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ABSTRACT

A practical method is developed for the synthesis of enantioenriched functionalized secondary alcohols through catalytic enantioselective
alkylation of aldehydes. Functionalized alkylboron reagents, [FG�(CH2)n]3B (FG = Br, TIPSO, PhtN, CO2

iPr, and CN) prepared from terminal olefin
precursors by hydroboration, undergo enantioselective addition to aldehydes in the presence of a catalytic amount (5 mol %) of 3-(3,5-diphenylphenyl)-
H8-BINOL and excess titanium tetraisopropoxide to afford the corresponding functionalized alcohols in high enantioselectivities up to 99% ee.

A variety of methods have been developed for the
catalytic enantioselective alkylation of aldehydes1 ever
since the seminal report of a chiral amino alcohol catalyzed
reaction with dialkylzinc reagents by Noyori and co-
workers.2 However, the scope of alkyl groups that can be
introduced is relatively limited. The situation is in good

contrast to a wide range of aryl groups that can be
introduced by a relevant catalytic enantioselective aryla-
tion reaction.3 In particular, very few methods have been
developed for the enantioselective addition of functiona-
lized alkyl groups thatwouldprovide an efficient entry into
chiral polyfunctional alcohols,4,5 despite recent significant
advances in the chemistry of the functionalized organome-
tallic reagents.6 Taking advantage of the easy access by the
hydroboration of alkene precursors and high functional
group tolerance, an alkylboron reagent would serve as one
of the optimal reagents for the alkylation of aldehydes
(Scheme 1). Indeed, Knochel and co-workers have reported
a highly enantioselective method for aldehyde alkylation
using alkylboron reagents.5 In this method, functionalized
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alkylboranes [FG�(CH2)n]BEt2, prepared by hydrobora-
tion of the corresponding terminal alkenes with Et2BH, was
converted to dialkylzinc reagents [FG�(CH2)n]2Zn by a
B/Zn exchange reactionwithEt2Znandused in the presence
of a chiral bis-triflylamide titanium complex for the enan-
tioselective synthesis of polyfunctional secondary alcohols.
Although the reaction exhibited high functional group
tolerance and excellent selectivity at an 8 mol % catalyst
loading, theuseof pyrophoric neatEt2Zn in large excess and
its removal before use in the alkylation reaction make this
protocol practically less attractive.

Recently, we have reported an enantioselective alkyla-
tion of aldehydes using Et3B via direct boron to titanium
transmetalation through the catalysis of a chiral titanium
complex derived from 3-(3,5-diphenylphenyl)-H8-BINOL
(DPP-H8-BINOL 6a).7 In the present study, we examined
the application of the catalyst system to the enantioselec-
tive synthesis of polyfunctional chiral secondary alcohols
using functionalized trialkylboranes 3 prepared from termi-
nal alkenes 2.8

Treatment of 1-naphthaldehyde (1a) with Et3B (3a)
(1.5 equiv) in the presence of (R)-DPP-H8-BINOL 6a

(2 mol %) and Ti(OiPr)4 (3 equiv) in refluxing THF
afforded the corresponding ethylation product 4aa in
83% yield and in 96% ee (Scheme 2, entry 1).7 Under
these conditions, the reaction of 1awith Bu3B (3b) resulted
in the major formation of the reduction product 5a (49%)
(entry 2). Butyl adduct 4ab was obtained as a minor
product, while maintaining high enantioselectivity. When
5mol%of 6awas employed, the yield of 4abwas improved
to 57%with retardationof the competing reduction (entry 3).
(R)-DPP-BINOL 6c (5 mol %) exhibited a slightly better
result with respect to the yield of 4ab butwith lower enantios-
electivity (entry 4). (R)-H8-BINOL 6b afforded the major
reduction product even at 20 mol % loading (entry 5).
The undesirable reduction of aldehydes could proceed

through dehydroboration9 by alkylboranes 3 and/or

through Meerwein�Ponndorf�Verley-type reduction10

by titanium tetraisopropoxide. We speculated that an
alkyltitanium [RTi(OiPr)3] is an active species for alkylation
of aldehydes. Its generation might be a rate-determining
step by unfavorable transmetalation of the alkylboranes
with titanium tetraisopropoxide, requiring THF refluxing
conditions. According to this mechanistic proposition, the
substrate aldehyde would be reduced by the coexisting
alkylboranes and/or titanium tetraisopropoxide during the
slow generation of the alkyltitanium reagents. To circum-
vent the problem, the reaction of p-chlorobenzaldehyde (1b)
withHex3B (2c) was carried out under similar conditions of
entry 3 by slowly adding the aldehyde. In accord with our
expectation, the slow addition of 1b improved the yield of
corresponding product 3bc to 60%and 70%after 2 and 4 h,
respectively (entries 7 and 8 vs entry 6). In our recent study
on enantioselective alkenylation of aldehydes by using alk-
1-enyl dicyclohexylboranes (RCHdCHBCy2), addition
of the alkenyl groups took place selectively without the

Scheme 1. Enantioselective Synthesis of Functionalized Sec-
ondary Alcohols from Terminal Alkenes and Aldehydes

Scheme 2. Optimization of Reaction Conditions
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participation of the cyclohexyl group.11 Based on this
observation, hexylation of 2b was examined by using
HexBCy2 (1.5 equiv) as a boron reagent (entry 9). Although
hexyl adduct 3bcwas obtained as a sole alkylation product,
the reaction was sluggish and the reduction pathway
predominated (entry 9).
Under the slow addition conditions (Scheme 2, entry 8),

the scope of the catalytic enantioselective alkylation was
studied first for a range of aldehydes 1a�i by using Hex3B

(3c) (Scheme 3). The reaction of para andmeta substituted
benzaldehyde derivatives (1b�d) as well as 1-naphthalde-
hyde 1a afforded the corresponding products 4 in good
yields and in high selectivities (90�96% ee) (Table 1,
entries 1�4). On the other hand, moderate enantioselec-
tivity was observed for ortho substituted derivative 1e

(entry 5). The reaction exhibited high enantioselectivity
(91�94% ee) also for heteroaromatic aldehydes 1f,g
and R,β-unsaturated aldehyde 1h (entries 6�8). Aliphatic
aldehyde 1j was considerably less reactive, affording the
corresponding product 4ic in low yield with an inferior
selectivity (72% ee).
To clarify the scope for alkylboron reagents 3, reactions

were carried outwith thoseprepared from terminal alkenes
2 by hydroboration with BH3 3 SMe2. Boron reagents 3,
prepared from aryl substituted olefins 2d,e and ω-bromo-
1-alkenes 2f,g, underwent enantioselective addition to
aromatic, heteroaromatic, and R,β-unsaturated aldehydes
to give the corresponding alkylation products 4 in high
enantioselectivity (91�99%). Functionalized alkylboron
reagents prepared from TIPS protected olefinic alcohols
2h,i and the phthalimide derivative (2j) of pent-4-enyla-
mine also underwent enantioselective addition to aromatic
aldehydes to furnish the corresponding monoprotected
diols and amino alcohols, respectively, in 89�96%ee, with
the exception of the reaction of o-bromo derivative 1f

(entries 17�22). Alkylboron reagents bearing isopropyl
ester and cyano groups, derived from terminal functiona-
lized alkenes 2k,l, could be used successfully in the present
reaction (entries 23�26). The corresponding functiona-
lized secondary alcohols were obtained in good yields and
high enantioselectivities (93�97% ee).
Recently, we have reported an alternative method for

enantioselective addition of functionalized alkyl groups to

Scheme 3. Catalytic Enantioselective Alkylation of Aldehydes
by Using Alkylboron Reagents

Table 1. Catalytic Enantioselective Alkylation of Aldehydes
Using Alkylboron Reagentsa

aReactions were carried out by adding aldehydes 1 (0.5 mmol) in
THF (0.7 mL) slowly for 4 h to a solution of boron reagents 3 (1.5 M)
(1.5 equiv), 6a (5 mol %), and Ti(OiPr)4 (3 equiv) in THF at 66 �C. The
reaction mixture was refluxed further for 1 h. b Isolated yield. cDeter-
mined by a chiral phase LC analysis. dThe absolute configuration was
determined to be R. See Supporting Information for details.
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aldehydes byusing alkylzinc bromide reagents [FG�(CH2)n�
ZnBr 3LiCl] in the presence of the DPP-H8-BINOL-derived
titanium catalyst.12 Notably, the two methods can be
employed in the preparation of enantiomerically enriched
functionalizedalcohols in a complementarymanner.Thus,
for example, starting from ω-bromo-1-alkene 2f,g, the
enantioselective addition of terminal alkenyl groups can
be achieved via the corresponding alkylzinc bromide
reagents (CH2dCH(CH2)nZnBr; n = 2, 3) while, on the
other hand, the application of the present method realizes
the enantioselective addition of ω-bromoalkyl groups
(entries 13�16).
In summary, we have developed a practical method for

the enantioselective synthesis of functionalized secondary
alcohols starting from readily available terminal alkenes

andaldehydes via alkylboron reagents. The reaction canbe
carried out at a low catalyst loading (5 mol %) and is
applicable to a variety of functionalized alkenes, including
those containing a bromine atom, a protected alcohol and
amine, an ester, and a nitrile.
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