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ABSTRACT

A titanium complex derived from 3-(3,5-diphenylphenyl)-BINOL exhibits an enhanced catalytic activity in the asymmetric alkylation of aldehydes,
allowing the reduction of the catalyst amount to less than 1 mol % without deterioration in enantioselectivity.

Titanium(IV) complexes of 1,1′-bi-2-naphthol (BINOL,1)
and its derivatives are one of the most versatile chiral Lewis
acid catalysts employed in a number of useful asymmetric
processes.1 Much effort has been directed toward the
modification of the parent BINOL to optimize catalysts to
specific enantioselective reactions. In 1997, Nakai and Chan
et al. reported that the reaction of aldehydes with diorga-
nozincs enantioselectively gave the alkylation products in
the presence of a catalytic amount of BINOL and a
stoichiometric amount of titanium tetraisopropoxide.2 Since
these initial reports, a variety of BINOL derivatives have
been examined as chiral ligands for the reaction.3,4 Although
considerable improvements in enantioselectivity have been
achieved by the modification of the parent BINOL frame-

work, 10-20 mol % of catalysts need to be used. Because
these modified BINOLs are less accessible, a reduction in
the amount of catalysts remains an important issue for the
practicality of this useful asymmetric transformation.

Herein, we wish to report that the titanium catalysts
derived from 3-substituted unsymmetric BINOLs25 exhibit
an enhanced activity allowing the reduction of the catalyst
amount. Enantioselectivities comparable to or higher than
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20 mol % of the parent BINOL can be achieved by using
less than 1 mol % of the (3,5-diphenyl)phenyl derivative2f.

Asymmetric ethylation of benzaldehyde was examined at
low catalyst loading (eq 1, Table 1). The reactions were

carried out in the presence of (R)-BINOL derivatives1, 2a-
g, and3 (2 mol %) with diethylzinc (3 equiv) and titanium
tetraisopropoxide (1.4 equiv) in CH2Cl2 at 0°C. Under these
conditions, the reaction with the parent BINOL did not attain
the full conversion after 5 h, affording (R)-1-phenylpropanol
in lower enantioselectivity (85% ee) than reported for the
reaction at 20 mol % catalyst loading (92% ee)2b (entry 1).
The reaction with 3-substituted unsymmetric BINOLs2a-
d, on the other hand, was completed within 5 h (entries 2-5).
The conversion of benzaldehyde after 1 h revealed the
following order in the reaction rate for the R group on the
BINOL moiety: Ph> Me ≈ Br > PhCtC > H, suggesting
that BINOL derivatives with sterically more demanding
substituents would afford a higher turnover frequency.
Although the highly hindered 2,6-dimethylphenyl derivative
2g did not show an anticipated reactivity (entry 8), the 3,5-
dimethylphenyl derivative2eand 3,5-diphenylphenyl deriva-
tive 2f were found to be highly efficient (entries 6 and 7).
The reactions were accomplished within 3 and 1 h with2e

and 2f, respectively. In addition to the enhanced reaction
rate, these unsymmetric BINOLs,2f in particular, exhibited
an improved enantioselectivity. It should be noted that the
enhanced activity was observed only for the monosubstituted
unsymmetric derivatives. The reaction using 3,3′-diphenyl-
BINOL 3 was sluggish and nonselective (entry 9).

A satisfactory reaction rate and high enantioselectivity
were obtained even by using less than 2 mol % of the 3,5-
diphenylphenyl derivative2f (Table 2). Reductions in the

catalyst loading to 0.5 mol % were possible without lowering
the enantioselectivity (entries 2 and 3). Decreased enantio-
selectivity upon further reduction (0.1 mol %, entry 4) is
most probably attributed to a competing titanium tetraiso-
propoxide-promoted background reaction judging from its
rate estimated from a control experiment (entry 5). By virtue
of the rate enhancement, reactions could be carried out at
-20 °C by using 1-2 mol % of 2f, affording products with
slightly higher ee’s (entries 6 and 7). The higher activity of
the catalyst derived from2f was again shown in comparing
the conversion after 1 h with those of a parent BINOL and
phenyl derivative2d (entry 6 vs entries 8 and 9).

The addition of diethylzinc to other aldehydes was
examined by using2f under condition A (1 mol % at 0°C)
and B (2 mol % at-20 °C) (Table 3). For aromatic
aldehydes, the reactions were accomplished within 2 h even
with the low catalyst loadings to give the corresponding
ethylation products in high enantioselectivity (90-96% ee)
(entries 1-10). Under condition A,2f exhibited enantiose-
lectivities comparable to or higher than those reported for
BINOL (20 mol % at 0 °C).2b A further albeit small
improvement in enantioselectivity was observed by carrying
out the reaction at-20 °C (condition B). Although an
aliphatic aldehyde was less reactive and less enantioselective
(entry 11), a high enantioselectivity as well as turnover
efficiency was observed for anR,â-unsaturated aldehyde
(entries 12 and 13).

In a recent study on the mechanism of asymmetric
alkylation catalyzed by BINOL-derived titanium complexes,
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Table 1. Asymmetric Ethylation of Benzaldehyde with
BINOLs 1, 2a-g, and3a

conversion (%)

entry ligand R after 1 h after 5 h ee (%)

1 1 H 39 94 85
2 2a PhCtC 44 >98 84
3 2b Br 55 >98 81
4 2c Me 55 >98 79
5 2d Ph 65 >98 87
6 2e 3,5-Me2C6H3 91 >98b 90
7 2f 3,5-Ph2C6H3 >98 93
8 2g 2,6-Me2C6H3 32 83 83
9 3 < 5 94c 9

a Unless otherwise noted, reactions were carried out in the presence of
the (R)-BINOL derivatives (2 mol %) with Et2Zn (3 equiv) and Ti(OiPr)4
(1.4 equiv) in CH2Cl2 at 0 °C for 5 h. b After 3 h. c After 48 h.

Table 2. Asymmetric Ethylation of Benzaldehyde with
Unsymmetric BINOL2fa

conversion (%)

entry mol % temp (°C) after 1 h after 5 h ee (%)

1 2 0 >95 93
2 1 0 96 >98b 94
3 0.5 0 81 >98 93
4 0.1 0 32 92 82
5 0 0 <5 15 0
6 2 -20 95 >98b 95
7 1 -20 64 >98 94
8c 2 -20 33 87 89
9d 2 -20 56 >98 92

a Unless otherwise noted, reactions were carried out with2f, Et2Zn (3
equiv), and Ti(OiPr)4 (1.4 equiv) in CH2Cl2. b After 2 h. c BINOL 1 was
used.d Ph-BINOL 2d was used.
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it was shown that the ethyltitanium species formed in
equilibrium from diethylzinc and titanium tetraisopropoxide
is an active alkylating agent.6 A large excess of titanium
tetraisopropoxide is required with respect to the ligand to
obtain the sufficient concentration of the alkyltitanium
species. At the low catalyst loading, BINOL and a large
excess of titanium tetraisopropoxide most probably form a
mixture of 1:1-aggregate4 and 1:2-aggregate5 (Scheme 1;
R1 ) H).7,8 If we assume that the asymmetric alkylation
proceeds through complex66a with a five-coordinate titanium
center but not through six-coordinate titanium complex7,
the presence of5 diminishes the concentration of4, the

precursor of the reactive intermediate6, to reduce the overall
catalyst efficiency. The introduction of a substituent (R1) at
the 3-position of the naphtholate moiety may cause a
destabilizing interaction in 1:2-aggregate5, thereby main-
taining the sufficient concentration of4 even at the lower
catalyst loadings. The very low activity observed for 3,3′-
diphenyl derivative3 (Table 1, entry 9) is consistent with
this rationale because aggregate4, as well as aggregate6,
should be destabilized by the additional substituent (R2) at
the 3′-position. Judging from the rate of the background
reaction, the enantioselectivity of BINOL derivatives2 seems
to be determined primarily by the extent of the background
reaction and might not be influenced much by the structure
of the substituents. The observation is also in accord with
the catalytic reaction through6 where substituent R1 locates
distal to the reaction site.

In summary, we have demonstrated that the titanium
complexes derived from 3-substituted unsymmetric BINOLs
2 exhibit enhanced catalytic activity in the asymmetric
alkylation of aldehydes. Less than 1 mol % of the 3,5-
diphenylphenyl derivative2f is enough to obtain a compa-
rable or higher enantioselectivity than reactions using 20 mol
% of the parent BINOL.

Supporting Information Available: The preparation of
ligands and a representative reaction procedure. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Table 3. Asymmetric Ethylation of Aldehydes Catalyzed by a
Titanium Complex Derived from Unsymmetric BINOL2fa

entry aldehydes conditionsa yield (%)b ee (%)c,d

1 p-MeC6H4CHO A 94 92 (88)
2 B 89 94
3 m-MeOC6H4CHO A 91 94 (94)
4 B 94 95
5 o-ClC6H4CHO A 74 77 (69)
6 B 72 80
7 1-naphthylCHO A 95 95 (94)
8 B 82 96
9 2-naphthylCHO A 93 90 (81)

10 B 84 91
11e PhCH2CH2CHO B 53 85
12 PhCHdCHCHO A 96 92
13 B 92 93

a Unless otherwise noted, reactions were carried out for 1-2 h. Condition
A: 2f (1 mol %) at 0°C. Condition B: 2f (2 mol %) at-20 °C. b Isolated
yield. c Determined by chiral stationary phase HPLC; Chiralcel OB (entries
5 and 6) or Chiralcel OD (other entries).d Values in parentheses refer to
the ee reported for the reaction using BINOL (20 mol %) under otherwise
identical conditions.2b e The reaction was carried out for 5 h.

Scheme 1
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