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ABSTRACT

Binaphthol ligands promote the enantioselective addition of allylboronates to ketones. In this study, we use DFT calculations to establish the
identity of the reacting chiral species. Our results show that a cyclic Lewis acid-activated boronate is the most reactive species on the basis
of calculated energy barriers, and it is only this species that leads to the correct enantiomer. The stereoinduction can be rationalized in terms
of the competing chairlike transition structures.

The asymmetric allylation is a valuable synthetic method
for preparing chiral homoallylic alcohols. In 2004, Chong
and co-workers reported that the allylboration of both
aldehydes and ketones with the (S)-3,3′-(CF3)2-binaphthol-
derived allylboronate occurs in high yields and enantiose-
lectivities.1 More recently, Schaus and co-workers developed
a closely related and highly enantioselective ligand-acceler-
ated protocol for the catalytic asymmetric allylboration of
ketones.2,3 To develop this challenging reaction, the authors
relied on the facility with which acyclic boronates undergo
ligand exchange and also on the rate acceleration produced

by the use of Lewis acids4 or strong Brønsted acids5 in the
addition of allylboronates to aldehydes. They suggested that
chiral diols could catalyze asymmetric allylboration reactions
by acting as exchangeable chiral ligands with Brønsted acid
properties. To investigate this concept, several chiral diols
were tested, and (S)-3,3′-Br2-BINOL was shown to be the
catalyst of choice. The reaction of ketones with B-1-
allyldiisopropylboronate (2) catalyzed by (S)-3,3′-Br2-BINOL
(3a) gave the chiral tertiary homoallylic alcohols with
excellent yields and enantioselectivities (Scheme 1). Under
optimized reaction conditions, the allylation of acetophenone
(1) afforded the (S)-homoallylic alcohol 4 in 83% yield and
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97:3 er. The reactions of 1 with (E)- and (Z)-crotylboronates
were also highly enantio- and diastereoselective, giving the
anti and syn products, respectively. On the basis of prelimi-
nary kinetic and 1H NMR mechanistic experiments, it was
proposed that 2 exchanges one isopropoxy ligand to give a
binaphthol-associated boronate. A hydrogen-bonding interac-
tion between the catalyst and the remaining alkoxy ligand
leads to the preferential attack of the ketone Si face in the
proposed chairlike allylboration transition structure (TS).
Here we report the results of DFT calculations that point to
an alternative mechanistic hypothesis: Lewis acid catalysis
(Scheme 1).

We studied the reaction of acetophenone (1) with allyl
diisopropylboronate (2) using (S)-3,3′-dibromo-1,1-biphenyl-
2,2-diol (3b) as a model for catalyst 3a. Calculations were
performed at the B3LYP/6-31G* level of theory with
Gaussian 03.6 The choice of this level of theory for the
present investigation was based on our previous experience
on the study of reactions of organoboranes.7 Free energies

in solution were computed on the structures optimized in
the gas phase at the B3LYP/6-31G** level of theory with
the polarizable continuum model (PCM) as implemented in
Gaussian 03 using dichloromethane as the solvent, which
has a dielectric constant similar to that of trifluorotoluene.8

We have investigated the competing allylboration reactions
of 1 with boronates 2, 5, and 6, in which the isopropoxy
groups are sequentially displaced by the chiral ligand.
Scheme 2 shows the energetics for ligand exchange, the

optimized geometries of the boronates, and our proposed
catalytic cycle for 6. Scheme 3 depicts the reaction coordi-
nates for the most favorable transition structures and gathers
the geometries of the complexes.9

It is interesting to point out that complexation and
allylboration are calculated to be more favorable in solution
than in the gas phase. In addition, activation barriers in the
gas phase are much higher than those in solution. This can
be attributed to the greater stabilization of the more polarized
intermediates and transition structures relative to starting
materials in solution. However, the reaction and activation
free energies computed with both methods follow the same
trends.

In agreement with the results of NMR experiments, our
calculations suggest that 5 is the predominant chiral boronate
in the reaction mixture. Crucially, however, although bor-
onate 6 is present in smaller amounts, it is predicted to be
the most reactiVe species. In line with our previous theoretical
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Scheme 1. Catalytic Asymmetric Allylboration of Ketones

Scheme 2. Ligand Exchange: Optimized Geometries of 2, 5,
and 6 with Selected Distances, in Å, and Bond Indices (In

Parentheses) and Catalytic Cycle for 6a

a Free energies are shown in kcal mol-1.
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results for related reactions,10 calculations predict that the
pathway for 6 is more favorable than that of 5, which, in
turn, is more favorable than the background reaction for 2.
The cyclic allylboronate 6 is nonplanar so the oxygen lone
pairs cannot delocalize into the vacant boron orbital, enhanc-
ing its Lewis acidity. Consequently, 6 readily forms a
coordination complex with ketone 1 and the activation energy
of the subsequent addition step is lowered. In contrast,
diisopropylboronate 2 and Brønsted acid activated boronate
5 both allow the oxygen lone pairs to delocalize into the
vacant boron orbital and so are less able to coordinate to
the ketone. Ultimately, this leads to higher allylboration
energy barriers.

The argument that cyclic boronate 6 is the reacting species
is strengthened further by considering the calculated enan-
tioselectivities.11 The computed Re facial selectivity for 5
(Re/Si 99:1, Brønsted acid) is at odds with experiment, while
the Si selectivity for 6 (Si/Re 100:0, Lewis acid) agrees both
qualitatively and quantitatively with the experimental value
(Si/Re 97:3). It may be argued that the differences between
the calculations and the experiment could arise from the use
of biphenol 3b as a model for the binaphthol catalyst 3a.
However, Jaguar12 calculations with the compound used in

the experiments (3a) demonstrate that the higher reactivity
computed for boronate 6 and the opposite Re versus Si facial
selectivity for 5 and 6, respectively, are maintained. This
indicates that the inclusion of the additional aromatic rings
in the transition structures does not alter the results obtained
with 3b, which supports the use of this model for performing
the calculations.

We note that the calculations suggest that the isopropoxy
group in the transition structures corresponding to the
reaction of 5 prefers to be equatorial (Figure 1) and not axial,
as Schaus suggested (Scheme 1), and this may account for
the reverse in selectivity from his suggested transition
structure. For cyclic boronate 6, a close contact exits between
a bromine atom in the ligand and the axial methyl group in
the six-membered chairlike TS leading to attack of the Re
face of the ketone (TS 1 + 6-Re), which explains the
observed Si facial selectivity (Figure 1). The transition
structures for allylboronate 5a are more crowded, especially
TS 1 + 5-Si, which shows an unfavorable steric interaction
between the allylic methylene and one of the bromines. In
Scheme 4, we represent the chiral ligand in the same way
as our earlier studies of binaphthol-derived catalysts.13
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Scheme 3. Reaction Profiles in Solution for the Allylboration of 1 with 2, 5, and 6: Free Energies Relative to Reactants in the Gas
Phase and in Solution (in Parentheses); Optimized Geometries of the Complexes (Below the Reaction Profiles) with Selected Distances

in Å and Bond Indices in Parentheses
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The 6-31G* basis set may treat structures such as 2 and 6
well. However, the lack of polarization or diffuse functions
on hydrogen may lead to a poor treatment of the hydrogen
bonding observed in 5. To validate the use of the 6-31G*
basis set, we ran single-point calculations for the reagents
and the transition structures corresponding to boronates 5
and 6 with the 6-311++G** basis set.14 These demonstrated
that the relative activation energies are consistent with both
basis sets.

In conclusion, DFT calculations have shown that the
binaphthol-catalyzed allylboration reaction operates by Lewis

acid activation rather than Brønsted acid activation. The
activation proceeds via the formation of a reactive cyclic
boronate intermediate. This mechanism contrasts with the
originally proposed pathway via a Brønsted acid activated
mixed boronate, which was found to possess a higher energy
barrier for allylboration and to give the wrong sense of
stereoinduction. The cyclic binaphthol-derived boronate is
predicted to impart stereoselectivity in the allylboration by
minimizing the steric interactions between a bromine atom
and the methyl of the ketone, and the calculated enantiose-
lectivity agrees closely with the experiment. These findings
should aid the design of new ligand-accelerated boron
reactions. More calculations on related allylboration reac-
tions, such as the catalytic asymmetric allylboration of acyl
imines,15 are in progress and will be reported in due course.
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Figure 1. Optimized geometries of the transition structures with
selected distances in Å and bond indices in parentheses and free
energies (in kcal mol-1) relative to reactants in the gas phase and
in solution (in parentheses).

Scheme 4. Brønsted Acid versus Lewis Acid Activation
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