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ABSTRACT:

The catalytic reduction of nitrate by molybdo-enzymes plays a central role in the global biological cycle of nitrogen. However, the
use of nitrates as oxidants in synthetic organic chemistry is very limited and typically requires very strong acidic and other extreme
reaction conditions. We have developed a highly chemoselective and efficient catalytic process for the sulfoxidation of thioethers and
arylthioethers containing boronic acid or boronic ester functional groups, using nitrate salts as oxidants. This homogeneous catalytic
reaction was carried out in acetonitrile, where the MoO,Cl,(OPPh;), complex 1 or a mixture of complex 1 with Cu(NO3), were
used as catalysts. We examined the reaction mechanism using 'H, °N, and *>'P NMR techniques and '*O-labeled sodium nitrate
(NaN'®0;) and show that the thioethers are oxidized by nitrate, generating nitrite. Our work adds to the existing chemical
transformations available for organoboron compounds, providing straightforward accessibility to a variety of new substrates that

could be suitable for Suzuki cross-coupling chemistry.

1. INTRODUCTION

Oxygen-atom-transfer (OAT) reactions promoted by com-
plexes containing [MoO,]* cores are a topic of significant inte-
rest in the fields of chemistry and biology, partly because of their
integral role in the global biological cycle of nitrogen" and their
presence in many important metalloenzymes, such as cytochrome
P450, sulfite oxidase, DMSO reductase, and nitrate reductase.”
The denitrification pathway, responsible for the reduction of
nitrate, is an excellent example of inorganic biochemistry at work.

Over the past 30 years, dioxomolybdenum complexes have
been prepared and characterized as possible structural analogues
of the active site of nitrate reductase.’ Typically, biomimetic sy-
stems promote OAT processes by catalytic reduction of a variety
of substrates with tertiary phosphines.” Although tertiary phos-
phines are not physiological substrates, they became the reagents
of choice for studying OAT reactions and their mechanisms, both
because of tertiary phosphines' high solubility in organic solvents
and because of the fact that their reactivity can be fine-tuned
through substitution of functional groups on the phosphorus
atom. However, with a motivation to expand the scope of
this reaction, we intended to test whether molybdenum-based
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catalytic systems can promote oxidation of thioethers, instead of
more reactive tertiary phosphines, using very mild oxidants.

Previous studies have demonstrated the oxidation of thio-
ethers into corresponding sulfoxides, with satisfactory chemos-
electivity, by HNOj; with the use of oxygen, catalyzed by gold
halides.” In addition, researchers demonstrated catalytic systems
that use a combination of BiBr; and Bi(NO;); in HNO; (with
addition of NaBr or KBr), supported on silica gel or polyvinyl-
pyrrolidone.® It should be mentioned that for many substrates
the use of fuming nitric acid may lead to a formation of sub-
stantial amounts of undesired side products.

Selective sulfoxidation of thioethers has a broad range of appli-
cations, and since many sulfoxides exhibit a significant bioactivity,
such a transformation was proved to be very useful in the deve-
lopment of compounds for pharmaceutical and agrochemical
industries.”

Oxidation of thioethers with the use of Lewis-acid catalysts
is an important reaction in organic synthesis, where H,0, is
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Figure 1. X-ray crystal structure of Mo""O,Cl,(OPPh;), complex 1.

frequently used as an oxidant.® However, the methods that are
currently reported rarely provide the ideal combination of selec-
tivity, fast reaction kinetics, and high product yields.” Also, the
presence of boronic functional groups in a thioether substrate can be
problematic due to a simultaneous oxidation of the boronic group.*®
Thus, the chemoselective sulfoxidation of thioethers, containing
boronic acid or boronic esters, is a challenging task.

To the best of our knowledge, using nitrate salts for the
sulfoxidation of thioethers, catalyzed by dioxomolybdenum com-
plexes, is unprecedented. The well-known dioxomolybdenum
complex Mo""0,Cl,(OPPh;), (1) (Figure 1) is a member of the
Mo "0,X,L, (X = Cl, Br, F; L = OPR;) compounds family,
which is known as catalysts for the selective epoxidation of olefins
with tert-butyl-hydroperoxide.'' The IR spectra and X-ray struc-
tures of these complexes have been reported, and their mechan-
ism of the catalytic olefin epoxidation has been investigated in
detail by several groups.'> However, no catalytic activity, invol-
ving nitrate reduction with concomitant oxidation of tertiary
phosphines, has been reported for this family of molybdenum
compounds, until now.

Our work was focused on oxidation of thioether substrates,
instead of tertiary phosphines, where nitrate salts were used in
these reactions as the oxygen source. To the best of our knowledge,
this is the first demonstration of a mild and high-yield method for
the selective sulfoxidation of thioethers, with nitrate salts, pro-
moted by molybdenum-based catalytic systems. The method
offers the advantage of compatibility with a wide range of func-
tional groups, with no overoxidation of thioethers to correspond-
ing sulfones. Our catalytic system provides also the first example of
high-yield selective sulfoxidation of arylthioethers containing
boronic acid or boronic ester functional groups. We studied a
mechanism of this OAT reaction and evaluated the catalytic activity
of complex 1-based systems by multinuclear NMR and mass
spectrometry methods and by using isotope-labeled nitrate salts.

2. RESULTS AND DISCUSSION

A common preparation route for the complex 1 relies on
treatment of molybdic acid in aqueous HCI with PPhs."* We
developed a new synthetic procedure, which included reaction of
MoY'0,CL, with H,0, in CH;CN. Subsequent addition of PPh;
produced the complex 1 in a quantitative yield. Recrystallization
of the complex 1 from CH3CN at room temperature gave crystals
suitable for a single-crystal diffraction. The complex 1 structure
was characterized by X-ray crystallography, revealing a distorted
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Figure 2. (A) Catalytic reduction of nitrate salt with tertiary phosphine.
(B) Catalytic reduction of nitrate salts with thioethers via the OAT
process; both promoted by complex 1.

octahedron, with approximately C,, symmetry. The results of
X-ray photoelectron spectroscopy indicated that complex 1 has an
oxidation state similar to a reference Mo"'0,Cl, compound, and
the structure of 1 was found to be similar to that of the published
data."*

In the preliminary experiments, we used complex 1 as the
catalyst to test its activity in the reduction of the nitrate salts to
the corresponding nitrites, in the OAT reaction with PPh;. The
reaction was carried out in CH3CN at room temperature, and the
results showed complete conversion of PPhj to triphenylpho-
sphine oxide (OPPh;) and of nitrate to nitrite (Figure 2A).

Upon successful reduction of nitrate to nitrite with PPhj, pro-
moted with complex 1, we performed a series of sulfoxidation
reactions with various thioethers and tetrabutylammonium ni-
trate (TBAN), as the oxidant. These reactions were conducted in
the presence of catalytic amounts of complex 1, with and without
addition of catalytic amounts of Cu(NOj3),. The kinetics of the
sulfoxidation reactions of substrates 1—14 (Table 1) were mea-
sured initially when the systems were exposed to air and then
under argon. No significant changes in yields were found in both
cases, and the reactions proceeded to completion independently
of the reactions’ atmosphere. Optimization of the reaction condi-
tions (e.g, solvent and temperature) revealed that highly efficient
sulfoxidations took place in CH3CN at 60 °C. Under these condi-
tions, most of the examined reactions proceeded well, with low
catalyst loading (2 mol %), and a typical turnover number of S0
was achieved after 10 h. The substrates and products of these
reactions are listed in Table 1.

Control experiments showed that in the absence of the complex
1 no reaction took place between nitrate salts and thioethers (1:1
molar ratio at 60 °C for 10 h). We found that substrates with elec-
tron-withdrawing groups, such as 4-bromothioanisole, phenox-
athiin, and phenyltrifluoromethyl thioether (entries 3, S, and 10,
Table 1) gave relatively low yields of products. In these and other
cases, an addition of catalytic amounts of Cu(NO3), to the reaction
mixtures had a dramatic effect on the reaction outcome, as reflected
by obtained higher yields, in comparison to reactions catalyzed only
by the complex 1. For the dialkylthioether substrates (entries 8 and
9, Table 1), the resulting oxidation yields to the corresponding
sulfoxides were also improved upon addition of Cu(NOj3),. In
contrast, in the cases of 4-methoxythioanisole (4MTA; entry 1,
Table 1), containing a strong electron-donating group, and of
2-(methylthio )naphthalene (entry 4, Table 1), addition of Cu-
(NO3), had no effect on the overall yields nor on the reaction rates.

Notably, a selective sulfoxidation of thioarylborane acids and
esters (entries 11—14, Table 1), compounds containing two
different oxidizable groups, occurred in our OAT reactions without
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Table 1. Oxidation Reactions of Various Thioethers Promoted by Complex 1, With and Without the Presence of a Catalytic
Amount of Cu(NO;),”’

(0]
. [Mo] catalyst [
R-S-R W R-S-R
Yield
. Yield complex 1 with
Entry Thioether Product complex 1 [% 1 addition of
CuNOy); [%]"

\ /
@]

/

2 —Qs g, 76 > 99

OZ

/

Br@ / BHQS\\ 15 75

(@]

S 1
o

S
/
S

CLO

\I?I,
5 Lo
[©)
0 5
\ \
6 s—@ oS >99 >99
OH OH,
OCH; /—OCHg
7 @—s/_ S 75 >99
¢ 7
Q
D 0D OO, .
8
9 o S (o] S=0 20 35

—/

_/
P

10 S @*& 30 70
CF; CF;
10
HQ, HO, 2
HO \ HO \
O, Py

()< %0 - 09
o \

O, /
O: ,B‘< >’S\\ 25 45
. o

“Reaction conditions: [a] thioether (1.25 mmol), TBAN (1.25 mmol), complex 1 (0.025 mmol), 60°C, 10 h; [b] thioether (1.25 mmol), TBAN
(1.25 mmol), complex 1 (0.025 mmol), Cu(NO3), (0.025 mmol), 60°C, 10 h.

any changes in the boronic groups. The yields of these reactions
were markedly improved from about 30% to the quantitative

(entries 11—13, Table 1), when complex 1 was used in combina-
tion with Cu(NO;),.
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Figure 3. Stacked plot of ">’N NMR spectra in monitoring of the 4MTA
sulfoxidation with complex 1 as a catalyst and Na'*NOj as the oxidant.

Monitoring the reaction progress by '>’N NMR, the appear-
ance of the nitrite and disappearance of nitrate ions were evident,
in a catalytic reaction with complex 1, as can be seen in the
stacked-plot spectra shown in Figure 3. The use of a '*N-labeled
nitrate in 4MTA sulfoxidation experiments, promoted by com-
plex 1 or by a mixture of complex 1 and Cu(NO3),, clearly ex-
hibited the decay of a nitrate ion peak at 0 ppm and the buildup of
a nitrite ion signal at 200 ppm. The formation of nitrite was also
confirmed by Griess’s reagent, while control experiments were
conducted to validate that no false positive responses are
observed in the absence of the catalyst in the reaction mixtures.
This study indicated that the nitrate is converted directly to
nitrite in our OAT process.

The next step in our study of the reaction mechanism was to
monitor the OAT from the nitrate oxidant to the thioether
substrate. For this purpose, we used '*O-labeled sodium nitrate
(NaN'#0;), for oxidation of 4MTA (Scheme 1). The reaction
products, detected by high-resolution chemical-ionization mass
spectrometry, revealed a mixture of '*0- and '°O-labeled sulf-
oxides. The process of oxygen exchange between water and '*O-
labeled nitrate, at elevated temperatures under acidic conditions,
has already been described in the literature for preparation of
'¥0-enriched nitrate."> Our findings showed that the latter pro-
cess leads to a partial isotope dilution of the enriched nitrate ions,
resulting in somewhat lower-than-expected amounts of '*O-
labeled sulfoxide products. Control experiments showed that at-
tempts to oxidize, without or with a catalytic amount of nitrate ions,
and in the presence of air, as potential oxidant,'® failed to give the
sulfoxide product. Therefore, the presence of 180-labeled 1-meth-
oxy-4-(methylsulfinyl)benzene (oxidized 4MTA) in the reaction
mixture clearly shows that nitrate is the source for the oxygen atom
in our sulfoxidation reactions promoted by complex 1 or by a
mixture of complex 1 with the Cu(NOs), catalytic system.

All attempts to resubject the 1-methoxy-4-(methylsulfinyl)-
benzene to further oxidation to the corresponding sulfone deri-
vative under developed OAT conditions were unsuccessful, show-
ing again a high selectivity of our process.

The sulfoxidation reaction was also studied by *'P NMR spec-
troscopy. The spectrum of complex 1 showed only one signal at
40 ppm, which was assigned to the molybdenum-coordinated
OPPh; (free OPPh; was found to exhibit a chemical shift of
30 ppm in CD3CN). The single peak in complex 1 indicates that
both phosphorus atoms in this complex are equivalent.

The reaction of 4MTA with TBAN (in 1:1 molar ratio),
promoted by complex 1, was monitored by *'P and "H NMR.
Over time, the peak intensity of the molybdenum-bound OPPh;
decreased with the concomitant increase in the peak intensity of a
dissociated free OPPh;, indicating reversible binding of the
OPPh; ligand. The sulfoxides, generated in the reaction mixture,

Scheme 1. '®O-Transfer Experiment with 4MTA
~g \3130

[Mo] catalyst, 2 mol %
CHACN, 60°C

+ NaN'80,

proved to be a better ligand than OPPh;, successfully competing
for the coordination to the molybdenum metal center. These
results may explain the dissociation of the OPPh; during the
reaction.

The *'P NMR spectrum of a mixture containing complex 1
and an equivalent amount of Cu(NO3), exhibited two single
peaks of the same intensity and integration (at 44 and 54 ppm),
indicating that coordinated OPPhj; ligands lost their equivalence
in the complex. Measurements of this mixture on NMR spectro-
meters with different magnetic fields (81, 162, and 202 MHz)
showed that the observed chemical shifts were independent of
the field, as opposed to splitting constants.

Upon monitoring the OAT process between 4MTA and
TBAN (1:1 molar ratio), catalyzed by a mixture of complex 1
and Cu(NOj3),, we observed a gradual and simultaneous dis-
appearance of both phosphorus peaks with the same rate, which
clearly indicates the formation of paramagnetic active homo-
geneous catalyst (see Supporting Information).

The function of Cu(NOs), in our process was explored by
reacting complex 1 with coordinatively saturated Cu(acac), (1:1
molar ratio). *'P NMR monitoring of this reaction mixture
revealed that the symmetry and the peak intensity of the OPPh;
ligands in complex 1 were not affected at all by addition of
Cu(acac),. Moreover, the reference OAT reaction (4MTA with
TBAN), in which an equimolar mixture of 1 and Cu(acac), was
used as a catalyst, showed practically the same results as with the
complex 1 alone. The dissociation of the OPPh; ligand was
observed by *'P NMR, indicating that a vacant coordination site
on the copper metal center has a critical role in improvement of
the catalytic process.

Our Mo—Cu catalytic system was further examined as a
potential analogue of DMSO reductase,'” following a literature
report regarding the evaluation of a related MoO,Cl,(DMF),
catalyst, as this enzyme analogue.'® In the latter report, triphe-
nylphosphite underwent oxidation to triphenylphosphate ester,
while various sulfoxides were deoxygenated to the corresponding
thioethers (Figure 4A).

Guided by this report, we performed a series of reference
experiments. We first showed that complex 1 was also capable of
promoting the oxidation of PPh; with sulfoxides, using 1-meth-
oxy-4-(methylsulfinyl)-benzene or 1-bromo-4-(methylsulfinyl)-
benzene as oxidants. We found that in both reactions quantitative
conversion of the sulfoxides to the corresponding thioethers was
obtained in CH3CN at 60 °C within 10 h (Figure 4A). In con-
trast, no traces of thioethers were detected when a mixture of
complex 1 with an equivalent amount of Cu(NO;), was used as a
catalytic system under the same reaction conditions (Figure 4B).
A reference reaction of PPh; with complex 1 in the presence of
Cu(NO3), (1:1:1 molar ratio) resulted in a complete oxidation
of PPh3 to OPPh;. When the last two control experiments were
repeated with coordinatively saturated Cu(acac),, instead of Cu-
(NOj3),, a complete conversion of sulfoxides to the correspond-
ing thioethers was observed (Figure 4C). These results strongly
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Figure 4. (A) Catalytic oxidation of PPh; to OPPh; with sulfoxides, promoted by MoO,Cl,(DMF), or complex 1, as models of the DMSO reductase.
(B) “Blocking” catalytic activity of complex 1 in oxidation of PPh; by the addition of Cu(NO3), to the reaction mixture. (C) Catalytic oxidation of PPh;

with sulfoxides, promoted by complex 1 in the presence of Cu(acac),.

suggest that a copper metal center in the Mo—Cu catalytic
system helps to inhibit or block a possible binding of sulfoxide to
the molybdenum metal center, thus preventing subsequent re-
duction of a sulfoxide to thioether.

3. CONCLUSIONS

Analysis of the results of the described above experiments
strongly suggests that the presence of the copper metal center in
our catalytic system plays a very important role in the found sul-
foxidation process. We believe that the copper center is respon-
sible for the effective blocking of the conversion of sulfoxides
back to the corresponding thioethers. This process most prob-
ably takes place by preventing the coordination of sulfoxides to
the molybdenum metal center, thus shifting the sulfoxide—
thioether equilibrium. Such an effect was found to be essential
for allowing the higher-yield oxidations of thioethers with lower
electron density on the sulfur atom.

In summary, we describe an unprecedented catalytic process
capable of efficient and highly selective sulfoxidation of thio-
ethers, with the use of nitrate salts as oxidants. This reaction is
promoted by a bioinspired Mo—Cu catalytic system, prepared on
the basis of complex 1 and a catalytic amount of Cu(NO3),. Mild
reaction conditions and the use of nitrates as oxidants offer unique
advantages of compatibility to a range of functional groups without
overoxidation of thioethers to sulfones. This is the first example of
high-yield catalytic oxidation of arylthioether boronic acid deriva-
tives with excellent chemoselectivity. These findings greatly ex-
pand the existing range of important chemical transformations
available for organoboron compounds, providing straightforward
accessibility to a variety of new substrates, suitable for Suzuki cross-
coupling. Further studies of the reaction mechanism, catalyst
structure characterization, and the scope of its activity are in
progress.

4. EXPERIMENTAL SECTION

General Experimental Methods. All commercially available
reagents and solvents were used as purchased, without further purifica-
tion. "H NMR signals were referenced to the residual protons of deute-
rated solvents. "*C NMR signals were referenced to the carbons of deu-
terated solvents. >'P NMR signals were to HyPO,, (85% in D,0). Mass
spectra were obtained on a spectrometer equipped with CI and EI probes
and by GC-MS with a supersonic molecular beam (Supersonic GC-
MS)."”” HRMS results were obtained on MALDI-TOF and ESI Q-TOF
mass spectrometers.

A single crystal of complex 1 was attached to a glass fiber, with
epoxy glue, and transferred to an X-ray diffractometer equipped with a
graphite monochromator. Data were collected by using Mo K, radiation
(I=0.71073 A). CCDC-781501 contains the supplementary crystallo-
graphic 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.

X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed in UHV (2.5 x 10~'° Torr base pressure). The sample was
irradiated with an Al K, monochromated source (1486.6 eV), and the
outcome electrons were analyzed by a Spherical Capacitor Analyzer
using the slit aperture of 0.8 mm. The samples were analyzed at the sur-
face only. Sample charging was compensated by using a charge neutra-
lizer, with additional mathematical shifts referenced to Cls peak energy
at 285 eV.

MoO,Cl,(OPPh3), (1). To a solution of MoO,Cl, (100 mg,
0.503 mmol) in CH3CN (20 mL) was added H,0, (9.234 M, 109 uL,
2 equiv). The solution was stirred for 10 min at rt, and when the reaction
mixture color changed to orange, PPh; (265 mg, 2 equiv) was added. The
mixture was stirred for an additional 10 min. Then the stirring was
stopped, and the mixture was kept at rt overnight, forming a precipitate.
This precipitate was filtered out, washed with diethyl ether (2 x 10 mL),
and dried under vacuum to give product 1 as yellow crystals (380 mg,
98%). *'P NMR (80 MHz, CD;CN) 6 39.8 ppm.

General Procedure for Catalytic Reactions. To a solution of 1
(10 mg, 0.013 mmol, 0.02 equiv) in CH;CN (5 mL) was added
Cu(NO3), (3.2 mg, 0.02 equiv). The mixture was stirred for S min at
rt. Then a thioether (0.65 mmol, 1 equiv) and tetrabuthylammonium
nitrate (198 mg, 0.65 mmol, 1 equiv) were added, and the reaction mix-
ture was stirred at 60 °C overnight. Subsequently, the solvent was evapo-
rated, and the resulted crude product was purified by column chroma-
tography (SiO,). All reactions were run in duplicates, and when the
difference in yields between the two runs was more than 10%, reactions
were repeated. The identity of compounds 1—4 and compound 6 con-
formed literature reports.>’

Phenoxathiin-10-oxide (5). '"H NMR (400 MHz, CDCl;) ¢
7.24—7.32 (m, 4H), 7.48—7.52 (m, 2H), 7.80—7.82 (m, 2H). "*C NMR
(100 MHz, CDCl;) 6 118.7, 124.7, 130.9, 133.7, 149.4.

4-(Methylsulfinyl)phenylboronic Acid (11). 'H NMR
(500 MHz, DMSO-ds) 6 2.73 (s, 3 H), 7.63 (d, ] = 5.0 Hz, 2H),
7.95(d,J=10.0 Hz, 2H), 8.25 (s, 2H). "*C NMR (125 MHz, DMSO-
dg) 6 43.0, 122.4, 134.6, 136.9, 148.0. Mp 165—166 °C. Supersonic
GC-MS (EI') m/z calcd. for CoH13BO5S (M1): 212.0. Under our
analytical conditions, esterification of the boric acid with methanol
resulted in formation of CoH,3B03S. Anal. Calcd for C;HoBO5S: C,
45.69; H, 4.93; S, 17.42. Found: C, 45.68; H, 4.88; S, 17.42. IR
(KBr): 419, 505, 625, 642, 659, 690, 733, 798, 839, 959, 1010, 1030,

1089, 1167, 1189, 1270, 1350, 1493, 1590, 1594, 3347 cm ™.
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4,4,5,5-Tetramethyl-2-(4-(methylthio)phenyl)-1,3,2-diox-
aborolane (12a).”". A solution of 4-(methylthio)phenylboronic acid
(400 mg, 2.38 mmol) and pinacol (281 mg, 2.38 mmol) in toluene
(50 mL) was refluxed overnight. Then, molecular sieves (3 A, S0 mg)
were added, and the reaction mixture was stirred for an additional 2 h.
After cooling to rt, the reaction mixture was filtered, and the solvent was
evaporated to give a pale yellow solid. The residue was purified by
column chromatography (SiO,; n-hexane/EtOAc, 2:1) to give 8 as a
white solid (560 mg, 94%). "H NMR (200 MHz, CDCl,) 6 1.34 (s,
12H),2.49 (s,3H), 7.22 (d,] = 10 Hz, 2H), 7.71 (d, ] = 8.2 Hz, 2H). *C
NMR (100 MHz, CDCl;) 0 15.0, 24.8, 83.7, 125.0, 135.1, 142.5. Anal.
Calcd for C;3H,4BO,S: C, 62.41; H, 7.66. Found: C, 62.09; H, 7.61. Mp
35.1—35.9 °C. IR (KBr): 437, 493, 519, 578, 652, 730, 817, 857, 960,
1018, 1103, 1144, 1211, 1265, 1359, 1394, 1433, 1545, 1596, 2926,
2977 em ™.

4,4,5,5-Tetramethyl-2-(4-(methylsulfinyl) phenyl)-1,3,2-diox-
aborolane (12b). 'H NMR (500 MHz, CD;CN) 0 1.34 (s, 12 H),
2.67 (s, 3H), 7.64 (d, J = 25.0 Hz, 2H), 7.86 (d, ] = 20.0 Hz, 2H). *C
NMR (125 MHz, CD5CN) 0 25.1,44.2, 85.2, 110.2, 123.7, 136.0, 150.9.
MS (CIM): m/2267 (MHT). HRMS (CI") m/z caled for C13H,0BO5S
(MH™"): 267.1148. Found: 267.1222.

4,4,5,5-Tetramethyl-2-(2-(methylthio)phenyl)-1,3,2-diox-
aborolane (13a).”. A solution of 2-(methylthio)phenylboronic acid
(400 mg, 2.38 mmol) and pinacol (281 mg, 2.38 mmol) in toluene
(50 mL) was refluxed overnight. Then, molecular sieves (3 A, S0 mg)
were added, and the reaction mixture was stirred for additional 2 h. After
cooling to rt, the reaction mixture was filtered, and the solvent was
evaporated to give a pale yellow liquid. The residue was purified by
column chromatography (SiO,; n-Hexane/EtOAc, 2:1) to give 9 as a
colorless liquid (571 mg, 96%). "H NMR (400 MHz, CDCl;) 6 1.37 (s,
12 H), 245 (s, 3H), 7.10 (dt, ] = 1.2 Hz, ] = 7.4 Hz, 1H), 7.17 (d,
J=7.6Hz,1H),7.36 (dt,J= 1.6 Hz, ] = 7.8 Hz, 1H), 7.68 (dd, ] = 1.6 Hz,
J=7.2Hz, 1H). *C NMR (100 MHz, CDCl;) & 15.7, 24.8, 83.9, 123.6,
123.8, 131.1, 135.8, 145.1. Supersonic GC-MS (EI") m/z caled for
C13H,9BO,S (M1): 250.1. Anal. Calcd. for C,3H;4BO,S: C, 62.41; H,
7.66; S, 12.82. Found: C, 62.60; H, 7.54; S, 12.30. Mp 77.5—78.6 °C. IR
(KBr): 498, 576, 652, 698, 737, 764, 823, 856, 957, 1046, 1103, 1139,
1206, 1257, 1347, 1379, 1432, 1468, 1560, 1584, 2922, 2975, 3061 cm ™.

4,4,5,5-Tetramethyl-2-(2-(methylsulfinyl)phenyl)-1,3,2-diox-
aborolane (13b). 'H NMR (500 MHz, CD;CN) 0 1.33 (s, 12 H),
2.69 (s, 3H), 7.51 (t, ] = 5.0 Hz, 1H), 7.68 (t, ] = 10.0 Hz, 1H), 7.77 (d,
J=5.0Hz, 1H),7.93 (J = 5.0 Hz, 1H). ">*C NMR (125 MHz, CD;CN) &
252, 44.8, 85.4, 1232, 130.8, 132.7, 136.3, 153.8. MS (CI"): m/z 267
(MH™). Mp 59.0—60.2 °C. IR (KBr): 513, 543, 647, 699, 741, 767, 800,
856, 965, 1026, 1095, 1144, 1262, 1353, 1431, 1474, 1590, 1652, 2361,
2966, 3049 cm .

(3aR,7aS)-2-(4-(Methylthio)phenyl)hexahydrobenzo-[d]-
[1,3,2]dioxaborole (14a). A solution of 4-(methylthio)phenylbo-
ronic acid (400 mg, 2.38 mmol) and (1R,2S)-1,2-cyclohexanediol (276 mg,
2.38 mmol) in toluene (50 mL) was refluxed overnight. Then, molecular
sieves (3 A, S0 mg) were added, and the reaction mixture was stirred for an
additional 2 h. After cooling to rt, the reaction mixture was filtered, and the
solvent was evaporated to give a pale yellow solid. The residue was purified
by column chromatography (SiO,; n-hexane/EtOAc, 2:1) to give 10 as a
white solid (578 mg, 98%). "H NMR (400 MHz, CDCl;) 6 1.38—1.41 (m,
2H),1.57—1.61 (m,2H), 1.81—1.88 (m, 4H), 2.49 (s, 3H), 4.52 (m, 2H),
725 (d, J = 8 Hz, 2H), 7.74 (d, J = 12.0, 2H). *C NMR (100 MHg,
CDCly) 0 14.6, 189, 28.3, 75.2, 124.6, 134.8, 142.5. MS (CI"): m/z 249
(MH™). HRMS (CI™) caled for Ci3H;,BO,S (MH™): 249.1121. Found:
249.1100.

(3aR,7aSs)-2-(4-(Methylsulfinyl)phenyl)hexahydrobenzo-
[d]-[1,3,2]dioxaborole (14b). This compound was not stable en-
ough to undergo a column chromatography or any other examined
purification technique. The yield was estimated by "H NMR integration

of peaks of the product and the starting material. Only one product was
observed by NMR. 'H NMR (400 MHz, CDC,) 6 1.38—1.41 (m, 2H),
1.57—1.61 (m, 2H), 1.81—1.88 (m, 4H), 2.73 (s, 3H), 4.71 (m, 2H),
7.58 (d, ] = 8 Hz, 2H), 7.88 (d, ] = 12.0 Hz, 2H). "*C NMR (100 MHz,
CDCl;) 0 19.9,29.2, 44.3, 76.0, 126.0, 136.1, 144.0.

B ASSOCIATED CONTENT

(5] Supporting  Information. Experimental  procedures,
synthesis of substrates, 'H NMR, >C NMR, and *'P NMR, XPS,
mass spectrometry, FT-IR, and X-ray crystallography data. This ma-
terial is available free of charge via the Internet at http://pubs.acs.
org.
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