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ABSTRACT

We report the catalytic asymmetric allylation of ketones under highly concentrated reaction conditions with a catalyst generated from titanium
tetraisopropoxide and BINOL (1:2 ratio) in the presence of isopropanol. This catalyst promotes the addition of tetraallylstannane to a variety
of ketones to produce tertiary homoallylic alcohols in excellent yield (80 −99%) with high enantioselectivities (79 −95%). The resulting homoallylic
alcohols can also be epoxidized in situ using tert -butyl hydroperoxide (TBHP) to afford cyclic epoxy alcohols in high yield (84 −87%).

Synthetic organic chemistry has advanced to the level that
most complex natural products can now be prepared.1-3 As
a result, a focus of organic synthesis is how natural products
can be made in a truly practical manner.4-6 One of the
challenges facing chemists, therefore, is the development of
transformations that are not only efficient, selective, and high
yielding but also more environmentally benign.7,8

Common measures of the “greenness” of reactions are the
E factor9 and the volume productivity.10 The E factor is
defined as the ratio of weight waste to weight product, and

the volume productivity is grams of product per liter of the
reaction medium. TheE factor for many pharmaceuticals
has been estimated to exceed 100.11 The largest contributors
to the magnitude ofE factors are organic solvents, many of
which are ecologically harmful and require costly remedia-
tion.

One approach to reducing a reaction’sE factor and,
therefore, its adverse impact on the environment is to conduct
them under solvent-free or highly concentrated conditions.11-14

Advantages of solvent-free or highly concentrated reactions
include cost savings, reduced energy consumption, decreased
reaction times, and a considerable reduction in reactor size
and, therefore, capital investment. These attributes have
inspired a substantial research effort directed toward the
development of solvent-free reactions.10-14

Despite the importance of solvent-free and highly concen-
trated processes, relatively few studies concerning concen-
trated catalytic asymmetric reactions have been reported.15-21
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This is not surprising, given that catalyst enantioselectivity
and efficiency can be highly sensitive to the concentration
and reaction medium.22 Although the challenges of solvent-
free and highly concentrated asymmetric catalysis are
significant, they are outweighed by the potential environ-
mental and economical benefits.

In response to these challenges, a few research groups have
examined catalytic asymmetric reactions under solvent-free
and highly concentrated conditions.15-21 Examples of highly
enantioselective catalysts that exhibit good substrate general-
ity under solvent-free conditions include Jacobsen’s salen
derivatives for the kinetic resolution of racemic epoxides,
desymmetrization of meso epoxides,23-26 and the hetero-
Diels-Alder reaction.27 Other examples include Ding’s
hetero-Diels-Alder28 and carbonyl-ene17 reactions and the
Hoveyda/Schrock enantioselective ring-closing metathesis
route to cyclic amines.29 We recently reported the asymmetric
addition of alkyl and functionalized alkyl groups to ketones
under solvent-free conditions.16 Under these conditions,
catalyst loadings were reduced by 4-40 fold, while main-
taining high levels of enantioselectivity (>90% ee).16

Herein, we report a related effort to develop a more
efficient process for the asymmetric allylation of ketones.
In contrast to our asymmetric allylation of ketones employing
dichloromethane solvent, optimization of the reaction under
highly concentrated conditions resulted in the identification
of a new titanium catalyst.

We recently introduced a highly enantioselective catalyst
for the asymmetric allylation of ketones under standard
solvent conditions.30 Although new catalysts are emerging
for this difficult transformation,31-40 development of an

efficient and general catalyst remains challenging. Our
original catalyst was generated by combining 30 mol % of
titanium tetraisopropoxide, 30 mol % of BINOL, and
isopropanol (20 equiv with respect to the ketone substrate).
The resulting catalyst promotes addition of tetraallylstannane
to a variety of ketones in CH2Cl2 with high enantioselec-
tivities (Scheme 1).30

Combining 3-methylacetophenone with 1.5 equiv of tetra-
allylstannane, 20 equiv of IPA, and 20 mol % of catalyst
(Ti/BINOL, 1:1 ratio) in CH2Cl2, we produced the corre-
sponding homoallylic alcohol in 82% yield and 96% ee
(Table 1, entry 1). Decreasing the amount of IPA from 20

to 3 equiv resulted in only a 2% decrease in the enantiose-
lectivity (Table 1, entry 2). At lower catalyst loadings (10
and 5 mol %), the difference in enantioselectivity with 20
vs 3 equiv of IPA increased (entries 3 vs 4 and 5 vs 6).
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Scheme 1. Catalytic Asymmetric Allylation of Ketones in
CH2Cl2 Solvent

Table 1. Comparison of the Asymmetric Allylation of
3-Methylacetophenone under Standard and Highly Concentrated
Reaction Conditions

entry solvent
Ti(OiPr)4

(mol %)
BINOL
(mol %)

IPA
(equiv)

% ee
(% yield)

1 20 20 20 96 (82)
2 20 20 3 94 (91)
3 10 10 20 88 (94)
4 CH2Cl2 10 10 3 81 (86)
5 5 5 20 69 (93)
6 5 5 3 61 (89)
7 20 20 20 85 (91)
8 concentrated 10 10 3 81 (88)
9 5 5 3 79 (84)
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In an effort to reduce the amount of solvent employed,
the allylation in entry 1 (96% ee) was repeated in the absence
of dichloromethane. Thus, employing 20 mol % of catalyst
and 20 equiv of IPA caused the enantioselectivity of the
product to drop to 85% (Table 1, entries 1 vs 7). Surprisingly,
decreasing the amount of IPA from 20 to 3 equiv at 10 and
5 mol % of catalyst produced a smaller change in the
enantioselectivity of the product (entries 8 and 9). Reducing
the amount of IPA and catalyst loading had only a marginal
effect on product yield and enantioselectivity under highly
concentrated conditions (Table 1, entries 7-9). In sharp
contrast, using less catalyst in CH2Cl2 solution resulted in a
33% decrease in the enantioselectivity (entries 2 and 6).
Using less than 3 equiv of IPA under concentrated conditions
resulted in lower enantioselectivities.

In the allylation of aldehydes, it is known that the ratio of
titanium to BINOL can impact the ee of the secondary
homoallylic alcohol product.41-43 On the basis of this
observation and the results in Table 1, we examined the
impact of the Ti/BINOL ratio on the ketone allylation under
concentrated conditions (3 equiv of IPA, no CH2Cl2). Thus,
reaction of 3-methylacetophenone, tetraallylstannane (1.5
equiv), and 10 mol % of catalyst (Ti/BINOL ratio of 1:1)
resulted in a product with 88% ee (Table 2, entry 1). We

were pleased to find that doubling the mol % of BINOL,
while maintaining the mol % of titanium tetraisopropoxide,
resulted in an increase in ee to 95% (Table 2, entry 2). On
the basis of this result, we focused on catalyst optimization
maintaining a 1:2 ratio of Ti/BINOL. Reducing the mol %
of titanium to 5, 2, and 1 caused a loss of enantioselectivity,
which was dramatic below 5 mol % (Table 2, entries 3-5).

After optimizing the reaction under concentrated condi-
tions, with a 1:2 ratio of Ti/BINOL and 3 equiv of IPA, we
investigated the substrate scope of this new catalyst system
(Table 3). Only a marginal electronic influence was found

with substituted acetophenone derivatives, as 3-(trifluoro-
methyl) and 4-methoxyacetophenone underwent allylation
with similar enantioselectivities at 10 mol % of catalyst (89%
and 88%, entries 3 and 5). For comparison purposes,
3-methylacetophenone underwent allylation at 10 mol % of
catalyst, generating the product in 95% ee (Table 3, entry
1). Decreasing catalyst loading to 5 mol % for these
substrates resulted in a decrease in enantioselectivity to 90%,
79%, and 82% (entries 2, 4, and 6, respectively). The enone
possessing the exocyclic double bond proved to be an
excellent substrate, providing enantioselectivities of 91% and
85% at 10 and 5 mol % of catalyst (entries 7 and 8,
respectively).

Reaction of theR,â-unsaturated enone produced the
corresponding homoallylic alcohol in 91% and 86% ee at
10 and 5 mol % of catalyst (entries 9 and 10). The cyclic
ketoneR-tetralone underwent addition with slightly lower
enantioselectivity (87% and 79%, entries 11 and 12). The
results listed in Table 3 demonstrate the potential range of
substrates that can be transformed into homoallylic alcohols
with high levels of enantioselectivity using this new catalyst
under highly concentrated conditions. It is noteworthy that
these highly concentrated conditions allow for a 3-fold
reduction in titanium and a 1/3 reduction in BINOL loading,
with a significant decrease in the reaction volume.

Another method to increase the synthetic efficiency of a
transformation is via tandem reactions, which enable rapid
increases in molecular complexity with minimal isolation and
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Table 2. Optimization of the Ti(OiPr)4/BINOL Ratio and
Catalyst Mol % under Highly Concentrated Conditions

entry
Ti(OiPr)4

(mol %)
BINOL
(mol %)

IPA
(equiv)

% ee
(% yield)

1 10 10 3 88 (88)
2 10 20 3 95 (93)
3 5 10 3 90 (90)
4 2 4 3 55 (97)
5 1 2 3 28 (95)

Table 3. Yields and Enantioselectivities for the Asymmetric
Allylation of Ketones under Highly Concentrated Conditions
with a 1:2 Ti/BINOL Ratio
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purification.44 With this aim in mind, we set out to conduct
a tandem asymmetric allylation of enones followed by a
chemo- and diastereoselective directed epoxidation of the
allylic double bond under concentrated conditions. Our
approach involves exploitation of the titanium catalyst
employed in the asymmetric allylation to conduct the
diastereoselective epoxidation reaction. Thus, after the ketone
allylation was complete, 1 equiv of anhydroustert-butyl
hydroperoxide (TBHP, 5.5 M in decane) was added to the
reaction mixture (Table 4).30

The epoxidation proceeded readily at room temperature
to afford thesyn-epoxy alcohols in 84-87% yield (Table

4). No erosion in ee during the epoxidation was observed,
and only a single diastereomer was detected in each case by
1H NMR spectroscopy and GC analysis. The tandem
asymmetric allylation/diastereoselective epoxidation reaction
is operationally simple and circumvents the need to isolate
and purify the intermediate tertiary allylic alcohols. Starting
from achiral precursors, this one-pot sequence results in the
generation of three contiguous stereocenters with excellent
enantio- and diastereoselectivity and with high yields.

In summary, we have developed a new catalyst for the
asymmetric allylation of ketones that is readily prepared from
titanium tetraisopropoxide and BINOL (1:2 ratio) in the
presence of isopropanol. Although the role of the isopropanol
remains elusive, it is necessary to obtain high enantioselec-
tivity. This catalyst functions under concentrated reaction
conditions, providing tertiary homoallylic alcohols with high
levels of enantioselectivity. Furthermore, catalyst loadings
as low as 5 mol % give high enantioselectivity, representing
a significant reduction from our original system, which
required 30 mol % of catalyst and 20 equiv of IPA to obtain
high enantioselectivity.

The resultant enantioenriched products are particularly
useful intermediates in synthesis because the double bonds
can be differentially functionalized. This was illustrated in
the tandem asymmetric allylation/diastereoselective epoxi-
dation reaction that chemoselectively oxidizes the more
electron-rich allylic double bond, producing thesyn-epoxy
alcohols in high yields and diastereoselectivity. Although our
new approach is more environmentally friendly, we are
currently searching for allyl sources that do not involve tin.
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