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Abstract: Insights into chiral induction for an asymmetric
sulfoxidation reaction involving a single oxygen atom transfer
are gained through analyzing the stereocontrolling transition
states. The fitting of the substrate into the chiral cavity of a new
class of imidodiphosphoric Brønsted acids, as well as weak
C�H···p and C�H···O noncovalent interactions, are identified
as responsible for the observed chiral induction.

The chirality of drug molecules has long been known to play
a vital role in their biological activities.[1] While impressive
methodologies in asymmetric synthesis are now available,[2]

the progress on catalytic methods for imparting chirality to
heteroatoms, such as a sulfur atom, remain rather slow. Ever
since the use of omeprazole and esomeprazole, two of the best
selling sulphur-containing chiral prescription drugs,[3] the
synthesis of chiral sulfur compounds has received more
attention.[4] Similarly, chemical applications of sulfoxides as
chiral auxiliaries[5] and its connection with human neuro-
degeneration has helped garner attention for chiral sulfox-
ides.[6]

The conversion of an achiral sulfide into a chiral sulfoxide
can be accomplished by asymmetric oxidation using
enzymes[7] or transition-metal catalysis.[4] It is encouraging
to note that environmentally benign H2O2 is now widely
employed as an oxygen source in sulfoxidation reactions, and
is in line with the contemporary quest for atom-economic and
greener catalytic methods.[4f] In recent times, asymmetric
organocatalytic methods to access sulfoxides have evolved as
an effective strategy.[8] The emergence of axially chiral binol-
based Brønsted acids and a whole gamut of its applications is
particularly noteworthy.[9] A select set of highly successful
examples of this family of binol variants (I and II) is shown in
Figure 1.

In general, these axially chiral Brønsted acids have been
demonstrated to be capable of imparting exceptionally high
enantioselectivities in asymmetric aldol, Mannich, Friedel–
Crafts, Diels–Alder, imine hydrogenation, and Tsuji–Trost
allylation reactions.[9] The larger substituents at the 3,3’-

positions of the binol framework, such as that in 2,4,6-
triisopropylphenyl, are known to be vital for obtaining a high
degree of stereoselectivity.[9j–n] However, the efficiency of
catalysts I and II in sulfoxidation was reported to be
unexpectedly low.[10] Interestingly, axially chiral imidodiphos-
phoric acids (III) are found to be excellent catalysts for
asymmetric sulfoxidation and reactions such as spiroacetali-
zation and acetalization.[10,11] For instance, the group of List
has noted high ee values in the sulfoxidation of thioanisole
using aqueous H2O2 (Figure 1).[10] A few conspicuous ques-
tions at this stage are: a) What is the mode of catalysis, for
example, activation of the reactant(s), as well as how is
chirality transfer accomplished? and b) What is the origin of
high efficacy of III where I fails to induce enantioselectivity in
sulfoxidation? While there have been mechanistic studies on
the issue of chiral induction in binol catalysis by the groups of
Goodman, Himo, Terada, and others,[9j–n] the transition-state
(TS) models for this new and promising axially chiral
imidodiphosphoric acids have not yet been reported. The
proposed mode of catalysis within a confined active site, akin
to that in enzymatic reactions, is still an emerging concept in
organocatalysis.[12] Furthermore, insights into chirality trans-
fer in single-atom transfers, such as in stereoselective proto-
nation or oxygen transfer (as in the present case), is inherently
important. A suitable TS model will help bridge the gap
between chemical and enzymatic catalysis. To exploit the
catalytic potential and to broaden the scope of this novel form
of catalysis, adequate mechanistic insights as well as the
stereocontrolling elements responsible for chiral induction
are highly desirable.

As part of our continued interest in understanding the
origin of chiral induction, we herein present the first DFT-
(M06-2X) TS models, involving chiral imidodiphosphoric
acids, for the title reaction.[13] The discussion employs the
Gibbs free energies obtained at the M06-2X/6-31G** level of

Figure 1. Commonly used binol phosphoric acids (I and II) and
confined imidodiphosphoric acids (III).[10]
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theory.[14] Geometry optimizations have also been carried out
at the B3LYP-D3 and B3LYP levels of theory to compare the
extent and significance of dispersive interactions.

[14e] The
mechanism of oxygen transfer can be envisaged as shown in
Scheme 1, and consists of the electrophilic activation of H2O2

by the chiral Brønsted acid, the formation of the S�O bond
between the activated H2O2 and thioanisole, the cleavage of
the peroxide linkage and an accompanying proton transfer
from the phosphoric acid leading to the formation of water,
and proton transfer from the protonated sulfoxide back to the
phosphate oxygen atom to regenerate the catalyst.

Within a chiral environment, such as in the presence of an
axially chiral binol phosphoric acid, the interaction of the
activated H2O2 with the incoming thioanisole can exhibit
distinct preferences for certain prochiral modes of
approaches. The approach of the oxygen atom to both the
re and si faces of thioanisole is examined. Different con-
formers for the stereocontrolling S�O bond formation TSs
are considered as well, to identify the most preferred mode.[15]

The role of the chiral Brønsted acid catalyst should be
regarded as twofold: a) to drive the reaction through a cata-
lytic pathway, and b) to provide a chiral environment for the
chirality transfer. The relative energy of the TS for the S�O
bond formation is found to be as high as 50 kcalmol�1 in the
uncatalyzed route.[16] The O�O bond cleavage, transfer of
a proton to H2O2, and the formation of the S�O bond are
found to be a concerted process.[17a] The binding energy of
H2O2 to III is found to be �9.8 kcalmol�1, whereas that of
thioanisole is only �1.2 kcal mol�1.[17b] This difference shows
that H2O2 is activated prior to the reaction. The relative
energy of the corresponding TS in the imidodiphosphoric acid
catalyzed (III) pathway with respect to separated H2O2,
substrate, and catalyst is only 7.8 kcal mol�1. The phosphoric
acid renders electrophilic activation of H2O2 through a fairly
strong hydrogen-bonding interaction and leads to significant
lowering of the TS energy.

First, the factors contributing to the stereoinduction by I,
bearing 2,4,6-triisopropylphenyl substituents at the 3,3’-posi-

tions of the binol phosphoric acid, are analyzed. We have
located the stereocontrolling TSs for the sulfoxidation of
thioanisole using I.[18] The optimized geometries of the two
most preferred TSs are given in Figure 2. In the lower-energy
TS I-re, two interesting C�H···p interactions are identified;
one between the phenyl ring of thioanisole and the isopropyl
group (2.69 �), and one between the phenyl ring of thioani-
sole and the naphthyl p face (2.95 �). Another weak C�H···O
interaction (2.12 �) is also identified. Similar weak interac-
tions are also evident in the higher energy TS I-si wherein the
oxygen atom approaches the Si face of thioanisole. A
common geometric feature in these diastereomeric TSs is
that the methyl group of the thioanisole does not interact with
the catalyst. A modest energy difference of 0.5 kcalmol�1

between the diastereomeric TSs can be attributed to the
nearly isosteric re and si faces with a marginal variation in the
differential weak interactions between the catalyst and the
reacting partners. Consequently, neither steric nor weak
noncovalent interactions are able to impart high ee values in
the case of I.

An instructive comparison between asymmetric sulfox-
idation and other known reactions, wherein I yielded
impressively high ee values, is of high significance. In general,
the chiral Brønsted acids such as I offer bifunctional
activation of both electrophilic and nucleophilic reacting
partners. In the sulfoxidation reaction, however, the Brønsted
acid activates only H2O2, while thioanisole engages in some
weak interactions with the catalyst to hold it nearer to the
chiral cavity. Because of the absence of sufficient catalyst–
substrate interaction, the thioanisole appears to lack an
adequate fit in the chiral space provided by the catalyst.
Hence, effective transfer of chirality from the chiral Brønsted
acid to the substrate fails because of the lack of an organized
TS. Furthermore, the geometries of the lowest-energy stereo-
controlling TSs in an allyboration and an acetal formation
reaction indicated a better fit of the substrate in the chiral
pocket of the catalyst.[19] Closer proximity between the chiral
elements and the substrate would certainly help induce
differential stabilization between the stereocontrolling TSs
in such reactions, thus resulting in higher stereoselectivity.
However, in the present case, TS I-re, the substrate thioani-
sole is positioned away from the chiral cavity provided by the
axially chiral catalyst.

Scheme 1. General mechanism for the oxidation of sulfides into
sulfoxides.

Figure 2. Optimized geometries of stereocontrolling transition states
for I. The relative Gibbs free energies (kcalmol�1) are provided within
parentheses. All distances are in �.

Angewandte
Chemie

4433Angew. Chem. Int. Ed. 2014, 53, 4432 –4436 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


After identifying the origin of poor enantioselectivity
offered by I in the sulfoxidation reaction, we set out to
examine the stereocontrolling factors in the case of catalyst
III. The imidodiphosphoric acids consist of two axially chiral
phosphoric acid motifs linked through an imido nitrogen
atom. Quite expectedly, the steric environment is very
different from the monomeric phosphoric acids hitherto
described. It is important to note that III offered the best
enantioselectivity (98%) in the sulfoxidation of thioani-
sole.[10]

The closer inspection of the Brønsted acid sites of the
catalyst indicates the presence of a confined space for the
incoming substrate (Figure 3). As a result of this very feature,

the substrate is expected to experience a severely restricted
conformational space, should it dock well on to the catalyst.
In fact, we could identify a total of 12 TSs, for both the re- and
si-face additions of the oxygen atom to thioanisole.[14e] The
number of possible conformers and the relative dispositions
between H2O2 and thioanisole is far too limited in the
confined space offered by III as compared to that for I. The
incoming thioanisole can approach the preactivated H2O2

within the catalyst cavity only in a particular conformation.
The nature of the cavity and the substrate fitting is further

understood by using the three-dimensinoal space-filling
models. It can be seen that the monomeric catalyst I
(Figure 3, first row) provides a larger space for the substrate

and hence the guest thioanisole in TSs I-re and I-si can afford
different geometric dispositions with respect to the catalyst/
H2O2 host. Even in the lowest energy TS I-re, the efficiency of
the weak noncovalent interactions responsible for holding the
thioanisole in place is found to be low. This situation leads
only to a modest energy difference between the re- and si-face
approaches, thus leading to a poor enantioselectivity. Inter-
estingly, in the dimeric catalyst, having a limited space inside
the chiral pocket, the substrate appears to find a better fit. A
closer perusal of the geometry of the TS III-re suggests that
the reduced cavity size facilitates an improved interaction
between the activated H2O2 and the thioanisole, as the latter
is forced to remain in the most appropriate conformation for
the oxygen-atom transfer. The higher energy diastereomeric
TS III-si exhibits two key differences. The methyl group of
thioanisole does not participate in any favorable interaction
with the catalyst and remains slightly away from the activated
electrophile as compared to that in the lower energy
transition state. The cavity size is found to be relatively
larger in TS III-si, thus suggesting a kind of induced fit of the
substrate when the si face has to be exposed to the activated
electrophile. Also, the catalyst backbone is found to be
relatively more distorted in the higher energy TS III-si (see
below) Moreover, in TS III-si, the fit of the substrate is not
ideal as revealed by the empty space shown using the dotted
red lines in the figure. In the TS III-re, the catalyst and
substrate fit perfectly in a lock-and-key fashion. The substrate
recognition of this kind is reminiscent of enzymatic reactions
wherein the substrates with an optimum size (recognition)
and shape (conformation) find improved fit in the enzyme
active site.

After probing the gross features such as the size and
topology of the cavities in the stereocontrolling TSs, we
zoomed in, to examine the finer geometric features. The
optimized geometries of the stereocontrolling TSs are pro-
vided in Figure 4. The Gibbs free energy of TS III-re is
3.9 kcalmol�1 lower as compared to that of the diastereomeric
TS III-si mode of addition. The energy difference of this order
is in line with the experimentally observed high enantion-
meric excess (98 %) obtained using III. In an effort to
rationalize this vital energy difference, the weak interactions
in these TSs are carefully analyzed. It is noticed that in theFigure 3. Space-filling models of stereodetermining TSs and the acti-

vated H2O2 complex with I and III. The substrate is shown in blue
while all carbon atoms of the catalyst are in gray and oxygen atoms
are in red. The dotted lines in red show the empty space in III-si.

Figure 4. The optimized geometries of the stereodetermining TSs for
III. The relative free energies (kcalmol�1) are provided in parenthesis.
All distances are in �. The C�H···p, and C�H···O interactions are
respectively shown in blue and red.
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lower energy TS III-re, the substrate enjoys additional C�
H···p and C�H···O interactions. The geometry of the lower
energy TS III-re conveys the presence of a few important
stabilizing interactions. Firstly, the aryl ring of the thioanisole
engages in three C�H···p (denoted as c, d, and e), as well as
one C�H···O interactions (f). Secondly, the CH3 group of
thioanisole participates in two C�H···p (a and b) and one C�
H···O (g) interactions with the catalyst. However, in the
higher energy TS III-si, the CH3 group of thioanisole forms
only one C�H···O interaction (j). Similarly, the aryl group of
thioanisole shows only two weaker C�H···p interactions (h
and i). More importantly, the contact distances convey that
both these types of interactions (C�H···p and C�H···O) in TS
III-si are weaker as compared to those in TS III-re. The
cumulative effect of such differential noncovalent interac-
tions holds the key to the extent of enantioselectivity of this
reaction. We have carried out AIM analysis to further verify
these interactions. The 1(bcp) values for C�H···O interactions
are found to be within the range of 0.014–0.015 a.u. and that
for C�H···p interactions is 0.005–0.01.[20] The roles of C�H···p
and C�H···O interactions in asymmetric catalysis have
recently been highlighted by other research groups.[21] Since,
the stereoselectivity is controlled by such weak interactions,
we have also computed the same using the dispersion
corrected B3LYP-D3 functional. The calculated ee value of
greater than 99 % is similar to that obtained at the M06-2X
level of theory. Although the fit of the right conformer of the
substrate to the catalyst cavity appears similar to that in
enzymatic processes,[21] the free-energy drive in the present
situation is primarily enthalpic and stems from the non-
covalent interactions.[22]

Further rationalization of the origin of the differential
stabilization in the stereocontrolling TSs is done by using the
activation strain analysis. The contribution to the activation
energy arising from distortion of the reactants and interaction
between the distorted reacting partners is computed.[23] The
destabilizing distortion energy of the III-si is found to be
1.9 kcalmol�1 higher than that in the preferred TS III-re.
Similarly, the stabilizing interaction in TS III-si is lower by
2.4 kcalmol�1. The difference in the distortion in the two TSs
can be ascertained from the RMSD values of TSs III-re and
III-si, and are 0.015 and 0.024 �, respectively, with respect to
the original catalyst/H2O2 complex.[24] These data show that
the deviation in TS III-re is smaller than that in TS III-si.

On the basis of the above-mentioned factors, it appears
clear that in the higher energy TS III-si an induced fit of the
substrate leads to a larger cavity size. In other words, when the
si face is to be exposed to the incoming oxygen atom, the
conformation of thioanisole is not as appropriate as that for
the re-face addition. Furthermore, the best-fit arrangement in
the lower energy TS is identified to be governed by the weak
noncovalent interactions. In the absence of the well-charac-
terized TSs, as presented in this work, the origin of
stereoselectivity would have almost entirely been assigned
as arising from steric interactions. These insights could help
a) generalize the scope of noncovalent interactions in catal-
ysis, b) in the choice of substrates for sulfoxidation, and c) in
the modification of the catalyst backbone for the desired
cavity size for a given class of sulphides to find a better fit.

In conclusion, the first TS models for the stereoinduction
in imidodiphosphoric acid catalyzed sulfoxidation reaction
reveal that the chiral discrimination of the si and re faces of
thioanisole originates from weak C�H···p and C�H···O
noncovalent interactions. The fit of thioanisole within the
chiral pocket, created by the catalyst/H2O2 complex, has been
found to be better when the re face of the substrate is exposed
to the activated electrophile and is reminiscent of enzymatic
reactions. The monomeric axially chiral phosphoric acid,
having a larger chiral pocket, has been identified to exhibit
much weaker interactions between the chiral catalyst and
thioanisole, thus leading to larger conformational possibilities
for the latter. The computed enantioselectivity has been
found to be in very good agreement with the experimental
reports for both the monomeric and dimeric catalysts. This
study could profoundly simplify the search for TSs for related
substrates, as one can start with our lowest energy TS model.
The insights on the position and interactions of the substrate
with the catalyst could effectively be used in the design of
catalyst and substrate variants.
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