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ABSTRACT: A conformational search method based on the
density functional theory (DFT) was successfully applied to explore
a mechanism for the highly enantioselective alkylation by
binaphthyl-modifed chiral phase-transfer catalysts. Key interactions
that govern the enantioselectivity were analyzed. The computational
results are encouraging for further application of the DFT-based
conformational search toward the rational design of next-generation
asymmetric phase transfer catalysts.

Asymmetric organocatalysis is one of the most useful
methods for a wide variety of enantioselective trans-

formations. Among them, asymmetric phase-transfer catalysis
using chiral quaternary ammonium salts such as cinchona
alkaloid and binaphthyl derivatives has advanced dramatically
because of its simple experimental procedure, mild reaction
conditions, and the environmentally benign nature of the
reaction system.1−4 In particular, chiral N-spiro quaternary
ammonium salts bearing two different binaphthyl-modified
subunits 1, which are now commercially available as a
“Maruoka catalyst”, were successfully applied to various
asymmetric phase-transfer reactions (Scheme 1).5−8

The phase-transfer benzylation of 2 with (S,S)-1 and (R,R)-1
proceeds smoothly at 0 °C to give the corresponding
benzylation product with excellent enantioselectivity. The
introduction of aromatic substituents at the 3,3′-position of

one binaphthyl subunit is crucial to obtain excellent
enantioselectivity.9 As shown in Figure 1, the alkylation begins

with the interfacial deprotonation of the α-proton of 2 to give
enolate ion 3. The enolate molecule binds to the catalyst by
weak interactions, leading to noncovalent catalyst−enolate
complex 4. This complex reacts with an alkyl halide molecule to
give an optically active monoalkylation product. In this letter,
we present the first systematic DFT-based conformation
analysis of the catalyst to reveal the origin of the excellent
enantioselectivity.
To determine the lowest-energy transition structures leading

to R- and S-products, we performed a DFT-based conformation
search of the transition state for the nucleophilic attack of the
enolate ion to benzyl bromide in the presence of (S,S)-1c.
Initial structures of the transition state were generated with a
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Scheme 1. Asymmetric Benzylation of Glycine Derivatives 2
with Maruoka Catalysts

Figure 1. General mechanism for the asymmetric alkylation of 2 with
the Maruoka catalyst (Q+).
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conventional molecular mechanics based conformational search
using the MacroModel program.10 Two isoenergetic diaster-
eomers of the enolate ion were considered in the conforma-
tional search (Figure S1). A total of 1436 initial conformations
were obtained when all conformations within 20 kcal/mol
above the global minimum were considered. The OPLS 2005
force field11 was used for the calculations. The obtained
structures were reoptimized by using the PM6-DH+ semi-
empirical method12 implemented in the MOPAC program.13

This method was parametrized to include dispersion and
hydrogen-bonding corrections for describing weak interactions
correctly at low computational cost. Then, we optimized 154
refined structures whose MOPAC energy is within 10 kcal/mol
above the global minimum using the B97-D functional14 and
the resolution of identity approximation15,16 implemented in
the Turbomole program.17 This is one of the most accurate
DFT methods with dispersion correction to yield structures
and interaction energies for a wide variety of noncovalent
complexes including large van der Waals systems.14 We used
the SV(P)18 basis set on all the atoms. The C···C distance
between the α-carbon of the enolate ion and the benzylic
carbon of benzyl bromide was fixed to 2.7 Å in the
MacroModel, MOPAC, and DFT calculations to generate a
reasonable initial guess for subsequent transition state searches.
As summarized in Table S1, the top 20 conformations of the
partially optimized structures account for 100.0% population,
and they are fully optimized to locate the transition states. We
used the TZVP19 basis set on all the atoms for the transition
state search. Finally 18 discrete conformations of the transition
state were obtained.
Table 1 summarizes computed energies and Boltzmann

populations of the lowest 10 conformations of the transition

state. The top three conformations of the transition state give
the R-product and accounts for the 99.9% population, which is
in excellent agreement with the observed enantioselectivity of
the catalyst. The energy difference between the most stable
conformation for the R- and S-production (#1 and #4) is 5.3
kcal/mol. To assess the ability of the B97-D method for
describing weak interactions in the system, we re-evaluated the
energy difference with three other methods, B3LYP-D,20−22 RI-
MP2,23 and RI-CC2.24 As summarized in Table S2, these
methods also give a large energy difference, and therefore, our
conclusion is not influenced by the methods chosen here. As
depicted in Figure S2, the top three conformations are similar
in their structures, and we focus on the most stable

conformation (#1) of the transition state to reveal key factors
for the high enantioselectivity.
Figure 2 shows top and side views of the most stable

conformation of the transition state. In the transition state, the

benzylation occurs via the nucleophilic attack of the Re-face of
the enolate ion in the vicinity of the cationic ammonium center.
The C−Br and C−C bond distances are 2.258 (2.383) and
2.977 (2.665) Å at the B97-D (B3LYP-D) level of theory,
respectively. Let us first look at key interactions in the
transition state to understand why this conformation is the
most stable. Figure 3a shows the charge distribution in the

transition state for the benzylation at the RI-B97-D/TZVP level
of theory. The total charge of the transition state is −1, the
negative charge being localized on the leaving Br atom and the
carbonyl oxygen in addition to the α-carbon. To stabilize the
transition state, the negatively charged atoms come into close
contact with the cationic ammonium center of the catalyst. As
shown in Figure 3b, the anionic atoms form hydrogen bonds to
the α-hydrogens of the ammonium moiety in the most stable
conformation. Table S3 lists the distances from the spiro N
atom to the Br atom and to the carbonyl oxygen. The relative
energy of the conformations increases as the N···Br and N···O
distances increase and the maximum Coulombic interactions
are achieved in the most stable conformation. These results
show that the Coulombic interactions would be the main factor
in controlling the conformation of the transition state.
Maruoka and co-workers25 synthesized (S,S)-2 having two

equivalent binaphthyl-modified subunits and monoaryl sub-

Table 1. Lowest 10 Conformations of the Transition State
with Boltzmann Populations (%) at 0 °C on the Basis of
DFT Energies (kcal/mol)

conf. energy population chirality

1 0.0 91.5 R
2 1.3 7.9 R
3 2.8 5.4 × 10−1 R
4 5.3 5.5 × 10−3 S
5 7.2 1.4 × 10−4 R
6 9.1 4.5 × 10−6 R
7 9.5 2.4 × 10−6 S
8 11.0 1.4 × 10−7 S
9 12.2 1.5 × 10−8 S
10 12.3 1.4 × 10−8 S

Figure 2. Top and side views of the most stable conformation (#1) of
the transition state leading to the R-product in the benzylation. The
near side is displayed in a ball-and-stick style. Gray, C; blue, N; red, O;
green, F; and brown, Br.

Figure 3. (a) Atomic charge distribution in the transition state for the
benzylation. (b) Coulombic interactions between the anionic atoms in
the transition state and the cationic ammonium center. Important
parts are displayed in a ball-and-stick style. Units in Å.
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stituted (S,S)-3 to investigate the effects of the aromatic
substituents (Scheme 2). These catalysts exhibit a slightly lower

enantioselectivity (95% ee for (S,S)-2 and 90% ee for (S,S)-3)
in comparison with (S,S)-1c, but both catalysts show much
higher enantioselectivity than nonaryl substituted (S,S)-1a
(79% ee). These experimental findings indicate the existence of
secondary interaction between the substituents and the enolate
ion. In the most stable conformation, the 3,4,5-trifluorophenyl
groups of the catalyst form nonclassical hydrogen bonds to the
leaving Br atom and to the N atom of the enolate ion, which
shows that the identity of the secondary interaction is likely to
be the hydrogen bonds (Figure 4). The negatively charged Br

atom and, to a lesser extent, the N atom are stabilized by the
hydrogen bonds. The weaker C−H···N interaction would be
lost in the catalysis of (S,S)-2 and (S,S)-3, leading to the slight
reduction of the enantioselectivity. The F atoms at the 3,4,5-
postions of the substituent play a critical role in the
enantioselectivity; (S,S)-1b shows a lower enantioselectivity of
89% ee. This is because the acidity of the H atom at the 2,6-
positions of the substitutent is increased by the F atoms to
strengthen the hydrogen-bonding interactions.
With the information on the key interactions in mind, we

attempt to understand why the high enantioselective
benzylation takes place in the presence of (S,S)-1c. Figure 5a
shows an imaginary conformation for the S-production where
the benzylation occurs via the nucleophilic attack of the Si-face
of the enolate ion. We manually placed the benzyl bromide and
the enolate ion, so that the anionic Br and carbonyl oxygen
would have maximum interactions with the ammonium center
and substituents in a similar manner to the most stable
conformation for the R-production. However, the benzyl
bromide and the enolate ion rotate approximately 45° around
the ammonium center in the most stable actual conformation
(#4) for the S-production, as shown in Figure 5b. The C−Br
and C−C bond distances are 2.444 (2.462) and 2.689 (2.544)
Å at the B97-D (B3LYP-D) level of theory, respectively. In the

actual structure, the N···Br distance is much longer than that in
the most stable transition state for the R-production and the
C−H···N interaction is lost, and therefore, the S-production is
disfavored. Figure 6 shows a side view from a different angle of

the most stable conformation of the transition state for the R-
and S-production. A phenyl group of the enolate ion
experiences a significant steric interaction with the binaphthyl
subunit of the catalyst in the transition state for the S-
production, whereas the repulsion is not observed in the case of
the R-production due to the asymmetric geometry of the
binaphthyl subunit. To avoid the steric interaction, the enolate
ion rotates as shown in the actual conformation for the S-
production, leading to the loss of some key interactions
between the reactants and the catalyst.
In summary, we performed a DFT-based conformation

search to determine the lowest-energy transition structures
leading to R- and S-products in the highly enantioselective
benzylation by binaphthyl-modifed chiral phase-transfer cata-
lysts. In the most stable conformation for the R-production, the
negatively charged Br atom and carbonyl oxygen are effectively
stabilized by the central ammonium moiety and the aromatic
substituents at the 3,3′-position. The transition state for the S-
production is disfavored in energy due to the steric hindrance
between the phenyl group of the enolate ion and the binaphthyl
subunit of the catalyst. Our computational approach has proven
useful in finding unknown or unexpected transition structures
responsible for enantioselectivity. This work will inspire an in
silico design of next-generation asymmetric organocatalysts.

Scheme 2. Two Equivalent Binaphthyl-Modified (Left) and
Monoaryl Substituted (Right) Maruoka Catalysts

Figure 4. Nonclassical hydrogen bonds (C−H···X, X = Br and N)
donated by the 3,4,5-trifluorophenyl groups of the catalyst in the most
stable conformation. Units in Å.

Figure 5. (a) Imaginary conformation for the transition state leading
to the S-product. (b) The most stable actual conformation (#4).

Figure 6. Side view from a different angle of the most stable
conformation of the transition state leading to the R- and S-products.
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