chemists, and
notable asymmetric versions of this reaction have been
discovered over the past several decades.' Several effective
asymmetric catalytic methodologies with numerous achiral allyl
reagents such as allylstannanes,” allyl halides,” allyl acetates,”
and allylboronates® have been developed. Among them,
allylsilanes are broadly used in modern organic synthesis,
benefiting from nontoxicity, air and moisture stability, and easy
preparation and handling.’”®
The asymmetric allylation of aldehydes with allylsilanes,
known as the Hosomi—Sakurai reaction,” is typically catalyzed
by Lewis acids, and notable catalytic asymmetric versions of
the reaction have been reported by several research groups.’
Since the first catalytic asymmetric reaction with chiral
(acyloxy)borane® was reported in 1993, titanium- and
cerium-based® catalysts have provided the corresponding
homoallylic alcohols in moderate to good yields with
asymmetric induction. Recently, silylium-based Lewis acid
organocatalysts®”’ were developed by List et al. to catalyze
enantioselective allylation reactions with methallyltrimethylsi-
lane and the less nucleophilic allytrimethylsilane. However,
many of these reactions were limited to electron-rich
aldehydes. Moreover, both the yield and the enantiomeric
excess could be further improved by the development of new
catalytic enantioselective methods.
Our research group recently reported highly enantioselective
nucleophilic addition reactions with silyl reagents catalyzed by
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chiral oxazaborolidinium ions (COBIs, 1) as a strong Lewis
acid catalyst. In particular, enantioselective cyanosilylation'**"
and hydrosilylation'* reactions of carbonyl compounds were
successfully developed. Inspired by these previous develop-
ments, we anticipated that a COBI would be a suitable Lewis
acid catalyst for enantioselective allylation reactions of
aldehydes with allylsilane reagents. Herein we disclose
enantioselective methallylation and allylation reactions of
various aldehydes with allylsilanes catalyzed by a COBI (1)
in high yields (up to 99%) with excellent enantiomeric excess
(up to 99%) (Scheme 1).

At the outset of this study, the enantioselective allylation
reaction between benzaldehyde and methallyltrimethylsilane
was examined in the presence of 20 mol % of COBI catalyst 1
activated by triflic acid. The reaction was carried out at =78 °C

Scheme 1. Catalytic Enantioselective Methallylation and
Allylation Reactions of Aldehydes Using COBI Catalyst 1
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in toluene and was quenched by tetrabutylammonium fluoride
(TBAF) solution after completion of the reaction to give chiral
homoallylic alcohol 2a in 89% yield with 74% ee (Table 1,

Table 1. Optimization of the Asymmetric Methallylation of
Benzaldehyde“

o) 1) Cat. 1 (20 mol%) OH
PhMe, -78°C
" \ /
H Si .
>~ 2)TBAF
Ar 2a
ﬁAr
NSO 1a: Ar = 2-naphthyl, R = OMe
H B” 1b: Ar = 3,5-bis(trifluoromethyl)phenyl, R = OMe
- R 1c: Ar = 3,5-dimethylphenyl, R = OMe
TfO 1d: Ar = 3,5-dimethylphenyl, R = H
1e: Ar = 3,5-dimethylphenyl, R = OEt
1f: Ar = 3,5-dimethylphenyl, R = F
catalyst
entry cat. additive (equiv) time (h) yield (%)° ee (%)°

1 la none 13 89 74
29 1b none LS 87 76
3 Ic none 13 80 87
4 1d none 13 84 43
S le none 18 70 56
6 1f none 4 98 71
7 1c TMSCI (0.2) 13 8§ 89
8 1c TMSCI (1.5) 8 92 94
9 1c TMSCI (3.0) S 98 40

“Unless otherwise noted, the reactions of benzaldehyde (0.2 mmol)
with methallyltrimethylsilane (0.3 mmol) were performed in the
presence of 1 (20 mol %) in 1.2 mL of toluene at —78 °C. bIsolated
yield of 2a. “ee of 2a was determined by chiral HPLC. “Reaction was
performed at —40 °C.

entry 1). Encouraged by this initial attempt, we screened the
catalyst structure and found that the catalyst 1c with 3,5-
dimethylphenyl (Ar) and methoxy (R) substituents activated
by triflic acid gave the best result with 80% yield and 87% ee
(entries 1—6). Because the reaction mixture of catalyst 1b was
heterogeneous at —78 °C, the reaction was performed at —40
°C to provide 2a in 87% yield with 76% ee (entry 2). In the
COBI catalyst system, the 2-methoxyphenyl substituent
appeared to be superior to phenyl, 2-ethoxyphenyl, and 2-
fluorophenyl substituents in terms of asymmetric induction
(entries 3—6). Interestingly, the reaction rate and enantiomeric
excess slightly increased with the addition of 20 mol % of
trimethylsilyl chloride'' (TMSCI) (entry 3 vs entry 7). Other
additives, such as TMSBr, TMSI, and TMSOT{, gave lower
enantiomeric excess compared with TMSCI. From investigat-
ing the amount of TMSC], it emerged that 1.5 equiv of TMSCI
provided the best result (entries 7—9). The use of 3 equiv of
TMSCIl gave lower enantiomeric excess due to probable
competing pathways of carbonyl activation through cationic
silicon species'” that resulted in racemic products (entry 9).
Using optimized reaction conditions (Table 1, entry 8) for
the catalytic enantioselective allylation reaction, we evaluated
this methodology with a range of substituted aldehydes (Table
2). Regardless of the electronic and steric properties of
substituents on the aldehydes, highly optically active
homoallylic alcohols 2 were obtained (entries 2—9). Whereas
benzaldehydes substituted with electron-withdrawing groups
showed high reactivities (entries 2—S), electron-donating
group substitution gave low reactivities and decreased
enantiomeric excess in the presence of catalyst lc. To

Table 2. Asymmetric Methallylation Reactions of Various
Aldehydes™"

1) 1¢ (20 mol%)

0 \ / ?&“é?ﬁ _(71{.3;%q) OH
R O e AP
R™ 'H 2) TBAF R 2

entry 2 R time (h)  yield (%) ee (%)
1 2a Ph 13 92 94
2 2b 4-NO,CH, 2 95 96
3¢ 2¢ 4-CF,C¢H, 2 96 96
4 2d 4-BrC(H, 3 98 95
5 2e 2-BrC¢H, 3 94 99
6 of 4-CH,C¢H, 12 92 79
7 2g 2-CH;C¢H, 6 96 93
8 2h 4-BnOCGH, 18 95 86
9 2i 4-MeOC4H, 18 92 78
10 2 2-furyl 12 86 99
11 2k 1-naphthyl 8 99 83
12 21 2-naphthyl 12 98 89
13 2m (E)-PhCH=CH 6 72 85
145 2n PhCH,CH, 0.5 92 78
15 2n PhCH,CH, 0.5 94 69

“Unless otherwise noted, the reactions of aldehydes (0.2 mmol) with
methallyltrimethylsilane (0.3 mmol) were performed in the presence
of 1c (20 mol %) and TMSCI (0.3 mmol) in 1.2 mL of toluene at
—78 °C. "Absolute configurations of 2 shown in Table 2 were
assigned by measurements of optical rotation and comparisons with
the known substances. For details, see the Supporting Information.
“Isolated yield of 2. “ee of 2 was determined by chiral HPLC. “1
mmol scale reaction was also performed to give 2¢ in 97% yield with
97% ee./Reaction was performed in the presence of 1b (20 mol %) at
—40 °C. *Reaction was performed in the absence of TMSCI.

overcome this issue, the reactions for electron-donating-
group-substituted benzaldehydes were performed in the
presence of catalyst 1b at —40 °C (entries 6—9). Notably,
excellent results were obtained with sterically hindered ortho-
substituted benzaldehydes (entries S and 7). This catalytic
system was also successfully applied to reactions of various
other aromatic aldehydes such as furyl, naphthyl, and cinnamyl
(entries 10—13). However, the strongly Lewis-acidic COBI
catalyst was prone to trimerize aliphatic aldehydes. To prevent
trimerization, hydrocinnamaldehyde was added to the solution
of methallyltrimethylsilane and catalyst 1c in toluene to
provide product 2n in 92% yield with 78% ee (entry 14). In
the presence of TMSCI, chiral homoallylic alcohol 2n was
obtained in 94% yield with 69% ee (entry 15).

Encouraged by the good results exhibited in Table 2, we
applied our new catalytic method to the more challenging
enantioselective Hosomi—Sakurai reaction with allyltrimethyl-
silane to obtain chiral homoallylic alcohols 3 (Table 3).
Concentrated conditions and an elevated reaction temperature
were needed to complete the reaction due to the low
nucleophilicity of allyltrimethylsilane."”* An evaluation of
COBI catalysts with benzaldehyde identified 1b as the optimal
catalyst instead of 1c. The effect of TMSCl is evident. (See the
Supporting Information for details.) As summarized in Table 3,
the reactions produced the corresponding chiral homoallylic
alcohols 3 in good yields with high enantiomeric excess
regardless of the electronic properties and position of
substituents on the aromatic ring (entries 1—13). The
combination of TMSCl and 1b increased the yield and
enantiomeric excess of 3j up to 91 and 87%, respectively (entry
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Table 3. Asymmetric Allylation Reactions of Various
Aromatic Aldehydes™”

1) 1b (20 mol%)
PhMe, rt

o \/ TMSCI(1.5eq) OH
R)J\H + /\/Sl\ 2) TBAF R)\a/\

entry 3 R time (h) yield (%) ee (%)d
1 3a Ph 12 97 94
28/ 3b 4-NO,C¢H, 18 94 98
3¢ 3¢ 4-CF,C4H, 5 99 96
48 3d 4-BrC¢H, 8 98 93
5 3e 2-BrC¢H, 8 96 84
6 3f 4-FC4H, 12 99 9
7¢ 3g 3-FC4H, 6 95 95
8¢ 3h 2-FC(H, 6 99 96
9° 3i 2,4-Cl,C¢H, 1 94 94
10 3j 4-CH,C¢H, 14 91 87
11" 3j 4-CH;CgH, 18 12 38
12 3k 2-CH,C¢H, 5 94 88
13 3l 1-naphthyl 13 97 79

“Unless otherwise noted, the reactions of aldehydes (0.2 mmol) with
allyltrimethylsilane (0.3 mmol) were performed in the presence of 1b
(20 mol %) and TMSCI (0.3 mmol) in 0.2 mL of toluene at room
temperature. “Absolute configurations of 3 shown in Table 3 were
assigned by measurements of optical rotation and comparisons with
known substances. For details, see the Supporting Information.
“Isolated yield of 3. “ee of 3 was determined by chiral HPLC. 1.2 mL
of toluene was used. Reaction was performed at 0 °C. €1 mmol scale
reaction was also performed to give 3d in 96% yield with 93% ee.
hReaction was performed in the absence of TMSCL

10 vs entry 11). To the best of our knowledge, this is first
highly enantioselective boron-catalyzed Hosomi—Sakurai
reaction with allyltrimethylsilane.

The observed stereochemistry of the catalytic asymmetric
allylation reaction catalyzed by COBI 1c can be rationalized
using the transition-state model shown in Figure 1. The mode

By R 1e OR' R
TMSCIZ w

6 :R'=TMS
TBAF|  2a:R'=H,R=CH,
5 3 R=HR=H

Figure 1. Transition-state model of the asymmetric allylation of
benzaldehyde catalyzed by 1c.

of coordination of benzaldehyde to 1c would be the same as
has been previously observed in other enantioselective
nucleophilic additions.'” In the pretransition state assembly
4, shown in Figure 1, the benzaldehyde group is located above
the 3,5-dimethylphenyl group, which effectively shields the re
face (back) from addition by the allylsilane. Nucleophilic
addition of the allylsilane from the si face (front) of
benzaldehyde leads to intermediate S. The apparent function
of TMSCI is to increase the reaction rate by regenerating
COBI 1c."" After deprotection of the silyl group of compound
6, chiral homoallylic alcohol 2a or 3a is obtained as the major
enantiomer. Comparisons of the optical rotation data with

literature values confirmed the absolute (S) stereochemistry of
products 2a and 3a.

We presented the first highly enantioselective boron-
catalyzed Hosomi—Sakurai reactions of a broad range of
aldehydes with allylsilanes. Notably, enantioselective reactions
of both electron-rich and electron-poor aldehydes were
achieved using the same catalysts. This mild protocol delivers
efficient access to a variety of chiral homoallylic alcohols in
high yields with excellent asymmetric induction. These studies
revealed that TMSCl is an essential additive that increased the
reaction rate as a promoter of catalyst regeneration. The
absolute configurations of the major products were the same as
those predicted by the transition-state model in Figure 1.
Further investigations concerning the role of TMSCI in this
reaction as well as an extension of the reaction scope are in
progress in our laboratory.
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