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The catalytic asymmetric thiazolium- and triazolium-catalyzed ben-
zoin condensations of aldehydes and ketones were studied with
computational methods. Transition-state geometries were opti-
mized by using Morokuma’s IMOMO [integrated MO (molecular
orbital) + MO method] variation of ONIOM (n-layered integrated
molecular orbital method) with a combination of B3LYP/6-31G(d)
and AM1 levels of theory, and final transition-state energies were
computed with single-point B3LYP/6-31G(d) calculations. Correla-
tions between experiment and theory were found, and the origins
of stereoselection were identified. Thiazolium catalysts were pre-
dicted to be less selective then triazolium catalysts, a trend also
found experimentally.

he use of computational theory to understand and predict

the stereoselectivity of catalytic asymmetric reactions has
undergone rapid development. The introduction of faster com-
puters and improved algorithms will likely make computational
techniques of even greater importance in the years to come.
Recent examples of the computational elucidation of stereo-
selectivities include studies by our group of the enantioselective
proline catalyzed aldol and Mannich reactions (1-3) and Koz-
lowski’s (4) introduction of the functionality mapping technique,
which offers promise for the design of asymmetric catalysts. We
now report the modeling of stereoselective benzoin condensa-
tions catalyzed by thiazolium and triazolium salts by using
quantum mechanical methods.

Over the last three decades synthetic chemists have investi-
gated the use of chiral thiazolium catalysts in the benzoin
condensation (5-10). Regrettably, these catalysts have per-
formed poorly and afforded acyloin products of only moderate
optical enrichment. The highest recorded enantiomeric excess
(ee) for a thiazolium-catalyzed benzoin condensation (51% ee)
was reported by Sheehan et al. (10), using the chiral catalyst
(8)-(—)-4-methyl-3-a-(1-napthyl)ethylthiazolium tetrafluorobo-
rate that afforded the product in only 6% yield. Chiral triazolium
salts have fared better (5, 11, 12). For example, the chemically
robust triazolium catalyst 1 recently prepared by Enders et al.
(11) affords benzoin products in high yields with enantiomeric
excesses as high as 95% (Eq. 1). To date this is the highest
recorded ee for an organic catalyzed benzoin reaction.
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The origin of the dramatic difference in product yields and
selectivities observed between thiazolium and triazolium cata-
lysts is not readily apparent. For example, Knight et al. (6) have
reported the preparation and use of the bicyclic thiazolium
catalyst 2 (Fig. 1) for the condensation of benzaldehyde, isolating
essentially racemic (10.5% ee) benzoin product in 20% yield.
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The structural similarity of thiazolium catalyst 2 relative to the
triazolium catalyst 1 of Enders makes this result surprising,
although the lack of a N-phenyl substituent in catalyst 2 likely has
a significant effect.

What is the chemical basis for this difference, and might it be
possible to predict a priori what catalysts are worthy of investi-
gation? We have addressed these issues by using theoretical
methods and demonstrate that IMOMO [integrated MO (mo-
lecular orbital) + MO method] multilayer calculations offer a
viable approach for modeling stereoselective reactions of large
molecular systems.

Background: Transition State for Stereoselective C—-C Bond
Formation.

Debate over the mechanism of the thiazolium-catalyzed benzoin
condensation during the last 50 years has led to the proposal of
several different mechanistic scenarios (13, 14). A related
dimer-monomer crossover mechanism based on the work of
Lemal et al. (15) has also been proposed. Of the well established
mechanisms for the benzoin condensation, both monomer- and
dimer-catalyzed pathways have been proposed. We have recently
studied this question computationally (unpublished work). Per-
tinent to the present study is the finding that the preferred
reaction pathway for the benzoin condensation is calculated to
be a monomer-catalyzed process that is in accord with the
original proposal of Breslow (Scheme 1) (13). The transition
state corresponding to C-C bond formation for the simple
reaction system of formaldehyde addition to N-methylthiazo-
lium, obtained by B3LYP/6-31(d) calculation, is depicted in Fig.
2. This transition structure was used as a starting template from
which the larger systems discussed here were constructed. Of
special note is the intramolecular proton transfer that occurs in
the stereoselective-determining step of chirally substituted cases.
This transfer rigidifies the transition state and is an important
factor in controlling stereoselectivity.

Methods

Transition-state structures for catalysts, 1-5 (Fig. 4), were op-
timized by using Morokuma’s (see ref. 16, ref. 17 for an
application in biochemistry, ref. 18 for an application in catalysis,
and ref. 19) IMOMO variation of ONIOM (n-layered integrated
molecular orbital method) as implemented in GAUSSIAN 98 (20).
The internal region where bonding changes occurs was treated
with hybrid density functional theory B3LYP with the 6-31G(d)
basis set. The remainder of the system was optimized by using
AMI. The region in which the two levels of theory interface,
known as the boundary region, was treated by using IMOMO as
implemented in GAUSSIAN 98; bonds between atoms in the core
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Fig. 1.

Triazolium catalyst 1 and thiazolium catalyst 2.

and outer layer are broken and replaced by hydrogen atoms (link
atoms) for the higher-level part of the IMOMO calculation on
the core system. The energy of the system (IMOMO energy) is
then calculated as the total energy of the whole system at the
lower level of theory E‘a‘ge(k,w level theory) Plus the energy of the core
system at a high level of theory E“" pigh tevel theory) Minus the energy
of the core system at a lower level of theory E°™ oy tevel theory)-
This relationship is expressed in Eq. 2. It assumes that the error
in the lower level method for the core is transferable to the total
system.

(IMOMO Energy) = Elarge(low level theory) + E°°

(high level theory)

— Ecore

(low level theory) [2]

Single-point B3LYP/6-31G(d) calculations were preformed
on the optimized ONIOM structures. The transition-state struc-
ture corresponding to C-C bond formation for the simple
reaction system of formaldehyde addition to N-methylthiazolium
was calculated by using B3LYP/6-31(d) (Fig. 2). All transition
states were characterized by analysis of the normal modes
corresponding to their imaginary frequencies.

Results and Discussion

The prediction of product stereoselectivities computationally is
an important challenge. A limitation of computational ap-
proaches is that most catalytic systems of interest are prohibi-
tively large in size. The use of reliable theoretical methods, such
as the well established hybrid density functional method,
B3LYP, is often not feasible for catalyzed reactions of interest
[exceptions to this general limitation include the modeling of
proline-based catalysis by using BALYP/6-31G(d) (1-3) and the
Sharpless asymmetric dihydroxylations by quantum mechanics
(on model system only) and force field calculations reported by
Norrby and coworkers (21)]. This limitation was the impetus
behind the selection of Morokuma’s IMOMO variation of
ONIOM for the present study. The basic premise of the IMOMO
approach involves optimizing a small core region involving bond
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Fig. 2. Transition state for stereoselective C-C bond formation in the
benzoin condensation of formaldehyde.

changes in the transition state by using a high level of theory
while at the same time treating the remainder of the system with
a simpler theoretical model (Fig. 3). In general, it was found that
the ONIOM relative energies do not mirror experimental results.
B3LYP/6-31G(d) single-point energies calculated by using
ONIOM geometries were found to provide qualitative agree-
ment with the sense and magnitude of the stereoselectivities.

We have studied five different known stereoselective benzoin
condensations. Four involve chiral catalysts, and one involves the
reaction of a chiral ketone with an achiral thiazolium salt
catalyst. For the diastereoselective crossed aldehyde-ketone
benzoin condensation of Hachisu er al. (23), a structurally
simplified achiral thiazolium catalyst was used and the ethyl ester
group of the reacting substrate was replaced by a methyl ester
(catalyst 5, Fig. 4). Depicted in Fig. 4 are the ONIOM layering
schemes for the five reactions studied alongside the correspond-
ing individual catalysts.

Catalyst 1, a highly selective triazolium catalyst prepared by
Enders et al., was recently reported to afforded benzoin products
from substituted benzaldehydes with enantioselectivities as high
as 95%. The (S)-benzoin product from benzaldehyde was iso-
lated in 83% yield and 90% ee in the presence of the (§)-catalyst.
The two lowest-energy transition states for re and si addition on
the benzaldehyde, both on the less-hindered si face of the
enolamine, transition state (TS)1 and TS2, are depicted in Fig.
5. The calculated energies for the eight possible diastereomeric
transition states are listed in Table 1. For this case, we report
both the ONIOM energies and B3LYP/6-31G(d) single-point
energies from optimized ONIOM geometries. In TS1 and TS2
the phenyl group of the enolamine is anti to the bulky tert-butyl
group as shown in Fig. 5. In the lower-energy TS1 the aldehyde
substituent is situated anti to the aromatic substituent of the
enolamine and is also anti to the N-aryl group of the catalyst. The
decisive factor influencing the relative energies of the two
structures is the orientation of the aldehyde side chain with
respect to the aromatic substituent of the enolamine and the
N-aryl group of the catalyst. In addition, some m-aryl-iminium
ion interaction may be present in the favored re transition state,
TS1. The distance from the iminium ion to the aryl group of the
approaching aldehyde is ~3.4 A, which is consistent with exper-
imentally observed m-aromatic—iminium interactions (for a re-
cent review discussing aromatic interactions in chemical and
biological systems, see ref. 22). The calculations predict that the

AM1 Region of Low Level
Quantum Theory

e

Fig. 3.

Layering in the IMOMO-ONIOM method.
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Fig. 4. IMOMO-ONIOM layering scheme and catalysts for the five reaction
systems studied.

(8)-benzoin product will be formed in high ee, with re addition
being preferred by 2.8 kcal/mol. A Boltzmann distribution using
B3LYP/6-31G(d) single-point energies incorporating all struc-
tures residing within 4.0 kcal/mol of the lowest-energy structure
(Table 1) predicts (S)-product formation with a selectivity of
98.2%. This predicted result correlates well with the experimen-
tal isolation of the (§)-benzoin product in 90% ee. In this
example the magnitude of the ONIOM energies are overesti-
mated. However, they do predict the correct sense of stereoin-
duction. For the remaining examples, only the BALYP/ONIOM
energies are reported.

The bicyclic thiazolium catalyst 2 prepared by Knight et al. is
reported to afford the (§)-benzoin product from benzaldehyde
with low enantioselectivity (10.5% ee). The relative energies of
the eight diastereomeric transition states for this system are
listed in Table 2. The two transition states corresponding to the
lowest energy si versus re modes of addition are depicted in Fig.
6. Within the IMOMO layering scheme for this system the aryl
substituents are placed within the lower AM1 level of theory
domain while the rest of the system is calculated by using
higher-level B3LYP/6-31G(d) theory. In both TS3 and TS4 a
m-aryl-iminium ion interaction is present. A noticeable differ-
ence between the two transition states is a repulsive aryl-aryl
steric interaction noted in TS4 drawn in Fig. 6 between the
aldehyde substituent and phenyl group of the catalyst. The si
transition state TS3 is favored by 0.7 kcal/mol. The presence of
this steric interaction results in less effective m-aryl-iminium ion
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TS1 (re)-addition to aldehyde
0 keal/mol

TS2 (si)-addition to aldehyde
2.8 kealimol

Fig. 5. Low-energy si and re transition-state structures for catalyst 1.
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Table 1. Relative energies of the eight diastereomeric transition
states for the benzoin condensation of benzaldehyde with

catalyst |
=
N N %,
(S)-Catalyst-(£)-Enolamine{si){re)
Transition-state geometry*
Enolamine Aldehyde Product AGre),
Catalyst Enolamine face face configuration kcal/mol*
S E si re [TS1]* S 0 (0)
S E si si [TS2]* R 2.8 (15.0)
S V4 re re S 2.9 (23.4)
S E re re S 7.3(21.6)
S V4 si re S 7.8 (4.5)
S E re si R 8.4 (12.0)
S V4 re si R 9.8 (30.0)
S z si si R 17.8 (23.4)

*See Data Set 1, which is published as supporting information on the PNAS
web site, for figures of structures and Cartesian coordinates.

TRelative energies obtained by single-point B3LYP/6-31G(d) calculations.
Energies in parentheses are relative energies calculated by using IMOMO
(B3LYP/6-31G(d)//AM1).

*Depicted in Fig. 5.

stabilization, apparent from the larger displacement of the
aldehyde aryl group away from the iminium ion in re transition
state TS4. The distance between the iminium ion and aryl group
in TS4 is ~4.3 A compared to ~3.8 A in the favored si transition
state TS3. The greater stability of the si mode of addition is also
reflected in a shorter C—C forming distance of 1.9 A versus 2.1
A in the re transition state.

Table 2. Relative energies of the eight diastereomeric transition
states for the benzoin condensation with catalyst 2

H
(S)-Catalyst-(E)-Enolamine-(re).(si)
Transition-state geometry*

Enolamine Aldehyde Product AGyel,

Catalyst Enolamine face face configuration kcal/mol*
S E re si [TS3]* R 0

S E si re [TS4]* S 0.7

S z si re N 0.8

S z re re S 0.8

S E si si R 1.6

S E re re S 1.7

S z si si R 5.9

S z re si R 9.8

*See Data Set 1 for figures of structures and Cartesian coordinates.
TRelative energies obtained by single-point B3LYP/6-31G(d) calculations.
*Depicted in Fig. 6.
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TS3 (si)-addition to aldehyde
0 kcal/mol

TS54 (re)-addition to aldehyde
0.7 kecal/mol

Fig. 6. Low-energy si and re transition-state structures for catalyst 2.

The relatively small energy difference (0.7 kcal/mol) between
si and re addition is indicative of a nonselective process, as found
experimentally (10.5% ee), in contrast to the predicted selec-
tivity of 2.8 kcal/mol for the triazolium catalyst 1 of Enders. A
Boltzmann distribution using those transition-state structures
within 4.0 kcal/mol of the lowest-energy structure indicates that
the (R)-product will be formed in 9.5% ee, in good agreement
with the low level of stereoinduction observed experimentally
[10.5% ee favoring (S)].

Next we turned our attention to the chiral catalyst 3 (R)-(+)-
4-methyl-3-a-(1-naphthyl)ethylthiazolium prepared by Sheehan
et al. (10). Catalyst 3 is reported to provide benzoin product of
moderate optical enantiomeric enrichment (51% ee). Although
moderate, this level of stereoinduction represents the highest
enantioselectivity for any known thiazolium catalyst. In Fig. 7 are
the two lowest-energy si and re transition states, TS5 and TS6. In
general an (E)-stereoisomeric relationship of the enolic bond
resulting in a trans relationship between the phenyl group and
the sulfur atom was energetically preferred. The relative energies
for the eight diastereomeric transition states are listed in Table
3. A repulsive a-CHs-aryl interaction of the aldehyde aryl
substituent in transition state TS6 corresponding to re addition
(calculated 2.6 A) is destabilizing, resulting in a si selective
process favoring TS5. The calculated Boltzmann distribution
incorporating all transition-state structures residing within 4
kcal/mol of the lowest-energy transition-state structure predicts
that catalyst 3 will afford the (R)-product in 91% ee (1.8
kcal/mol based on Boltzmann distribution). Experimentally, s
addition leading to (R)-product formation in 51% ee is observed.
The trend predicted by our model is correct, although the ee is
overestimated. The computed 1.8 kcal/mol energy difference
between the re and si transition-state structures is consistent with
a moderately selective catalyst, as compared to the calculated
energy preference of 2.8 kcal/mol for the highly selective bicyclic
triazolium catalyst 1.

A more challenging system of study was the chiral catalyst 4
reported by Enders et al. (12) based on the large number of

Table 3. Relative energies of the eight diastereomeric transition
states for the benzoin condensation with catalyst 3

o

(R)-Catalyst-(E)-Enolamine-(si),(re)
Transition-state geometry*

Enolamine Aldehyde Product AGrel,

Catalyst Enolamine face face configuration kcal/mol*
R E si si [TS5]* R 0

R E si re [TS6]* S 1.8

R E re re N 4.9

R z re si R 7.3

R z re re S 7.9

R E re si R 8.2

R z si si R 10.3

R z si re S 11.4

*See Data Set 1 for figures of structures and Cartesian coordinates.
TRelative energies obtained by single-point B3LYP/6-31G(d) calculations.
*Depicted in Fig. 7.

possible conformational isomers that might be available to this
catalyst. Experimentally, this catalyst is reported to afford the
(R)-benzoin product in 75% ee. The authors note that the
enantioselectivity of the product decreased with increasing
reaction time and increasing catalyst load, presumably because
of partial racemization of the product by the catalyst. The
isolated 75% ee represents that value optimized for catalyst
turnover number (TON), product yield, and selectivity. From a
computational perspective, factors of importance are as follows:
(i) the expectation that calculated selectivities for this system
would be overestimated because of product racemization; (i7) the
accurate modeling of such as large system; and (iii) the large
number of conformational states available to this catalyst. Key
structural aspects of the stereodetermining low energy si tran-
sition state TS7 are the projection of the incoming aldehyde aryl
substituent away from the catalyst and a short C—C bond length
of 1.6 A (Fig. 8). The competing low-energy re transition state
TS8 suffers from an unfavorable steric interaction between the
aldehyde aryl substituent and the phenyl group of the chiral
auxiliary portion of the catalyst.

In all of the transition states, the chiral dioxane group
maintains the same conformation with an axial triazolium and
equatorial phenyl (Fig. 8 and Data Set 1). The CH at the
stereogenic center « to the triazolium ring has the CH pointing

TS5 (si)-addition to aldehyde
0 kealimol

TS6 (re)-addition to aldehyde
1.8 kcalimol

Fig. 7. Low-energy si and re transition-state structures for catalyst 3.

Dudding and Houk

TS7 (si)-addition to aldehyde TS8 (re)-addition to aldehyde
0 keal/mol 4.0 kealimol

Fig. 8. Low-energy si and re transition-state structures for catalyst 4.
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Table 4. Relative energies of the eight diastereomeric transition
states for the benzoin condensation with catalyst 4

Ne=y H
NN
CH.
Sl

(S).(S)-Catalyst-(E)-Enolamine-(si),(si)
Transition-state geometry*

Enolamine Aldehyde Product AGel,

Catalyst Enolamine face face configuration kcal/mol*
SS E si si [TS7]* R 0

sS E si re [TS8]* S 4.0
S,S E re si R 4.1
S,S E re re S 6.3
SS Zz re re S 8.8
S,S V4 si re S 9.0
S,S V4 si si R 10.1
) z re si R 12.9

*See Data Set 1 for figures of structures and Cartesian coordinates.
fRelative energies obtained by single-point B3LYP/6-31G(d) calculations.
*Depicted in Fig. 8.

toward the enol oxygen, leaving the top face relatively crowded,
because of the projecting phenyl, and the bottom face relatively
unhindered. The calculations predict that the (R)-benzoin prod-
uct will be formed in high ee. Carrying out a Boltzmann
distribution as before predicts that the (R)-product will be
formed in >99.8% ee. In practice the calculated high selectivity
represents an experimental upper limit that is never realized,
because of product racemization under the reaction conditions
(Table 4).

A comparison between calculated and experimental stereo-
selectivities for the four enantioselective catalysts, 1-4, was
carried out to determine the relative accuracies of the method
used. Table 5 lists the calculated and experimental energies, as
well as the difference between the two. Fig. 9 is a graph of
experimental versus calculated energies for catalysts 1-4.

With the exception of 2, for which no selectivity is predicted,
the selectivities for the other three catalysts is overestimated by
1.4 kcal/mol on average. Unfortunately, this error is comparable
to the AAG” values found for these catalysts. The prediction of
the correct major product is useful and will aid in studies directed
toward the development of new catalysts, but greater accuracy
will be required for the useful prediction of selectivities.

We have also modeled a diastereoselective intramolecular
crossed aldehyde-ketone benzoin reaction recently reported by
Hachisu ez al. (catalyst 5) (23). To simplify these calculations, the

Table 5. Comparison of prediction and experiment for
enantioselective reactions for catalysts 1-4

Catalyst Calculated AAG** Experimental AAG* AAAG” (Calc-Exp)
1 2.8 1.7 1.1
2 -0.1% 0.1 -0.2
3 1.8 0.7 1.1
4 4.1 1.1 3.0

Mean absolute average error = 1.4 kcal/mol

*Energies are in kcal/mol and represent values derived from calculated Boltz-
mann distributions.

"Negative value means a theoretical preference for the minor isomer found
experimentally.
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Calculated vs. Experimental Energies
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Fig. 9. Graph of calculated versus experimental differences in free energies
of activation for reactions involving catalysts 1-4.

N-ethyl group of the catalyst was exchanged for an N-methyl and
the ethyl alcohol substituent truncated. In addition the ethyl
ester of the substrate was replaced with a methyl ester. The four
diastereomeric transition states for this reaction are depicted in
Fig. 10. In the two lowest-energy transition states, TS9 and TS10,
the catalyst and a-ester group are on opposite faces of the
substrate with respect to one another. Moreover, of these two,

e ¥
Meo g

syn a-egter hydroxy product

re.(R, 5)-.Methyl exo
TS10 0 keal/mol

re-(R,5)-N-Methyl endo
159 1.8 kcal/mol

5i-(R,5)N-Methyl endo
TS11 6.6 kcal'mol

5i-(R,5)-N-Methyl exo
TS12 384 kcal'mol

Fig. 10. Transition-state structures for the intramolecular crossed aldehyde-
ketone benzoin reaction of Hachisu et al. (23).

Dudding and Houk



z
/|
~ |

an (E)-stereomeric relationship of the enolic bond as in TS10 in
which the N-methyl group of the thiazolium catalyst possess an
exo-orientation is preferred by 1.8 kcal/mol. The preference for
TS10 is the result of an unfavorable steric interaction between
the endo-oriented N-methyl group and substrate in TS9 that is
not present TS10. In transition states TS11 and TS12 the
thiazolium catalyst and a-ester group are eclipsing and reside on
the same face of the substrate. As a result of the unfavorable
eclipsing interaction between the a-ester and thiazolium catalyst,
TS11 and TS12 are higher in energy and would led to product
having a relative stereochemistry with an anti a-ester hydroxy
group orientation. Experimentally, the a-ester and hydroxy
group derived from umpolung addition of aldehyde to ketone
share a syn relationship and reside on the same face of the
molecule (Fig. 10, syn a-ester hydroxy product). The energeti-
cally preferred transition states, TS9 and TS10, would lead to the
formation of a product having the same relative stereochemistry
as that observed by experiment. The experimental diastereo-
selectivity of this process is reported to be >20:1 with the a-ester
and hydroxy group of the product possess a syn relationship.
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Based on the 6.6 kcal/mol energy difference between the
stereodivergent transition states, TS10 and TS11, a diastereo-
selectivity of >20:1 is predicted. This calculated result correlates
well with observed experiment.

Conclusion

The enantioselective organocatalyzed benzoin condensation has
been studied by using Morokuma’s IMOMO-ONIOM method.
The use of IMOMO B3LYP/6-31G(d)/AM1 for transition-
state optimization, followed by single-point B3LYP/6-31G(d)
calculations, afforded predictions in qualitative agreement with
experiment. By using this methodology it was possible to model
large reaction systems. The present approach can be a useful
predictive tool for exploring and understanding the origins of
stereoselectivities of large catalytic systems. This computational
methodology represents a valuable method that should be an aid
to the de novo design of new asymmetric catalysts.
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