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Abstract: The dynamic kinetic resolution of sulfinyl
chlorides by addition of the optically active alcohol
DAGOH (diacetone d-glucose) in the presence of
non-chiral bases was theoretically studied at the
ONIOM (Becke3LYP:UFF) level. The dependence
of the stereochemical outcome on the nature of the
base observed in this reaction was explored consider-
ing two electronically similar bases, pyridine and col-
lidine, that are experimentally known to promote op-
posite diastereoselectivities. Our calculations repro-
duced the experimental result that the absolute con-
figuration of sulfur in the major reaction product is

R with pyridine but S with collidine. The analysis of
the optimized geometries revealed that the most
sterically active substituent around sulfur is the
methyl of the substrate with pyridine but the base
itself with collidine. This leads to an inversion of the
chiral distribution of steric hindrance around sulfur
that induces the reversal of the stereochemical out-
come.

Keywords: asymmetric synthesis; chirality; diastereo-
selectivity; dynamic kinetic resolution; molecular
modelling; nucleophilic substitution

Introduction

Chiral sulfoxides are compounds of high interest in
organic chemistry due to their high optical stability,[1]

and their wide use in asymmetric organic synthesis.[2,3]

The total synthesis of several natural products, includ-
ing steroids and alkaloids, has been performed using
sulfoxides as chiral auxiliaries.[2] Furthermore, many
biologically active compounds, like the antiulcer
agent esomeprazole[4] and the anticancer drug sulfora-
phane,[5] contain chiral sulfinyl centers. Due to the in-
terest in chiral sulfoxides, several synthetic methods
have been developed in order to obtain these com-
pounds.[3] The most important methods can be group-
ed into two families: the metal-catalyzed oxidation of
prochiral sulfides, referred to as sulfoxidation, and the
nucleophilic substitution on chiral sulfur derivatives.
In most cases, sulfoxidation is performed using a per-
oxidic oxidant in combination with a chiral metal cat-

alyst.[6,7] The nucleophilic substitution on chiral sulfur
derivatives is especially efficient when dynamic kinet-
ic resolution (DKR) is applied. Two relevant exam-
ples of this methodology are the Cinchona-assisted
DKR[8–10] and the DAG synthetic method.[11–13]

In the DAG method (see Scheme 1), a racemate of
a sulfinyl chloride is transformed into a chiral sulfi-

Scheme 1. The DAG synthetic method.
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nate ester by dynamic kinetic resolution[14] using the
DAGOH (diacetone d-glucose) chiral alcohol as re-
solving agent. The major diastereomer of the sulfinate
ester is purified and the subsequent addition of a
Grignard reagent gives rise to a chiral sulfoxide
through the replacement of the ODAG substituent by
an alkyl group. In most cases, this second reaction
proceeds with very high yields and enantioselectivities
through an SN2 mechanism with total inversion of the
sulfur configuration. Hence, the success of the DAG
method is totally based on the yield and diastereose-
lectivity of the initial DKR step. The by-product of
the DAGOH addition is HCl, which is neutralized
with stoichiometric amounts of an organic base, like
pyridine or triethylamine. The DAG method has been
successfully used in the synthesis of C2-symmetric bis-
sulfoxides[12,13] that have been applied as chiral ligands
in asymmetric synthesis.[15,16] Other compounds with
pharmacological and synthetic[17] interest have been
obtained by means of this method as well.

The DAG method is of particular interest due to
the possibility of selecting the final absolute configu-
ration of sulfur by changing the nature of the non
chiral base, without any modification of
DAGOH.[11–13] This interesting feature was found
when the DAG method was initially tested in the syn-
thesis of methanesulfinate esters[11] (see Table 1).
Good yields and diastereoselectivities, up to 90% and
96% de, were obtained and the subsequent addition
of Grignard reagents led to the formation of chiral
sulfoxides with very high enantioselectivities (>98%
ee). Interestingly, while the R configuration of the sul-
finyl sulfur of MeSO2DAG (RS-diastereomer) was ob-
tained with bases like pyridine or imidazole, the SS-
diastereomer was the major reaction product when
other bases like collidine or triethylamine were used.
This unexpected dependence of the identity of the
major diastereomer product on the nature of a cheap
achiral assistant base is very useful. The traditional
method of changing the stereochemical outcome of a

process by reversing the absolute configuration of the
chiral source would be indeed complicated in the
DAG method. DAGOH is a chiral alcohol derived
from natural and cheap d-glucose, while its enantio-
mer is very expensive. The method is certainly effi-
cient, but it would be desirable to increase its selectiv-
ity and to extend its range of application. The design
of more efficient systems is, however, severely ham-
pered by the lack of mechanistic understanding of the
origin of the diastereoselectivity reversal. The present
work tries to solve this problem through theoretical
calculations.

The mechanistic role of the base in the DAG
method was clarified by us in two previous computa-
tional studies of this reaction.[18,19] Two chemical trans-
formations are involved in the dynamic kinetic resolu-
tion of the sulfinyl chloride, namely the interconver-
sion of both enantiomers of MeSOCl and the subse-
quent displacement of chlorine by DAGOH (see
Scheme 2). Our theoretical studies showed that the
base catalyzes the first process and assists the second
one, reducing in both cases their energy barriers. The
study on the chlorine displacement[19] revealed that
the alcohol reacts directly with MeSOCl following an
addition/elimination mechanism originally proposed
by Bachrach.[20] The absolute configuration of sulfur is
decided in the addition step, which involves a hydro-
gen transfer from the alcohol to the sulfinyl oxygen of
the substrate. The base participates into the mecha-

Table 1. Influence of the base on the stereochemical out-
come of the DKR of methyl sulfinyl chloride by
DAGOH.[11]

Base ACHTUNGTRENNUNG(R/S)-MeSO2DAG % de

pyridine 93/7 86
DMAP[a] 78/22 56
imidazole 82/18 64
i-Pr2NEt 2/98 96
collidine[b] 2/98 96
DMA[c] 37/63 26
NEt3 2/98 96

[a] 4-N,N-Dimethylaminopyridine.
[b] 2,4,6-Trimethylpyridine.
[c] N,N-Dimethylaniline. Scheme 2. Mechanistic scheme of the DAG method.
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nism through the formation of a strong N�H bond
with the transferred hydrogen.

In our previous studies, the reaction system was
modelled replacing DAGOH by methanol[18,19] and
the origin of the diastereoselectivity was thus not ex-
plored since all stereocenters of DAGOH were su-
pressed. This question is tackled in the present study,
in which the asymmetric addition of DAGOH to
methanesulfinyl chloride is theoretically explored
considering pyridine and collidine as bases. Interest-
ingly, these two bases promoted opposite absolute
configurations of sulfur in the reaction product,[11] in
spite of their structural and electronic similarity (see
Table 1). Several mechanisms and steps have been an-
alyzed in our previous study of the model system.[19]

The current work focuses on the addition step of the
neutral mechanism, which is the rate-determining
stereo-deciding step of the lowest energy path.

The theoretical study presented in this article was
carried out using the ONIOM method.[21,22] Computa-
tional chemistry has been successfully applied to the
study of organic synthetic methods,[23] including orga-
nocatalysis[24] and homogeneous catalysis.[25,26] Hybrid
QM/MM methods are a valuable tool for the study of
asymmetric reactions in which steric interactions play
a prominent role,[27] and have been already used in
several cases.[7,28–31]

Enantiomeric excesses were computed from the
energy differences between the barriers of the lower
energy paths leading to the R and S products.[32] Each
transition state was labeled either P or C, depending
on whether the base is pyridine or collidine respec-
tively, followed by a TSR or TSS label, for the pro-R
and pro-S transition states respectively, and a sequen-
tial number related with its relative energy. For in-
stance, P-TSR-2 is the second most stable pro-R tran-
sition state in the case of pyridine, and C-TSS-1 is the
most stable pro-S transition state with collidine.

Results

Pyridine-Assisted Addition of DAGOH

The kinetic resolution of methanesulfinyl chloride in
the presence of DAGOH and pyridine was theoreti-
cally investigated. Our previous study revealed that
the key step is the addition of DAGOH to MeSOCl
which involves the trigonal bipyramid transition state
represented in Figure 1. The consideration of the full
DAGOH increases the structural complexity of the
transition state. There are a variety of sources of con-
formational flexibility that give rise to a large confor-
mational space. The first of them is associated to the
absolute configuration around S, which is quantified
by the Cl�S�O2�C1 dihedral angle, labeled as D1.
Torsions around the unconstrained s-bonds add to the

conformational complexity. There are four of these s-
bonds, labelled as D2, D3, D4 and D5 (see Figure 1),
and rotation around them is quantified by the dihe-
dral angles O2�S�O1�C2, S�O1�C2�C3, C2�C3�
C4�C5 and O1�H�N�C6, respectively. There is final-
ly the flexibility associated to the flipping of the three
five-membered cycles of DAGOH.

The conformational analysis is further complicated
by the correlation between the different sources of
flexibility. Because of this, a systematic MCMM ap-
proach was adopted in order to sample the conforma-
tional space. This conformational search was per-
formed for both the pro-R and pro-S transition states
and the four most stable structures found in each case
were reoptimized at the ONIOM level.

The optimized geometries of the most stable pro-R
and pro-S transition states, labelled as P-TSR-1 and
P-TSS-1 respectively, are presented in Figure 2. The
values of all these geometrical parameters are very
similar to those found in our study of the model
system.[19] This similarity confirmed that these
ONIOM transition states also correspond to the addi-
tion of DAGOH to MeSOCl coupled with a hydrogen
transfer from O1 to O2 and the cleavage of the S-Cl
bond. The dihedral angles (D1-5) and relative ener-
gies of all pro-R and pro-S transition states are col-
lected in Table 2. Of course, D1 is negative in the
pro-R transition states and positive in the pro-S, due
to the inversion of the sulfur absolute configuration.
Among the other values, it is worth mentioning D5.
The values are closer to 08 than to 908, especially in
the lower energy structures, and this indicates that
pyridine stays essentially coplanar with the H�O1�S�
O2 plane.

The most stable transition state, P-TSR-1, leads to
the formation of the RS diastereomer of the product
in total agreement with the experimental results.[11]

This saddle point is 1.0 kcalmol�1 more stable than P-
TSS-1, which is the most stable pro-S transition state.

Figure 1. Sources of conformational flexibility in the addi-
tion transition state.
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The preference for the pro-R pathway in the pyri-
dine-assisted addition of DAGOH to MeSOCl can be
rationalized comparing the P-TSR-1 and P-TSS-1 ge-
ometries. If we look at the top view of both geome-
tries represented in the upper part of Figure 2, we can
divide each structure in two fragments, namely DAG
and the sulfur block, connected by the O1�C2 bond.
Each fragment has two sterically active regions and
the arrangement between them rules the relative
energy of the structures. In the case of the sulfur
block, the groups with potential steric activity are the
C1-methyl (left side in P-TSR-1) and the base (right
side in P-TSR-1). Their positions are inverted in P-
TSS-1. The C1-methyl group happens to be more ster-
ically active because the base, being coplanar with the

H�O1�S�O2 plane, stays always away from
DAGOH. DAGOH is constituted by two well differ-
entiated molecular fragments linked by the C3�C4
bond: a bicycle consisting of two fused 5-membered
cycles, that will be referred to as C2,C3-BC, and a
single 5-membered cycle, that will be referred as
C4,C5-C. The size and thus the steric bulk of C2,C3-
BC is clearly larger than that of C4,C5-C. In both P-
TSR-1 and P-TSS-1 the C4,C5-C and C2,C3-BC frag-
ments of DAGOH are on the left and right sides of
the H�O1�S�O2 plane, respectively. In contrast with
this, due to the opposite configuration of sulfur, C1-
methyl stands on the left in P-TSR-1 but on the right
in P-TSS-1. The lower stability of P-TSS-1 in compar-
ison with P-TSR-1 can be thus associated with the
steric repulsion between the C1-methyl and the bulki-
est fragment of DAGOH, namely C2,C3-BC, in the
former transition state. The structure P-TSS-1 is in
fact distorted with respect to the ideal arrangement
around the Cl�S�O axis to reduce this steric interac-
tion.

Collidine-Assisted Addition of DAGOH

The study presented above for pyridine was repeated
with collidine. As in the case of pyridine, all sources
of structural complexity, namely the two possible con-
figurations of sulfur (D1), the rotation of four s-
bonds (D2-5) and the flipping of the cycles of
DAGOH (see Figure 1), were considered. The confor-
mational space was also inspected with a MCMM
statistical approach and the four most stable pro-R
and pro-S transition states were then recomputed at
the ONIOM level.

The most stable pro-R and pro-S transition states,
labeled as C-TSR-1 and C-TSS-1 respectively, are rep-
resented in Figure 3. As in the case of pyridine, the
geometrical parameters of the reaction center are
very similar in both structures and also similar to the
values found in our previous study,[19] suggesting that
these transition states also correspond to the addition
of DAGOH to methanesulfinyl chloride. The relative
energies and D1-5 dihedral angles of the most stable
pro-R and pro-S transition states involving collidine
as base are collected in Table 3.

A significant difference with respect to the case of
pyridine is given by the dihedral angle D5, which
measures the relative orientation of collidine with re-
spect to the H�O1�S�O2 square plane. Pyridine is
coplanar with this plane as shown by the values of D5
very close to 08 in all transition states (see Table 2).
In contrast with this, the aromatic plane of collidine is
clearly perpendicular to H1�O1�S�O2 as indicated
by the absolute values of D5, close to 908 in all geo-
metries. The different orientation of collidine in the
addition transition state is due to the replacement of

Figure 2. Top (above) and side (below) views of the most
stable pro-R (left) and pro-S (right) transition states for the
pyridine-assisted addition of DAGOH. All hydrogens,
except the proton being transferred, were removed for clari-
ty.

Table 2. Dihedral angles, in degrees, and relative energies, in
kcalmol�1, of the transition states corresponding to the pyri-
dine-assisted addition of DAGOH. D1=Cl�S�O2�C1,
D2=O2�S�O1�C2, D3=S�O1�C2�C3, D4=C2�C3�C4�
C5, D5=O1�H�N�C6.

TS D1 D2 D3 D4 D5 E

P-TSR-1 �90.3 131.6 138.5 �176.1 11.6 0.0
P-TSR-2 �90.2 128.9 138.1 �171.1 10.3 0.4
P-TSR-3 �90.4 151.3 161.2 �54.6 21.1 2.7
P-TSR-4 �89.4 95.7 97.6 �78.0 48.4 4.3
P-TSS-1 90.3 �159.6 89.2 173.0 �3.0 1.0
P-TSS-2 90.4 �150.3 117.4 �168.0 �1.7 1.3
P-TSS-3 90.6 �162.9 86.9 177.2 �22.1 1.6
P-TSS-4 90.7 176.7 131.2 �59.1 �6.2 4.1
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the ortho hydrogens of pyridine by much bulkier
methyl groups. The attractive CH···O interactions
given by pyridine when D5=08 are consequently re-
placed by repulsive Me�O1 and Me�O2 steric inter-
actions that are avoided with D5=908. All attempts
to optimize an addition transition state with D5 close
to 08 failed. As will be explained below, this change
in the relative orientation of the base is key for the
diastereoselectivity reversal.

In contrast with the case of pyridine, the relative
energies collected in Table 3 show that the most
stable pro-S transition state, C-TSS-1, is favoured
over the most stable pro-R transition state, C-TSR-1,
by 2.2 kcalmol�1. The preference for the pro-S path-

way when the base is collidine can be rationalized
comparing the optimized geometries of C-TSR-1 and
C-TSS-1 (see Figure 3). Since the structure of DAG is
the same regardless of the base used in the reaction,
the steric model proposed for DAG in the pyridine-
assisted addition should be exactly the same in the
collidine-assisted pathway. As in the saddle points
found for pyridine, while the C4,C5-C ring is on the
left side of both the pro-R and pro-S transition states,
the much bulkier C2,C3-BC bicycle is on the right
side. Also as in P-TSR-1 and P-TSS-1 (see Figure 2),
the inversion of sulfur implies that C1-methyl is on
the left in the pro-R transition state and on the right
in the pro-S. Nevertheless, with collidine the bulkiest
fragment attached to sulfur is not the C1-methyl but
instead the base attached to it across the rigid H1�
O1�S�O2 plane. The non coplanar arrangement of
collidine with respect to H�O1�S�O2 implies that
the ortho methyls occupy the left and right sides of
the H�O1�S�O2 plane pointing towards DAG. Thus,
the critical interactions between DAG and the rest of
the system will imply collidine instead of C1-methyl.
The lower stability of C-TSR-1 with respect to C-
TSS-1 is due to the close contact between collidine
and C2,C3-BC, which are the bulkiest fragment
around sulfur and the bulkiest part of DAG respec-
tively.

Discussion

The relative energies found in the case of pyridine
(see Table 2) showed that the most stable pro-R and
pro-S transition states are P-TSR-1 and P-TSS-1, re-
spectively. Furthermore, P-TSR-1 was more stable
than P-TSS-1 and thus the RS-diastereomer of the
product should be the major reaction product, in total
agreement with the experimental results (see
Table 1). The energy gap between P-TSR-1 and P-
TSS-1 is 1.0 kcalmol�1, which corresponds to a theo-
retical diastereomeric excess at �78 8C of 85% de,
very close to the experimental value of 86% de. In
the case of collidine, the relative energies collected in
Table 3 showed that the most stable pro-S transition
state, C-TSS-1, is favoured over the most stable pro-R
transition state, C-TSR-1, by 2.2 kcalmol�1. This
energy gap implies a theoretical diastereomeric excess
of 99% de, which is quite close to the experimental
value (96% de). Hence, the theoretical model pre-
dicts that the diastereoselectivity reached with colli-
dine is slightly better than that obtained with pyri-
dine. Nevertheless, the important result is that the cal-
culations reproduced the most relevant feature of the
DAG asymmetric method, namely the diastereoselec-
tivity reversal induced by the nature of the base. Our
results showed that while the preferred reaction path-
way is the pro-R when the base is pyridine, with colli-

Figure 3. Top (above) and side (below) views of the most
stable pro-R (left) and pro-S (right) transition states for the
collidine-assisted addition of DAGOH. All hydrogens,
except the proton being transferred, were removed for clari-
ty.

Table 3. Dihedral angles, in degrees, and relative energies, in
kcalmol�1, of the transition states corresponding to the colli-
dine-assisted addition of DAGOH. D1=Cl�S�O2�C1,
D2=O2�S�O1�C2, D3=S�O1�C2�C3, D4=C2�C3�C4�
C5, D5=O1�H�N�C6.

TS D1 D2 D3 D4 D5 E

C-TSR-1 �89.2 173.2 171.9 �168.2 �86.5 2.2
C-TSR-2 �90.2 158.9 160.6 �174.1 �101.2 2.3
C-TSR-3 �90.2 105.9 90.7 �84.9 �122.8 5.2
C-TSR-4 �92.5 145.6 172.0 �78.7 �119.9 9.6
C-TSS-1 89.9 �139.6 171.3 167.8 �88.9 0.0
C-TSS-2 89.9 �138.6 169.9 166.8 �91.5 0.1
C-TSS-3 89.6 �138.2 177.3 �176.3 �71.7 1.0
C-TSS-4 89.5 �136.4 �179.3 178.6 �78.8 1.3
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dine the fastest addition corresponds to the pro-S
pathway. This diastereoselectivity reversal can be ra-
tionalized comparing the structures and relative ener-
gies of the most stable pro-R and pro-S transition
states found for each base.

Our calculations showed that the addition transition
state has a trigonal bipyramid geometry in which
DAGOH and Cl occupy the axial positions. The other
fragments attached to sulfur lie on the equatorial
plane of the molecule. These fragments are C1-
methyl and O2 which are in cis position, and thus in
close proximity, with respect to DAGOH. The OH
group of DAGOH is directly involved in the H�O1�
S�O2 reaction center. The rest of the molecule
(DAG) discriminates the pro-R and pro-S pathways
through diastereomeric interactions with the groups
attached to sulfur (see Figure 4). The axial position of
Cl is fixed since the O1-trans-Cl arrangement is an
electronic requirement of the addition process.
Hence, the two possible chiral environments around
sulfur are associated to the relative positions of C1-
methyl and O2 on the equatorial plane.

DAG is able to recognize and differentiate these
two configurations thanks to its chiral structure which
is clearly divided in two parts that introduce different
degrees of steric hindrance. These two parts are the
C4,C5-C cycle and the much bulkier C2,C3-BC bicy-
cle. In all transition states, DAGOH occupies both
sides of the H�O1�S�O2 plane in such a manner that
C2,C3-BC and C4,C5-C are always on the right and
left sides of this plane respectively. Hence, the pre-

ferred diastereomeric pathway will be that one having
the less bulky substituent of the sulfur block in the
right side. This substituent is O2 with pyridine since
the whole Base-H�O1�S�O2 set of atoms is in a co-
planar arrangement in which the base stands far from
DAGOH. With collidine, the Base-H�O1�S�O2 frag-
ment becomes the bulkiest substituent due to the al-
kylation and subsequent rotation of the base. There-
fore, with pyridine the most stable transition state is
that with O2 on the right side while for collidine is
that with O2 on the left side, and obviously while the
former transition state leads to the RS-diastereomer,
the latter gives rise to the SS-diastereomer. In sum-
mary, our results revealed that the replacement of
pyridine by collidine induced a reversal of diastereo-
selectivity due to an inversion of the chiral distribu-
tion of steric bulk around sulfur.

Conclusions

Our computational study at the ONIOM
(B3LYP:UFF) level on the dynamic kinetic resolution
of methyl sulfinyl chloride by DAGOH in the pres-
ence of organic bases reproduces the unusual experi-
mental behavior and provides a rational explanation
of the reversal in diastereoselectivity induced by the
nature of the base. The opposite sense of diastereose-
lection given by two very similar bases was successful-
ly reproduced, with the pyridine system leading to the
R product and the collidine system producing the S
product.

The analysis of the results obtained for the pyri-
dine-assisted addition showed that the lowest energy
pathway was pro-R, due to a favourable match be-
tween the bulkiest part of DAGOH (C2,C3-BC) and
the base. In this case, pyridine stands coplanar with
the reaction center and does not play any relevant
steric role. The pro-S transition state has a higher
energy because of the presence of repulsive interac-
tions between the methyl attached to sulfur (C1-
methyl) and C2,C3-BC.

In the collidine-assisted addition the less stable
transition state was pro-R because of repulsive inter-
actions between the base and C2,C3-BC. In this case,
collidine stands perpendicular to the planar reaction
center, due to the presence of methyl groups in the
ortho-N positions, and becomes the most sterically
active fragment around sulfur. Since the base and C1-
methyl occupy opposite sides of the transition state
that are exchanged by the inversion of sulfur, the re-
versal of the steric role of these substituents, associat-
ed with the change of the base, induces the inversion
of the diastereoselectivity.

Our computational study has been limited to two
particular bases, pyridine and collidine, but the result-
ing model is likely to have a general applicability on

Figure 4. Origin of the diastereoselectivity reversal in the
DAG method.
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the effect of the base on the stereochemical outcome
of the DAG method. Available experimental data in-
dicate that it is always the bulkier bases, with an sp3

nitrogen or a sterically demanding sp2 nitrogen, that
favor the SS-diastereomer, while the less sterically de-
manding bases like pyridine and its close derivatives
favor the RS-diastereomer.

Experimental Section

The present theoretical study was carried out using the
ONIOM method[21,22] as implemented in Gaussian03.[33] This
hybrid QM/MM method was applied by dividing the system
in two parts. One of these parts was computed at a high
quantum mechanical level (QM part) and the other was
computed with a molecular mechanics method (MM part).
In the QM calculation, the dangling bonds associated to the
QM-MM interface were capped with hydrogens. The partic-
ular QM/MM partition adopted in our study is represented
in Figure 5 for the case of collidine. The QM part is analo-
gous to the system considered in our previous computational
studies, in which DAGOH was modelled as methanol.[18,19]

The rest of the DAGOH structure is included in the MM
part together with the three methyl groups of collidine. The
full base is included in the QM part in the case of pyridine.
All calculations were done at the ONIOM (Becke3LY-
P:UFF) level, i.e. , the QM part was computed with the
hybrid Becke3LYP density functional[34,35] and the MM part
was computed using the UFF force field.[36]

The 6–31G(d) basis set[37,38] was used in the QM calcula-
tions to describe nitrogen, oxygen, carbon and hydrogen. In
the case of sulfur and chlorine, the ten innermost electrons
were replaced with an effective core potential.[39] The va-
lence double-z basis set associated to the pseudopotential in
the program,[33] with the contraction labelled as LANL2DZ,
was used for these two elements and supplemented with d
functions.[40] All elements involved in the system were thus
described with a double-z quality basis set including polari-
zation d functions. The suitability of this basis set was con-
firmed by us in a previous study.[18]

The geometry optimizations were full except for the link
bonds. All energies given in the text are relative potential
energies in gas phase. Diastereomeric excesses were com-
puted assuming that the relative population of the R and S
products is given by the Maxwell–Boltzmann distribution of
the energies of the associated transition states at the temper-

ature in which the experiments were performed (�78 8C).
The nature of the transition states was not confirmed com-
puting the frequencies. Nevertheless, in all cases the ar-
rangement of the atoms involved in the reaction center was
very similar to that found in our previous model study,[19] in
which the transition states were characterized by vibrational
analysis and IRC calculations.

The large conformational space of the system was system-
atically explored using the MCMM (Monte Carlo Multiple
Minimum) approach[41,42] as implemented in the MacroMo-
del 8.5 program[43] The potential energy was computed with
the MMFF94 force field.[44] The model transition state
found in our previous study[19] was modified replacing OMe
by ODAG and considering either pyridine or collidine as
bases. The conformational space was scanned taking into ac-
count all possible bond rotations (see Figure 1) and keeping
the transition vector (S�O1, S�O2, O1�H, O2�H, N�H and
S�Cl distances) frozen. For both the pro-R and pro-S path-
ways, the four most stable conformations found in the
MCMM search were fully reoptimized at the ONIOM
(Becke3LYP:UFF) level.
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