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Abstract: An experimental investiga-
tion of the enantioselective oxidation
of aryl benzyl sulfides by tert-butyl hy-
droperoxide in the presence of a titani-
um/hydrobenzoin catalyst has shown
that these sulfides are ideal substrates
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proposed. The DFT MPWBI1K func-
tional was used in the theoretical inves-
tigation to account for weak hydrogen-
bonding and = interactions. The com-

puted reaction profile explains the ex-
perimentally observed enantioselectivi-
ty, which is determined by the thermo-
dynamics of the first phase of the reac-
tion. A detailed discussion of the hy-
drogen-bonding and m interactions that
drive the reaction along the observed
stereochemical path is given.
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Introduction

Enantiopure sulfoxides have been employed many times as
starting materials in several asymmetric syntheses of natural
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and bioactive compounds."? Chiral non-racemic sulfoxides
are prepared by two main strategies based upon the use of
organometallic reagents®™! or the enantioselective oxidation
of sulfides,*?! or by a suitable combination of these two ap-
proaches.**! Because bioactive sulfoxides often bear moiet-
ies that are not compatible with organometallic procedures,
chiral sulfinyl drugs are prepared industrially mostly by
enantioselective oxidation,”! as in the case of esomeprazole,
one of the best-selling drugs.® Thus, recent interest in more
efficient sulfide oxidation protocols is growing."! Although
several enantioselective oxidation reactions have been re-
ported,®?! the synthetic developments have not been ac-
companied by an increased understanding of the reaction
mechanisms.

The most common oxidation protocols employ an achiral
oxidant (hydroperoxides or peroxides) in the presence of
chiral metal complexes. Many metals have been investigat-
ed, as reported in the pioneering work” of Modena and
Kagan and their co-workers on titanium/diethyl tartrate
complexes® and in other papers on different titanium com-
plexes,'*!® as well as on vanadium,!?" iron® or alumini-
um® catalysts, to cite the most frequently used metals.

Two main behaviour patterns were observed in these pro-
cesses. 1) A sulfoxide with a high ee value was produced di-
rectly without the formation of significant amounts of sul-
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fones, 8912 1415:17-19.21-23] 9y A qylfoxide with a lower ee value
was obtained, but the enantiopurity could be increased if
overoxidation to sulfone was allowed.'>'"1¢2) In fact, the
acting catalyst can enhance the ee of the product sulfoxide
by oxidising the minor enantiomer selectively.

In connection with our work on the application of carba-
nionic leaving groups to the synthesis of chiral sulfoxides,
we reported that enantiopure benzyl p-bromophenyl sulfox-
ide (1b) is a general and viable precursor of chiral non-race-
mic dialkyl sulfoxides provided that two subsequent substi-
tution steps with alkyl Grignard reagents are carried out.!""
The precursor can be easily obtained in very high ee (>
98%) and in high isolated yield (85%) with the aid of a
straightforward catalytic enantioselective oxidation of
benzyl p-bromophenyl sulfide (1a) with tert-butyl hydroper-
oxide (TBHP) in the presence of a titanium/hydrobenzoin
catalyst (Scheme 1).1%

(0]
s 2.
TBHP, cat* /©/
Br n-hexane gy
1a 1b

cat* = Ti(OiPr)4/(S,S)- or (R,R)-hydrobenzoin

Scheme 1. Enantioselective oxidation of benzyl p-bromophenyl sulfide in
the presence of a titanium/hydrobenzoin catalyst.

Both enantiomers of the hydrobenzoin ligand are cheap
and easily available. The (R)-sulfoxide was obtained when
(8,S)-hydrobenzoin was used, whereas the reaction afforded
the (S)-sulfoxide in the presence of (R,R)-hydrobenzoin.
Furthermore, the experimental procedure was insensitive to
the presence of water, was effective at room temperature
and could be performed in n-hexane," a more environmen-
tally benign solvent than the chlorinated solvents commonly
used in other procedures. Moreover, with n-hexane the sulf-
oxide precipitated from the reaction medium and could
easily be collected. A simple crystallisation step yielded the
desired enantiopure material, thus allowing easy scale-up.['¥]

Because this oxidation protocol is particularly efficient,
we compared our results with other work!">'”*¥ and looked
for new applications.'>!®! High ee values and satisfactory
yields were obtained in the oxidation of aryl -ketosulfides
(70-94 % vyields, 92 to >98% ees).”! Also with these sulfinyl
compounds, the reaction gave (R)-sulfoxides when (S,S)-hy-
drobenzoin was used. The same protocol was applied to the
oxidation of two alkyl esters of Sulindac sulfide, structurally
related to an aryl methyl sulfide (95-96% ee values),"'® and
an identical stereochemical outcome was again observed.!'"]
On the other hand, in this oxidation reaction, we observed a
sulfone, a lower yield of the sulfoxide and an increase in the
ee value due to a kinetic resolution process.'! This pattern
was confirmed by lower ee values when the formation of sul-
fone was inhibited by a shorter reaction time (4-6h) or
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lower temperature (0°C). Similar conditions, able to inhibit
the formation of sulfone,"! had been reported by Rosini an
co-workers,®! who oxidised various sulfides in the presence
of a titanium/hydrobenzoin catalyst with the formation of
the corresponding sulfoxides (55-73 % yields, 22-80% ees
for aryl alkyl sulfoxides, 92 to >99% ees for a few aryl
benzyl sulfoxides). Going into detail, water was present in
their protocol and 2 equiv of a different solution of TBHP
were employed. Seto et al. used the titanium/hydrobenzoin
catalyst to prepare a sulfoxide that was a precursor of an
anti-HIV agent."” Note that a high ee (91 %) and a satisfac-
tory yield (71 %) were obtained when a molecule similar to
an aryl benzyl sulfide was oxidised at room temperature
without the formation of appreciable quantities of sulfone.
On the other hand, a slight structural variation of the sulfide
caused a reduction in the yield and the ee (18 %) of the sulf-
oxide product. Very recently, Jiang et al." reported the oxi-
dation of omeprazole-like sulfides with hydroperoxides in
the presence of complexes formed between titanium and hy-
drobenzoins bearing different substituents on the aryl
groups. Water was present. High yields (up to 92%) and ee
values (up to 96% ee) were obtained for these heteroaryl
molecules that resemble aryl benzyl sulfides.

From an overview of these results obtained under a varie-
ty of reaction conditions, the oxidation of aryl benzyl sul-
fides with hydroperoxides in the presence of a titanium/hy-
drobenzoin catalyst seemed to us to represent an ideal sub-
strate/reagent/catalyst system for a detailed stereochemical
and mechanistic investigation. With this aim, we decided to
perform a systematic experimental investigation of the oxi-
dation of a variety of aryl benzyl sulfides bearing different
substituents on the aryl groups under the same reaction con-
ditions. We carried out our experiments without inhibiting
the possible formation of the sulfone to test if and when ki-
netic resolution was present. In addition, because the mech-
anistic details of titanium-catalysed oxidation have not been
elucidated yet and, as far as we know, no accurate theoreti-
cal study is available in the literature, we investigated the
potential energy surface of the reaction by using a reliable
quantum mechanical DFT approach. To this purpose we em-
ployed a simple model system formed by a benzyl phenyl
sulfide molecule reacting with tert-butyl hydroperoxide
(TBHP) in the presence of a titanium/hydrobenzoin com-
plex.

Results and Discussion

Reagents and reaction protocol: Aryl benzyl sulfides 2a-
15aP**" bearing different substituents were synthesised
starting from the commercially available aryl thiols and the
corresponding benzyl halides. As reported in Table 1, we
chose sulfides bearing electron-withdrawing or -releasing
substituents on the aryl groups. Furthermore, in principle,
these groups could supply a further point of coordination
for the titanium centre (for example, in the case of the me-
thoxy moiety) and exert steric hindrance.
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Table 1. Enantioselective oxidation of aryl benzyl sulfides by TBHP in the presence of catalytic amounts of a ~ Experimental results: After
titanium/(S,S)- or (R,R)-hydrobenzoin complex. screening the structures
~ | X o = | (Table 1, entries 1-17) we were
S A ~Re TBHP, cat” | SN ~Re in a position to confirm that the
'l// r-hexane ‘/ = enantioselective oxidation of
R 9a15a R 2b-15b aryl benzyl sulfides with fert-
cat* = Ti(O/Pr)4/ (S,S)- or (R,R)-hydrobenzoin butyl hydroperoxide in the
Molar ratio: Ti(QiPr)4/hydrobenzoin/sulfide/TBHP 1:2:20:22 presence of a titanium/hydro-
Entry Sulfide R’ R” Ligand configuration Sulfoxide Yield [%]® ee [%]"® €€y [%]¢ b,eflzom catalyst is eXt_reme.ly ef-
ficient from a synthetic point of
1 2a  2-COOMe H (5.5) (R)-2bl) 77 91 >98 . .
) 3a 2-Cl H (5.5) (R)3b 92 95 view. In fact, very often it was
3 4a 4-NO, H (S.5) (R)-4bld! 6510 > 08 ~08 possible to obtain in an easy
4 4a 4-NO, H (R,R) (S)-4b> 38 >98 >98 and straightforward manner the
5 5a 2-OMe H (8.5) (R)-Sbm 89 88 >98 corresponding sulfoxides 2b-
S SOw N by mE MR sk it g cnaniomer
3 7a 4-OMe H (R.R) (ST 65 ~08 ~08 ic purity (>98% after crystalli-
9 8a 4-Br 2-NO, (8.5) (R)-8b 72 85 >98 sation). The yields were satis-
10 9a 4-Br 4-NO, (5.5) (R)-9pl 71 >98 >98 factory (57-92% with two ex-
11 10a 4-Br 2-OMe (8.8) (R)-10b1 68 >98 >98 ceptions), even when n-hexane
12 11a 4-Br 3-OMe (S.5) (R)-11b 37 81 >98
13 12a 4Br  4-OMe (5.5) (R)-12b" 65 >98 >98 was used as the solvent.
14 13a 4-Br 3.Cl (S.5) (R34 66 97 97 Most of the reactions were
15 14a 4-Br 2,4-Cl, (S.9) (R)-14bl4! L] >98 >98 performed by using (S,S)-hy-
16 14a 4Br  24-ClL (8.8) (R)-14p'" 47" 85 drobenzoin as the ligand for ti-
17 15a 4-OMe  4-OMe (5.9 (R)-15b 72 >98 >98 tanium, but two of them

[a] Isolated yields. [b] The ee values were measured by HPLC (see text) before crystallization. [c] The ee.,
values were measured by HPLC after crystallization. [d] The absolute configurations of the sulfoxides were es-
tablished by X-Ray analysis (see text). [e] This configuration was attributed on the basis of our empirical rule
(see text). [f] The reaction was performed in a 20:3 mixture of n-hexane/CCl, due to the high insolubility of
sulfide 3a in pure n-hexane. [g] The corresponding sulfone was also present in a yield of 14%. [h] This reac-

tion was performed at 0°C for 7 h.

The oxidation reactions of 2a-15a to obtain sulfoxides
2b-15b2*38 were performed in n-hexane (Table 1). In
fact, the enantioselectivities of these reactions are higher in
apolar solvents!™™® such as carbon tetrachloride or n-
hexane, but we preferred to avoid the use of toxic chlorinat-
ed solvents. Sometimes, this environmental choice had a
drawback because the reaction was slower in n-hexane. As a
consequence, a certain amount of the starting sulfide re-
mained in the mixture after two days and the yield de-
creased in comparison with the same reaction performed in
carbon tetrachloride.

The reactions were performed on a 1 mmol scale with
1.1 mmol of oxidant at room temperature for two days in
the presence of 0.05 mmol of a 1:2 titanium/hydrobenzoin
catalyst. Many of the chiral aryl benzyl sulfoxides that were
produced precipitated from the reaction medium but, in-
stead of collecting them as in our previous work," we pre-
ferred to subject the whole reaction mixture to chromatog-
raphy in order to measure the ee values of the sulfoxides
before crystallisation (81 to >98%). In fact, as reported in
Table 1, the enantiomeric purity of these sulfoxides were
usually higher after crystallisation (ee >98%). In principle,
this protocol could be subjected to experimental improve-
ments, but we were interested in performing all the reac-
tions under the same conditions.
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(Table 1, entries 4 and 8) were
repeated with the (R,R)-hydro-
benzoin to obtain the enantio-
meric sulfoxide. In the cases of
sulfoxides 2b, 4b-6b, 8b-11b,
13b and 14b, the absolute con-
figuration at the sulfur atom was established by X-ray analy-
sis. When (S,5)-hydrobenzoin was used as the titanium
ligand, the sulfur atom of these sulfoxides had the R config-
uration, thus confirming our empirical rule.'*"* Note that
the four molecules that were not found suitable for X-ray
analysis were compound 3b, which is an oil, and compounds
7b, 12b and 15b, in which a para-methoxy group is present
in one or both of the aryl groups of the molecule.

The tridimensional crystal structure is the result of many
interactions, the most important being hydrogen-bonding
between the benzyl methylene group and the sulfinyl
oxygen atom. Furthermore, other contributions from the
heteroatoms (for example, halogen-bonding®®!) were pres-
ent. In the crystal structure, the aryl groups of the sulfoxides
2b, 5b, 9b, 11b and 13b are arranged in a gauche conforma-
tion (values of the dihedral angle (aryl carbon)-(methylene
carbon)-sulfur-(aryl’ carbon) are in the range of 52-65°). On
the other hand, in compounds 4b, 6b, 8b, 10b and 14b, the
aryl groups are arranged in an antiperiplanar conformation
(dihedral angle values in the range 166-179°). More details
are presented in the Supporting Information.

The stereochemical picture that emerged from this oxida-
tion is extremely interesting. As reported in Table 1, very
high ee values (>95%) were obtained for nine out of the
fourteen sulfoxides (Table 1, entries 2-4, 7, 8, 10, 11, 13-15
and 17), and ee values in the range 81-91 % were measured
for the remaining ones.
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In particular, as far as the substitution on the aryl group
bonded to the sulfur atom is concerned (Table 1, entries 1-
8), a slight but significant decrease in the ee values (84—
88%) was observed when a methoxy group was present in
the ortho or meta position (entries5 and 6). Because a
higher ee value (95%) was obtained after the introduction
of a non-coordinating ortho-chloro substituent (Table 1,
entry 2), this effect could be due to the interference of a co-
ordinating group close to the metal centre. On the other
hand, the same moiety in a different position (Table 1, en-
tries 7 and 8) did not particularly affect the enantioselectivi-
ty (>98% ee).

As far as the substitution on the benzyl aryl group is con-
cerned (Table 1, entries 9-17), excellent enantioselectivities
were obtained (97 to >98% ee values) with two exceptions.
The first is with the ortho-nitro moiety on the benzyl aryl
group (Table 1, entry 9, ee 85%). The second is with the
meta-methoxy group (Table 1, entry 12). In this case, not
only the ee value decreased (81% ee, which is the lowest
value of the whole investigation), but the yield also dropped
to 37% with a very large amount of sulfide 11a remaining
unreacted. The decrease in both yield and enantioselectivity
could be ascribed to the presence of a coordinating group
because the oxidation of sulfide 13a (Table 1, entry 14), in
which the chlorine atom is present in the same meta-posi-
tion, yielded an usually high ee (97%) and a satisfactory
yield (66 % ).

Another exception was the formation of a certain amount
(14%) of the corresponding sulfone from the oxidation of
sulfide 14a (Table 1, entry 15). The reaction was repeated at
0°C for 7h to test whether kinetic resolution was present
(Table 1, entry 16). Under these conditions, a 53:47 mixture
of sulfide 14a/sulfoxide 14b was obtained with no trace of
the sulfone, the ee of 14b being 82%. Because sulfoxide
14b was produced in an enantiopure form (entry 15), only
in this particular case is a certain amount of kinetic resolu-
tion present.

From the results presented in Table 1 and in a previous
paper,'¥! with some exceptions, aryl benzyl sulfides seem to
be appropriate substrates for enantioselective oxidation in
the presence of a titanium/hydrobenzoin catalyst because
high ee values were always measured. Slight decreases in
enantioselectivity could be ascribed to the local interference
of some groups placed in certain positions.

Mechanistic investigations: With these results in hand, we
tried to envisage a reaction mechanism that could explain
the observed reaction selectivity. As outlined in the Intro-
duction section, the mechanism for the metal-catalysed
enantioselective oxidation of sulfides is still far from being
understood. A mechanistic scheme was suggested for vana-
dium catalysts,”!! but nothing similar has been reported for
active titanium species, even though titanium was the first
metal that was proposed for these reactions” and a huge
amount of literature relating to its use has been published in
more than 25 years.”]
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The proposal of a plausible reaction mechanism encoun-
tered serious problems,>"! the most significant being the
experimental evidence for a fast exchange of titanium li-
gands in solution™ and the formation of supramolecular as-
semblies. It has been demonstrated that the complexes
formed between titanium and tartrates® and between tita-
nium and BINOLU!% vyield intricate patterns when ob-
served by spectroscopic techniques. However, when we re-
corded the '"H NMR spectrum™ of the complex obtained
from a 1:2 mixture of titanium isopropoxide and hydroben-
zoin, we observed a very simple pattern arising from a tita-
nium complex in which only the hydrobenzoin was bound to
the metal with the original isopropoxide moiety free in solu-
tion. The different behaviour characterising the titanium/hy-
drobenzoin complex with respect to the other catalysts led
us to hypothesise that a less complicated reaction mecha-
nism could be operating.

Following our hypothesis, the starting tetrahedral Ti(hy-
drobenzoin), species, which originates from the initial 1:2
mixture of titanium isopropoxide and hydrobenzoin, first
undergoes oxidative addition of the sulfide and then of the
oxidant. This would lead to the formation of an octahedral
assembly that is expected to be stable enough to transfer the
oxygen atom from the hydroperoxide moiety to the sulfur
atom, in accord with the experimental results, that is, lead to
the formation of the (R)- or (S)-sulfoxide when (S,S)- or
(R,R)-hydrobenzoin is wused, respectively. Furthermore,
within our mechanistic hypothesis, aryl benzyl sulfides
should be the best fitting substrates.

Computational details and choice of model: Because most
of the experimentally investigated aryl substituents do not
significantly affect the enantioselectivity of the reaction, we
have used in our calculations the simplest (prototype)
model system, a benzyl phenyl sulfide molecule, which
reacts with tert-butyl hydroperoxide (TBHP) in the presence
of a titanium/hydrobenzoin complex. In particular, we chose
(8,8)-hydrobenzoin and considered the two possible reaction
pathways leading to the (S)- or (R)-sulfoxide, this last con-
figuration being in agreement with the experimental results.

Owing to the presence of aryl groups in the ligands and in
the substrate, it is reasonable to believe that interactions in-
volving the aryl m systems should be taken into account, as
was assumed by other workers.'¥ Thus, an appropriate
method for their description must be chosen. It is well
known that this class of interactions cannot be correctly
treated at the DFT level of theory because the most popular
functionals (for instance, B3LYP) are inaccurate for interac-
tions in which medium-range correlation effects are domi-
nant."

In fact, n— interactions are satisfactorily described by the
MP2 method but, given the size of the model system used
here (47 heavy atoms and 36 hydrogen atoms), MP2 compu-
tations require too much CPU time for practical and exten-
sive use. However, a new hybrid functional (denoted as
MPWBI1K), which is capable of treating medium-range cor-
relation effects, has recently been proposed.® This func-
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tional has been demonstrated to provide a good estimate of
7—7 interactions and reaction energies***!! using reasonable
amounts of CPU time.

Thus, all the DFT computations reported in this paper
were carried out with the Gaussian 03 software packagel*!
using the MPWBI1KP? functional and the DZVP basis
set.”] The DZVP basis set is a local spin density (LSD) op-
timised basis set of double-zeta quality that includes polari-
sation functions and is suitable for describing weak hydro-
gen bonds and m interactions such as those occurring in the
system investigated herein. The transition vector of the vari-
ous transition states has been analysed by frequency compu-
tations. Furthermore, because an apolar solvent (n-hexane)
was used in our experiments, on the basis of our experience,
we believe that gas-phase computations can satisfactorily
emulate the experimental conditions.

Computational results: The corresponding energy profile for
the oxidation of the benzyl phenyl sulfide molecule by tert-
butyl hydroperoxide (TBHP) in the presence of a titanium-
(hydrobenzoin), complex is reported in Figure 1 and sche-

E (kcal mol-)

pro-S channel

Reactants (AL) Ts 05

8.8
M1’

el

reaction
coordinate

M2’

A\
AR

M3’

Figure 1. Computed energy profile for the enantioselective TBHP oxida-
tion of benzyl phenyl sulfide in the presence of a titanium/(S,S)-hydro-
benzoin catalyst.

matic representations of the structures of the most impor-
tant critical points are reported in Figures2—4 and Fig-
ures 1S and 2S of the Supporting Information. The asymp-
totic limit (AL) in Figure 1 is represented by the titanium-
(hydrobenzoin), tetrahedral complex (see Figure 1S), a
benzyl phenyl sulfide substrate molecule and a TBHP mole-
cule at infinite distance (that is, the reactants).

The substrate molecule can adopt two different orienta-
tions to interact with the tetrahedral complex involving the
(8,S)-hydrobenzoin enantiomer. The two approaches lead to
the formation of two pentacoordinated titanium species M1

Chem. Eur. J. 2009, 15, 13417 -13426

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

and M1’ without overcoming any barrier. Because M1 and
M1’ afford final products with the S and R configuration at
the sulfur atom, respectively, they can be denoted as pro-S
and pro-R compounds (see Figure 2). The energy difference
between these two species is 1.7 kcalmol " and the one with
lower energy is the pro-S species M1, which is 10.5 kcal
mol™' below the AL.

E— M1,-10.5

L n gtacking

Figure 2. Schematic representation of the structures of the two diastereo-
meric titanium pentacoordinate adducts M1’ and M1 (bond lengths in
A). Energy values (kcalmol ') are relative to the AL.

Inspection of Figure 2 shows that as the sulfide enters into
the metal coordination sphere the original Ti(hydroben-
zoin), tetrahedral structure becomes distorted and the two
five-membered rings (CCO1TiO2 and CCO1'TiO2") are now
bent in the opposite direction with respect to the approach-
ing line of the sulfide. The Ti—O bond lengths are quite sim-
ilar in the two intermediates and the newly formed Ti—S
bond is shorter in M1 (2.61 A) than in M1’ (2.68 A).

The two pentacoordinated titanium complexes are charac-
terised by a number of interactions involving the phenyl
rings of the substrate and those of the two hydrobenzoin li-
gands. However, the nature of these interactions is rather
different in the two cases. In M1’ m-stacking interactions are
evident between each phenyl ring of the sulfide (B3 and B4)
and one of the two phenyl rings of each hydrobenzoin
moiety (B1 and BY’, respectively). The two rings of each
pair lie in approximately parallel planes, but do not form
the well-known “sandwich” structure. The two planes are
displaced to give a structural arrangement that has been
demonstrated to provide more effective m—m stabilisa-
tion.[**~ Typical distances between the most effectively in-
teracting carbon atoms of the two rings are in the range 3.6—
3.9 A and are reported in Figure 2.

In M1 the orientation of the substrate is reversed com-
pared to M1’, and this leads in the final product to the oppo-
site configuration at the sulfur atom (the S configuration).
The result of the different substrate arrangement is a shorter
Ti—S distance and the appearance in M1 of a T-shaped con-
figuration®™*" involving the ring-pair B1/B4. In the T-
shaped structure the plane of the hydrobenzoin phenyl ring
B1’ is approximately orthogonal (but tilted) with respect to

— 13421
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the plane of the substrate ring B4. This particular arrange-
ment (tilted T-shaped) is known to be more stabilising than
“parallel-displaced” and “sandwich” structures (7 stacking)
because, in addition to dispersion forces and quadrupole—
quadrupole electrostatic effects, further stabilisation occurs
due to hydrogen-bonding contributions.”! In this case, one
C—H bond of B1’ interacts with the m-electron cloud of B4:
the (phenyl-B1')C—H--C(phenyl-B4) distances that feature

the tilted T-shaped interaction are in the range of 2.9-3.6 A ¥*°"=17

(specific values are reported in Figure 2).

It is interesting to examine the relative arrangements of
B1 and B3 in M1. The methylene group placed between the
sulfur and benzene makes it difficult in this case to achieve
a T-shaped structure such as that observed for the B1'/B4
pair. However, one of the C—H bonds of the methylene
group points towards B1 and gives rise to a non-negligible
hydrogen interaction. This is evidenced by the (methyle-
ne)C—H:--C(phenyl-B1) distances: the shortest computed
value is 2.53 A, which indicates a non-negligible interaction
of the C—H bond with the m-electron cloud of Bl. Even if
this C—H---m interaction is less stabilising than a full benzene
dimer interaction (1.5 versus 2.5 kcalmol™),*” the two rings
remain close enough to believe that some stabilising effects
associated with m—m aromatic interactions remain active (for
instance, dispersion forces and quadrupole—quadrupole ef-
fects) and must contribute to the C—H---x stabilisation. Fur-
thermore, a comparison between the two structures of
Figure 2 shows that in the two species the relative positions
and distances between B1’, B2’ and B2 do not change signif-
icantly and thus the interactions involving these three rings
should not affect the relative stabilities of M1 and M1".

In conclusion, the shorter Ti—S distance observed in M1
and the stabilisation associated with the T-shaped structure
and C—H--m interactions explain the lower energy of M1
compared with M1'.

The subsequent step involves the reaction of tert-butyl hy-
droperoxide with the pentacoordinated complexes. In princi-
ple, we could consider a deprotonated hydroperoxide re-
agent. However, in this case the charged hydroperoxide that
results from the deprotonation forms a n? complex with the
titanium atom and determines the expulsion of the sulfide
from the metal coordination sphere. The system obtained in
this way is stable and cannot lead to any oxidation product.
Thus, it seems reasonable to consider the addition of neutral
TBHP. We found that this leads to the formation of two new
species (M2 from M1 and M2’ from M1, see Figure 3) in
which the metal adopts an octahedral arrangement. The dif-
ference in energy between M2 and M2’ is 5.1 kcalmol ! and
the favoured structure is now M2', that is, the complex lead-
ing to the experimentally observed R configuration of the
final product.

It is evident from Figure 3 that the nature of the interac-
tions significantly changes on passing from M1 to M2. Al-
though in M1 T-shaped interactions characterise the B1'/B4
pair, in M2 these two rings are too far away for an effective
stabilisation. More interesting is the arrangement of the two
rings B1 and B3. A stabilising interaction (methylene)C—

13422 ——

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M2, -30.2

(CH;)H-C(B1)=1.77

74
weak

Figure 3. Schematic representation of the structures of the two diastereo-
meric titanium octahedral adducts M2 and M2 (bond lengths in A).
Energy values (kcalmol ') are relative to the AL.

H--C(phenyl-B1) (similar to that described for M1) can be
recognised (a (methylene)C—H:-C(phenyl-B1) distance of
2.64 A reflects the relative positions of methylene and B1).
Furthermore, there is a significant hydrogen bond involving
the O4—H group and the O1’ oxygen, the O4—H--O1" dis-
tance being 1.84 A.

Because in M2' B3 and B1’ are tilted compared with their
positions in M1’, m-stacking interactions become impossible.
However, the relative arrangement of the B3 and B1’ planes
(these are oblique and displaced one to the other) leads to a
sort of weakly bound T-shaped structure characterised by
the interaction of one of the C—H bonds of B1" with the -
electron cloud of B3: the shortest (phenyl-B1)C—
H--C(phenyl-B3) distance is 3.22 A.

The B1-B4 m-stacking interactions found in M1’ also dis-
appear in M2'. However, in this case, B1 is approximately
orthogonal to B4 and originates a stabilising tilted T-shaped
configuration.**"! The interaction of one of the C—H bonds
of B1 with the m-electron cloud of B4 is evident from
Figure 3(left): the shortest (phenyl-B1)C—H:--C(phenyl-B4)
distances that reveal this tilted T-shaped interaction are 2.84
and 2.95 A (as shown in Figure 3left). A further interesting
aspect found in M2’ is the O4—H:-Ol1" hydrogen bond,
which is stronger than in M2, the O4-H--O1’ distance now
being 1.77 A.

Because the Ti—S and Ti—O3 distances are almost identi-
cal in M2 and M2/, it is reasonable to believe that the B1-
B4 T-shaped structure, the additional (even weak) interac-
tions involving B1’ and B3 and the O4—H--O1" hydrogen
bond are the key factors that determine the lower energy of
M2’ compared with M2.

The computed energy difference between M2 and M2’ in-
dicates that under thermodynamic conditions such as those
governing the first part of the reaction, the latter species
should form almost exclusively. The thermodynamic equili-
bration requires a barrier of 30.2 kcalmol™ to be overcome
(needed by M2 to break the Ti—O and Ti—S bonds and
allow the substrate to reorientate to afford M2'). This
amount of energy is almost identical to the activation barri-
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er needed to achieve the subsequent transition state and is,
thus, available under the experimental conditions used for
the reaction.

The two transition states TS and TS’ (see Figure 4) lead-
ing to the final sulfoxide products from M2 and M2', respec-
tively, were located. These are almost degenerate, their
energy difference being 0.5 kcalmol ™!, with TS’ more stable
than TS.

TS, -0.24

T shaped

wdlg =285

T shaped

Figure 4. Schematic representation of the structures of the two transition
states TS’ and TS (bond lengths in A). Energy values (kcalmol ') are rel-
ative to the AL.

In TS and TS' a new bond is forming between the sulfur
atom and the oxygen atom O4 of the hydroperoxide mole-
cule (the incipient S—O4 bond is 2.20 and 2.19 A in TS’ and
TS, respectively). Simultaneously, the hydrogen atom mi-
grates from O4 to O1’ causing a lengthening of the Ti—O1’
bond (the (O4)H—O1' and Ti—O1’ distances are 1.81 and
1.95A in TS and 1.74 and 1.94 A in TS, respectively, where-
as the corresponding value for Ti—02' is 1.81 A in both
cases). In both TS' and TS B1’ interacts with the adjacent
phenyl ring of the substrate (B3 in TS’ and B4 in TS) in a
parallel-displaced arrangement (this corresponds to a weak
ni-stacking interaction in which the C--C bond lengths of the
two rings are larger than 3.4 A). Also, B1' interacts with B2’
to form a T-shaped structure that is almost identical in the
two transition states. A further interesting feature is the
H(O4)--S hydrogen bond which assists the proton transfer.
The strength of this interaction is almost identical in TS" and
TS, the H(O4)--S distances being 2.37 and 2.38 A, respec-
tively. A hydrogen bond between the methylene group of
the sulfide and the O1' atom can be identified in TS
((CH,)H--O1'distance =2.64 A). This interaction is replaced
in TS by an equivalent hydrogen bond involving O4
((CH,)H--04 distance =2.65 A). In fact, the two structures
TS and TS are very similar, except for the arrangement of
the two rings B1 and B4 in TS' and Bland B3 in TS. B1 and
B3 are approximately planar (displaced mt-stacking), whereas
the relative positions of Bl and B4 resemble a T-shaped
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structure. All these structural features detected in TS and
TS explain their almost negligible energy difference.

The two transition states lead to the final product com-
plexes M3 (from TS along the pro-S pathway) and M3’
(from TS’ along the pro-R pathway), which are the precur-
sors of the enantiomer benzyl phenyl sulfoxides. A schemat-
ic representation of the two complexes is given in Figure 2S
of the Supporting Information. As found for TS and TS,
M3’ is more stable than M3, the energy difference being
1.1 kcalmol ™', Again, a complex interplay of many factors,
such as m—m aromatic and C—H--m interactions determine
the relative energies of the two product adducts. A shorter
Ti—O4 distance in M3’ (2.20 A) compared with M3 (2.25 A)
certainly contributes to the stabilisation of the former spe-
cies.

However, this aspect is not particularly important because
the final product complexes are very low in energy com-
pared with the previously discussed critical points: M3’ is
42.5 kcalmol ! lower than M2’ and 77.8 kcalmol ! below the
AL. Thus, the relative populations of M3 and M3’ (the two
products with opposite configuration at the sulfur) cannot
be determined by their relative energies. Under the experi-
mental conditions used for this reaction, it is very unlikely
that thermodynamic equilibration occurs because the con-
version of M3 to M3’ would require a barrier of 76.5 kcal
mol ™! to be overcome (this amount of energy is required to
achieve the transition state TS).

It is reasonable to believe that the observed ee (which re-
quires that M3’ is much more populated than M3) is deter-
mined by the energetics of the first phase of the reaction
and the corresponding kinetics. Because, as previously dis-
cussed, M2" is formed almost exclusively during the first re-
action phase and the two transition states are almost degen-
erate, the most likely pathway to complete the process is
that involving TS’ leading to M3’ (the adduct with the R
configuration at the sulfur atom). The required activation
barrier is 34.6 kcalmol ™', a value that is very similar to the
amount of energy necessary for the reverse reaction to yield
the reactants. Finally, the decomposition of M3’ will produce
the desired sulfoxide.

Conclusions

In the work presented in this paper, it has been shown ex-
perimentally that high ee values and satisfactory yields are
obtained in the enantioselective preparation of synthetically
important aryl benzyl sulfoxides by enantioselective oxida-
tion by TBHP in the presence of a titanium/hydrobenzoin
catalyst. The origin of this high enantioselectivity has been
explained by a mechanistic scheme that has been studied
theoretically at the DFT level of theory using the recently
proposed MPWBI1K functional. This functional can provide
a reliable description of medium-range correlation effects
that play a key role in determining the relative stabilities of
the various critical points on the potential surface. A simple
(prototype) model system, formed by a benzyl phenyl sul-
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fide molecule reacting with fert-butyl hydroperoxide
(TBHP) in the presence of a titanium/(S,S)-hydrobenzoin
complex, has been used. Two reaction pathways (pro-R and
pro-S) corresponding to the two possible approaching orien-
tations of sulfide to the Ti(hydrobenzoin), complex and
leading to the (R)- and (S)-sulfoxides, respectively, have
been considered.

The two reaction channels (pro-S: AL—M1—-M2—-TS;
pro-R: AL—-M1"—-M2'—>TS’) are characterised by a first
phase that affords the two preliminary intermediates M2
and M2’ (octahedral adducts) with M2' more stable than M2
by 5.1 kcalmol ™. Our computations demonstrated that T-
shaped structures, which are present only in M2’, are the
key factors determining the greater stability of this inter-
mediate. Because the reverse reaction from M2 to the reac-
tants requires a barrier of 30.2 kcalmol™ to be overcome
(an amount of energy almost identical to that necessary to
reach the subsequent transition state) it seems reasonable to
believe that thermodynamic equilibration occurs and M2’
forms almost exclusively. From M2’ the system “naturally”
evolves to the final product adduct M3’ (second phase),
which can release the experimentally observed sulfoxide
with the R configuration at the sulfur atom. Thus, the ther-
modynamics of the first phase of the process (and the conse-
quent dominant population of M2') is the key factor that de-
termines the high enantioselectivity.

Experimental Section

Chemicals were purchased from Sigma—Aldrich or Alfa-Aesar and were
used as received. n-Hexane employed in the enantioselective oxidation
protocol was distilled from 4 A molecular sieves prior to use. NMR spec-
tra were recorded on a Bruker AM500 spectrometer. HPLC were per-
formed on an Agilent 1100 chromatograph, equipped with a DAD detec-
tor. Elemental analyses were performed on a Carlo Erba CHNS-O
EA1108 Elemental Analyzer. Sulfides 2a-15a were synthesised by a
standard reaction between the corresponding sodium arylthiolates and
benzyl bromides.

Methyl (2-benzylthio)benzoate (2a): M.p. 65-66°C (ethanol) (lit.:** m.p.
56-58°C).

Benzyl 2-chlorophenyl sulfide (3a): Kugelrohr oven temp. 130-132°C;
p=0.01 mbar (lit.:*! b.p. 159-160°C, p =3 torr).

Benzyl 4-nitrophenyl sulfide (4a): M.p. 118-120°C (ethanol) (lit.:** m.p.
120-122°C).

(R)-Benzyl 2-methoxyphenyl sulfide (5a):*") Kugelrohr oven temp. 140—
142°C; p=0.01 mbar.
Benzyl 3-methoxyphenyl sulfide (6a):*” Kugelrohr oven temp. 118-
121°C; p=0.01 mbar.

Benzyl 4-methoxyphenyl sulfide (7a):*” Kugelrohr oven temp. 123-
125°C; p=0.01 mbar.

4-Bromophenyl 2-nitrobenzyl sulfide (8a): M.p. 50-51°C (ethanol);
"HNMR (500 MHz, CDCl; 25°C, TMS): 6=7.99 (dd, *J(H, H)=1.5, *J-
(H, H)=8.0Hz, 1H; Hy,), 7.46 (dt, *J(H, H)=1.5, *J(H, H)=7.6 Hz,
1H; Hy,), 740 (ddd, “J(H, H)=1.5, *J(H, H)=7.6, *J(H, H)=8.0 Hz,
1H; Hy,), 7.38-7.34 (m, 2H; Hy,), 7.24 (dd, */(H, H)=1.5, *J(H, H)=
7.6 Hz, 1H; H,,), 7.16-7.12 (m, 2H; H,,), 441 ppm (s, 2H; CH,).
BCNMR (125 MHz, CDCl;, 25°C, TMS): 6=133.8 (C,,), 133.3 (Ca,),
133.1 (Cyy), 132.0 (Cy,), 131.8 (Cy,), 128.4 (Cy,), 125.4 (Cy,), 121.6 (Cy,),
373 ppm (CH,); elemental analysis caled (%) for C;;H;,BrNO,S: C
48.16, H 3.11, N 4.32; found: C 48.43, H 3.48, N 4.40.
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4-Bromophenyl 4-nitrobenzyl sulfide (9a): M.p. 102-104°C (ethanol)
(lit.:® m.p. 104-105°C).

4-Bromophenyl 2-methoxybenzyl sulfide (10a): Kugelrohr oven temp.
136-138°C; p=0.01 mbar; '"H NMR (500 MHz, CDCl; 25°C, TMS): 6 =
7.38-7.34 (m, 2H; H,,), 7.24 (ddd, *J(H, H)=1.6, *J(H, H)=7.5, *J(H,
H)=82Hz, 1H; Hy,,), 7.19-7.16 (m, 3H; H,,), 6.89-6.85 (m, 2H; H,,),
4.12 (s, 2H; CH,), 3.82 ppm (s, 3H; OCH;); "C NMR (125 MHz, CDCl,,
25°C, TMS): 6=136.0 (C,,), 131.7 (C,,), 131.5 (C,,), 130.1 (C,,), 128.7
(Car), 1253 (C,,), 1204 (Cy,), 120.0 (Cy,), 1105 (Cy,), 554 (OCH,),
33.4 ppm (CH,); elemental analysis caled (%) for C,H;;BrOS: C 54.38,
H 4.24; found: C 54.40, H 4.15.

4-Bromophenyl 3-methoxybenzyl sulfide (11a): Kugelrohr oven temp.
138-140°C; p=0.01 mbar; 'H NMR (500 MHz, CDCl; 25°C, TMS): 6=
7.38-7.35 (m, 2H; H,,), 7.20 (t, 3J(H, H)=7.8 Hz, 1H; H,,), 7.17-7.14
(m, 2H; Hy,), 6.87-6.85 (m, 1H; H,,), 6.83-6.82 (m, 1H; H,,), 6.81-6.77
(m, 1H; Hy,), 406 (s, 2H; CH,), 3.77 ppm (s, 3H; OCH;); "C NMR
(125 MHz, CDCl;, 25°C, TMS): 6=159.7 (C,,), 138.5 (C,,), 135.4 (C,)),
131.8 (Cy,), 131.4 (Cy,), 129.5 (Ca,), 1211 (Cy,), 1142 (Cy,), 112.9 (Cy)),
552 (OCH;), 39.0ppm (CH,); elemental analysis caled (%) for
C,,H,;BrOS: C 54.38, H 4.24; found: C 54.05, H 4.30.

4-Bromophenyl 4-methoxybenzyl sulfide (12a): M.p. 99-101°C (ethanol)
(1it.:Y m.p. 100.5-101 °C)

4-Bromophenyl 3-chlorobenzyl sulfide (13a): Kugelrohr oven temp. 160-
162°C; p=0.01 mbar; 'H NMR (500 MHz, CDCl, 25°C, TMS): 6 =7.39-
7.36 (m, 2H; H,,), 7.28-7.26 (m, 1H; Hy,), 7.22-7.19 (m, 2H; H,,), 7.16-
7.11 (m, 3H; Hy,), 4.03 ppm (s, 2H; CH,); "CNMR (125 MHz, CDCl,,
25°C, TMS): 6=139.2 (C,,), 134.7 (C,,), 134.3 (C,,), 132.0 (C,,), 131.8
(Cap), 129.7 (Cyp), 128.8 (Cup), 1275 (Cup), 1269 (Cy,), 120.8 (Cu),
38.7 ppm (CH,); elemental analysis calcd (%) for C;sH;(BrCIS: C 49.78,
H 3.21; found: C 49.70, H 3.55.

4-Bromophenyl 2,4-dichlorobenzyl sulfide (14a): Kugelrohr oven temp.
162-165°C, p=0.01 mbar; "H NMR (500 MHz, CDCl; 25°C, TMS): 6=
7.39-7.36 (m, 3H; H,,), 7.18-7.10 (m, 4H; H,,), 4.12 ppm (s, 2H; CH,);
BCNMR (125 MHz, CDCl;, 25°C, TMS): 6=134.7 (Ca,), 134.2 (Ca,),
133.8 (Cy,), 133.6 (Ca,), 132.6 (Cy,), 132.0 (Cy,), 131.3 (Cy,), 129.5 (Ca)),
127.1 (Cyy), 121.2 (Cy,), 36.6 ppm (CH,); elemental analysis caled (%)
for C;;HyBrCLS: C 44.86, H 2.61; found: C 44.89, H 2.93.
4-Methoxyphenyl 4-methoxybenzyl sulfide (15a): M.p. 82-84°C (ethanol)
(lit.:*" 87-88°C).

Racemic sulfoxides 2b-15b (used in the setting up of the chiral HPLC
separation) were synthesised by standard m-chloroperbenzoic acid
(MCPBA) oxidation. Enantioenriched sulfoxides 2b-15b were produced
according to our protocol™*! by TBHP oxidation in n-hexane in the pres-
ence of Smol-% of the titanium/hydrobenzoin catalyst.

X-Ray data were collected at 293 K by using a single-crystal X-ray dif-
fractometer. Data were corrected for Lorentzian and polarisation effects
as well as for absorption effects (8b—11b, 13b and 14b).*! The structures
were solved by direct methods using SIR97*) and refined by a full-
matrix least-squares technique based on F2 (SHELXL-97).5% In all the
refinements, the non-hydrogen atoms were refined with anisotropic ther-
mal parameters. The hydrogen atoms were located through difference
Fourier maps and refined isotropically with the exception of 8b, 9b, 13b
and 14b, for which the hydrogen atoms were placed in idealised positions
riding on their attached atoms (C—H,, 0.93 A, C—H,y, 0.97 A, U, (H)=
1.2U,,,(C)). Geometrical calculations were performed by using PARST.!
The unit cell parameters, data collection and refinement are reported in
the Supporting Information. CCDC-720081 (2b), —720082 (4b), —720083
(5b), —720084 (6b), —720085 (8b), —720086 (9b), —720087 (10b),
—720088 (11b), —720089 (13b) and —720090 (14b) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Methyl (R)-(2-benzylsulfinyl)benzoate (2b): M.p. 151-152°C (n-hexane/
ethanol 9:1) (lit.:®Y racemic m.p. 118-120°C); [a]5=+433.7 (c=0.8 in
CHCL;). The ee value was measured by HPLC (column: Chiralcel OD-H;;
eluent: n-hexane/isopropanol 70:30).
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(R)-Benzyl 2-chlorophenyl sulfoxide (3b):® [a]5=+4397.1 (c=1 in
CHCL,). The ee value was measured by HPLC (column: Chiralcel OB-H;
eluent: n-hexane/isopropanol 90:10).

(R)-Benzyl 4-nitrophenyl sulfoxide (4b): M.p. 196-198°C (ethanol/ethyl
acetate 15:3); [a]5 =+114.6 (c=0.9 in CHCL).

(S)-Benzyl 4-nitrophenyl sulfoxide (4b): M.p. 198-199°C (ethanol/ethyl
acetate 15:3) (lit.:?*) m.p. 179-181); [a]5=—115.5 (c=1.1 in CHCl,) and
[a]3=-259.9 (c=0.5 in acetone) (lit.:* [a]5=-163.6 (c=0.93 in ace-
tone)). The ee value was measured by HPLC (column: Chiralcel OD-H;;
eluent: n-hexane/isopropanol 70:30).

(R)-Benzyl 2-methoxyphenyl sulfoxide (5b): M.p. 60-61 °C (n-hexane/iso-
propanol 9:1), [a]¥=+4510.3 (c=1 in CHCl) (lit.:®¥) 4+351 (¢=0.32 in
CHCI;) for a sulfoxide with 81% ee). The ee value was measured by
HPLC (column: Chiralcel OD-H; eluent: n-hexane/isopropanol 95:5).

(R)-Benzyl 3-methoxyphenyl sulfoxide (6b): M.p. 86-87°C (n-hexane/
acetone 19:1); [a]5=+78.6 (c=0.9 in CHCL) and [a]5=+198.5 (¢=0.5
in acetone) (lit.:**! 4+73.5 (¢c=0.17 in acetone)) for a sulfoxide with 69 %
ee). The ee value was measured by HPLC (column: Chiralcel OD-H;
eluent: n-hexane/isopropanol 90:10).

(R)-Benzyl 4-methoxyphenyl sulfoxide (7b): M.p. 136-137°C (n-hexane/
ethanol 15:1); [a]3=+57.8 (c=1.2 in CHCLy) (lit.:® 4+31.9 (¢=0.28 in
CHCl,) for a sulfoxide with 44 % ee).

(S)-Benzyl 4-methoxyphenyl sulfoxide (7b): M.p. 135-136°C (n-hexane/
ethanol 15:1); [a]3=-59.7 (c=0.6 in CHCL). The ee value was mea-
sured by HPLC (column: Chiralcel OD-H; eluent: n-hexane/isopropanol
90:10).

(R)-4-Bromophenyl 2-nitrobenzyl sulfoxide (8b): M.p. 97-98°C
(n-hexane/ethanol 9:1); [a]5=+42034 (c=0.9 in CHCL); 'HNMR
(500 MHz, CDCl; 25°C, TMS): 6=8.04 (dd, *J(H, H)=1.4, *J(H, H)=
8.1 Hz, 1H; Hy,), 7.59-7.55 (m, 2H; H,,), 7.54 (dt, *J(H, H)=14, *J(H,
H)=7.5Hz, 1H; Hy,), 747 (ddd, Y(H, H)=15, *J(H, H)=7.5, *J(H,
H)=8.1 Hz, 1H; Hy,), 7.38-7.35 (m, 2H; Hy,,), 7.25 (dd, /(H, H)=1.5,
J(H, H)=75Hz, 1H; H,,), 461 (d, ¥(H, H)=12.6 Hz, 1H; CH,),
4.13 ppm (d, /(H, H)=12.6 Hz, 1H; CH,); *C NMR (125 MHz, CDCl,,
25°C, TMS): =142.1 (C,,), 134.1 (Cy,), 133.6 (Cy,), 132.4 (Cy,), 129.7
(Car)s 126.0 (Cy), 125.6 (Cy,), 1255 (Cy,), 1254 (Cy,), 61.8 ppm (CH,);
elemental analysis calcd (%) for C;3H;(BrNO,S: C 45.90, H 2.96, N 4.12;
found: C 46.18, H 2.83, N 4.21. The ee value was measured by HPLC
(column: Whelk O1; eluent: n-hexane/isopropanol 70:30).
(R)-4-Bromophenyl 4-nitrobenzyl sulfoxide (9b): M.p. 153-154°C
(n-hexane/ethanol 7:3); [a]p=4279.3 (c=09 in CHCL); 'HNMR
(500 MHz, CDCl; 25°C, TMS): 0=8.14-8.11 (m, 2H; H,,), 7.61-7.58 (m,
2H; Hy,), 7.23-7.20 (m, 2H; Hy,), 7.15-7.11 (m, 2H; H,,), 4.20 (d, /(H,
H)=12.8 Hz, 1H; CH,), 3.99 ppm (d, ¥/(H, H)=12.8 Hz, 1H; CH,);
BCNMR (125 MHz, CDCl;, 25°C, TMS): §=147.8 (C,,), 140.9 (Cy,),
135.6 (Cyp), 132.4 (Cy,), 131.3 (Cy), 126.1 (Cy,), 125.7 (Cy,), 123.4 (Cy),
61.7 ppm (CH,); elemental analysis caled (%) for C;3;H;,BrNO;S: C
45.90, H 2.96, N 4.12; found: C 45.71, H 2.63, N 4.45. The ee value was
measured by HPLC (column: Whelk O1; eluent: n-hexane/isopropanol/
methylene chloride 70:20:10).

(R)-4-Bromophenyl 2-methoxybenzyl sulfoxide (10b): M.p. 64-66°C
(n-hexane/ethanol 9:1); [a]3=-58.0 (¢c=1.1 in CHCL); 'HNMR
(500 MHz, CDCl;, 25°C, TMS): 0=7.55-7.52 (m, 2H; H,,), 7.29 (ddd,
*J(H, H)=1.7, %J(H, H)=74, *J(H, H) =82 Hz, 1H; H,,), 7.26-7.23 (m,
2H; Hy,), 6.96 (dd, *J(H, H)=1.7, *J(H, H)=7.4 Hz, 1H; H,,), 6.87 (dt,
“J(H, H)=1.0, *J(H, H)=7.4 Hz, 1H; Hy,), 6.79 (dd, J(H, H)=1.0, *J(H,
H)=82Hz, 1H; H,,), 424 (d, ¥(H, H)=12.2 Hz, 1H; CH,), 4.02 (d,
2J(H, H)=122Hz, 1H; CH,), 3.64ppm (s, 3H; OCH,); “CNMR
(125 MHz, CDCl,, 25°C, TMS): 0=157.5 (C,,), 132.2 (C,,), 131.7 (Ca)),
131.5 (Cyy), 130.1 (Cy,), 126.1 (Cy,), 125.4 (Cy,), 1204 (Cy,), 117.3 (Cy)),
110.2 (C,,), 58.4 (CH,), 55.2 ppm (OCHj;); elemental analysis calcd (%)
for C,H;;BrO,S: C 51.70, H 4.03; found: C 51.99, H 4.38. The ee value
was measured by HPLC (column: Chiralcel OD-H; eluent: n-hexane/iso-
propanol 95:5).

(R)-4-Bromophenyl 3-methoxybenzyl sulfoxide (11b): M.p. 104-105°C
(n-hexane/acetone  9:1); [a]5=+50.0 (c=1 in CHCL); 'HNMR
(500 MHz, CDCl; 25°C, TMS): 6="7.58-7.55 (m, 2H; H,,), 7.26-7.23 (m,
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2H; Hy,), 7.18 (dd, YJ(H, H)=75, *J(H, H)=82Hz, 1H; H,,), 6.84
(ddd, “J(H, H)=0.9, *J(H, H)=2.6, J(H, H)=82Hz, 1H; H,,), 6.57
(ddd, *J(H, H)=0.9, *J(H, H)=1.4, *J(H, H)=7.5 Hz, 1 H; H,,), 6.49 (dd,
“J(H, H)=1.4, “J(H, H)=2.6 Hz, 1H; H,,), 4.09 (d, */(H, H)=12.6 Hz,
1H; CH,), 3.93 (d, “/(H, H)=12.6 Hz, 1H; CH,), 3.72ppm (s, 3H;
OCHj;); "*CNMR (125 MHz, CDCl,, 25°C, TMS): 6=159.6 (C,,), 132.0
(Cap), 130.0 (Cyp), 129.6 (Cy,), 126.1 (Cy,), 125.7 (Cy,), 122.6 (Cy,), 115.4
(Cap), 114.4 (C,,), 63.6 (CH,), 55.2 ppm (OCHs;); elemental analysis calcd
(%) for C,,H,;BrO,S: C 51.70, H 4.03; found C 51.56, H 4.21. The ee
value was measured by HPLC (column: Chiralcel OD-H; eluent:
n-hexane/isopropanol 90:10).

(R)-4-Bromophenyl 4-methoxybenzyl sulfoxide (12b): M.p. 173-175°C
(n-hexane/ethanol 8:2); [a]5=+70.1 (c=09 in CHCL); 'HNMR
(500 MHz, CDCl; 25°C, TMS): 6 =7.58-7.54 (m, 2H; H,,), 7.23-7.19 (m,
2H; Hy,,), 6.90-6.86 (m, 2H; H,,), 6.81-6.77 (m, 2H; H,,), 4.04 (d, %/(H,
H)=12.7 Hz, 1H; CH,), 3.94 (d, ?J(H, H)=12.7 Hz, 1H; CH,), 3.79 ppm
(s, 3H; OCH;); "CNMR (125MHz, CDCl;, 25°C, TMS): 6=159.7
(Cap), 1419 (Cyy), 132.0 (Cyy), 131.6 (Cy,), 126.1 (Cy,), 125.5 (Cy,), 120.4
(Cap), 114.0 (Cy,), 62.7 (CH,), 55.3 ppm (OCHj;); elemental analysis calcd
(%) for C,;H,;BrO,S: C 51.70, H 4.03; found C 51.50, H 3.99. The ee
value was measured by HPLC (column: Chiralcel OD-H; eluent:
n-hexane/isopropanol 90:10).

(R)-4-Bromophenyl 3-chlorobenzyl sulfoxide (13b): M.p. 116-117°C
(n-hexane/acetone 8:2); [a]5=+103.6 (¢c=0.8 in CHCL); 'HNMR
(500 MHz, CDCl; 25°C, TMS): 6=7.61-7.56 (m, 2H; H,,), 7.31-7.18 (m,
4H; Hy,,), 6.97-6.94 (m, 1H; Hy,), 6.89-6.85 (m, 1H; Hy,), 3.98 ppm (s,
2H; CH,); "CNMR (125 MHz, CDCl;, 25°C, TMS): 0=141.5 (C,,),
134.4 (C,,), 132.2 (Cy,), 130.6 (Cy,), 130.3 (Cy,), 129.7 (Cy,), 128.6 (Cy,),
128.5 (Cy,), 1259 (C,,), 62.7 ppm (CH,); elemental analysis caled (%)
for C;3H,,BrClOS: C 47.37, H 3.06; found: C 47.66, H 3.22. The ee value
was measured by HPLC (column: Whelk O1; eluent: n-hexane/isopropa-
nol 70:30).

(R)-4-Bromophenyl 2,4-dichlorobenzyl sulfoxide (14b): M.p. 117-118°C
(n-hexane/acetone 8:2); [a]l5=+76.2 (¢=0.9 in CHCL); 'HNMR
(500 MHz, CDCl; 25°C, TMS): 6 =7.63-7.57 (m, 2H; H,,), 7.39 (d, *J(H,
H)=2.0 Hz, 1H; H,,), 7.35-7.30 (m, 2H; H,,), 7.20 (dd, */(H, H)=2.0,
*J(H, H)=8.2 Hz, 1H; Hy,), 7.07 (d, *J(H, H)=82 Hz, 1H; H,,), 4.18 (d,
%J(H, H)=12.8 Hz, 1H; CH,), 4.14ppm (d, (H, H)=12.8 Hz, 1H;
CH,); "CNMR (125 MHz, CDCl,, 25°C, TMS): 6=135.5 (C,,), 135.4
(Cap), 133.4 (Cy)), 132.3 (Cy,), 129.5 (Cy,), 127.3 (Cy,), 126.1 (Cy,), 126.0
(Cap), 1259 (C,,), 60.6 ppm (CH,); elemental analysis calcd (%) for
C;HyBrCL,0S: C 42.89, H 2.49; found C 42.90, H 2.60. The ee value was
measured by HPLC (column: Chiralcel OD-H; eluent: n-hexane/isopro-
panol 70:30).

(R)-4-Methoxyphenyl 4-methoxybenzyl sulfoxide (15b): M.p. 159-160°C
(n-hexane/ethanol 9:1); [a]5=+313 (c=04 in CHCL); 'HNMR
(500 MHz, CDCl;, 25°C, TMS): 6=7.32-7.29 (m, 2H; H,,), 6.95-6.91 (m,
2H; Hy,), 6.90-6.86 (m, 2H; Hy,), 6.80-6.76 (m, 2H; Hy,,), 4.06 (d, %J(H,
H)=12.7 Hz, 1H; CH,), 3.93 (d, ’J(H, H)=12.7 Hz, 1H; CH,), 3.84 (s,
3H; OCH,), 3.79 ppm (s, 3H; OCH,); *C NMR (125 MHz, CDCl,, 25°C,
TMS): 6=162.0 (C,,), 159.6 (C,,), 131.6 (C,,), 130.1 (C,,), 129.9 (C,,),
126.5 (Ca,), 114.3 (Cyy), 113.9 (Cy,), 62.9 (CH,), 55.5 (OCH3;), 55.2 ppm
(OCH,); elemental analysis caled (%) for C;sH;4O5S: C 65.19, H 5.84;
found: C 65.49, H 6.05. The ee value was measured by HPLC (column:
Chiralcel OD-H; eluent: n-hexane/isopropanol 90:10).
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