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ABSTRACT. The presence of 10 mole percent triphenyl borate accelerated dramatically the rate
of reduction of structurally different sulfoxides with borane in tetrahydrofuran at room temperature,
compared to the slow reduction with borane itself. Tetramethylene sulfoxide underwent complete
reduction in 5 min and diethyl sulfoxide, dibenzyl sulfoxide and benzylphenyl sulfoxide were reduced
giving
diphenyl sulfide in 90% vield in 24 h. Boron trifluoride etherate and triethyl borate were less
effective than triphenyl borate. A possible mechanism is presented.

required elevated temperature or excess reagents

INTRODUCTION to give moderate yields and only few methods

Reduction of sulfoxides to sulfides has recently
In
it appeared that

been the subject of extensive research.
reviewing the literatures!,
sulfoxides were reduced by organosilicon com-
pounds?, by trivalent phosphorus compounds®,
by metal halides®, by acylating®, or alkylating
agents®, by iron pentacarbonyl’, by hydroiodic
acid® and by dichlorocarbene with phase transfer
catalysts, ®* However, these procedures mostly

could accomplish the reduction rapidly in high
yields under mild conditions with common,
inexpensive laboratory reagents. 5.6

In the reaction of sulfoxides with metal hy-
drides, it was found that sulfoxide was essen-
tially inert to sodium borohydride,!® lithium
borohydride, ! zinc borohydride!? or lithium
triethylborohydrde, ¥ and was reduced slowly
with lithium aluminum hydride!* and catechol-

- 340 —



ER-FAEAHIA: 0. 04 AR EAHNETY ALY FhasbLol A @F 34

borane.?® And it was reported that a large
excess of sodium borohydride-cobalt chloride
mixture reduced readily aromatic sulfoxides,
although little or no sulfides were obtained from
dibenzyl sulfoxide and tetramethylene sulfoxide
with this reagent.® On the other hand, Brown
and Ravindran®” reported that dichloroborane
reduced rapidly aliphatic sulfoxides to the
corresponding sulfides, in contrast to the slow
reduction with borane!® or alkyboranes.1®

Recently, we have carried out a systematic
study on the effect of tripheyl borate on the
reduction of representative organic functional
groups with borane. 2 In this study, we observed
that the rate of reduction of sulfoxides with
borane increased dramatically in the presence
of triphenyl borate in tetrahydrofuran at room
temperature. This report describes the scope
and synthetic usefulness of this procedure for
the reduction of sulfoxides to sulfides.

EXPERIMENTAL

General. All glasswares were thoroughly
dried in a drying oven and cooled down under
a stream of dry nitrogen just prior to use.
Most of the organic compounds wutilized in
this study were commercial products of the
highest purity., They were further purified by
distillation or recrystallization when necessary,
Sodium borohydride (Alerich Chem. Co) was
used without further purification, but dried out
in a heating vacuum oven at 120° for 12h.
All of the solvents used were dried with

distilied
under nitrogen, and stored in a flask equipped

excess lithium aluminum hydride,

with a rubber septum inlet and a connection
to a mercury bubbler, over 4A molecular sieve.
All reduction experiments were carried out
under a dry nitrogen atmosphere. Hypodermic
syringes were used to tramsfer the solution.
Glpc analysis was performed on Hewlett
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Packard Model 5840A instrument equipped with
flame ionization detector. All of the yields of
products were determined by utilizing suitable
internal standards and authentic mixtures. The
following columns were used: 10% OV-17 on
chromosorb WHP, 6ft, 0.125 inch{Celumn A)
and 10% OV-1 on chromosorb WHP, 6ft, 0.125
inch. (Column B)

Preparation of Sulfoxides, The preparation
of benzylphenyl sulfoxide from benzylphenyl
sulfide® is representative, Benzylphenyl sulfide
(54g, 0.25mol) was dissolved in 250 m! of
acetone. The solution was filtered to remove
undissolved substances. Then 30% hydrogen
peroxide (41g) was added, the solution was
stirred for 8h at 10~15° and allowed to stand
at room temperaiure for 72 h. The acetone was
evaporated. The crude sulfoxide was recrystal-
lized from 60% ethyl aleohol. Yield: 38g, mp
119~120° (lit.?'* mp 122~123°). Diethyl sul-
foxide was prepared by the similar procedure.
Yield, 65%, bp, 78~80°/10mmHg (iit.2! 83°
/12mmHg).

Borane-Tetrahydrofuran Solution. Predried
hot soium horohydride (97%, 11.7g 300
mmol) was introduced into a 500 mi, oven—dried
flask, equipped with a side arm, fitted with a
rubber cap, a magnetic stirring bar, and a reflux
condenser connected to a mercury hbubbler,
After the flask was cooled down to room temp-
erature under a stream of dry nitrogen, 240 mi
of freshly distilled tetrahydrofuran was intro-
duced. To this slurry, dimethyl sulfate (36.6 ¢,
290 mmol) was added dropwise with stirring in
an ice-water bath. Stirring was continued for
10~-12 hours until gas evolution was stopped.
Then the reaction mixture was cooled down to
0°, allowed to stand to settle down the preci-
pitate and stored in a refrigerator under slight
positive pressure of nitrogen. The hydride
concentration was determined by hydrolyzing
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aliguots from the clear supernant with 2 N sul-
furic acid-tetrahydrofuran (1 :1) mixture and
measuring the hydrogen evolution. It was found
to be 3.1 M in hydride, 1.03 M in borane.

Triphenyl Borate Selution in Tetrahydro-
furan. Phenol (244 g 2.6 mmol)} and boric acid
(31g, 0.5mol) were placed in a dry 500ml
flask with a magnetic stirring bar and heated
until water-phenol azeotrope was distilled off
at 98~99°, The remaining phenol was removed
at low pressure (62°, 1~2mmHg) and the
triphenyl borate was distilled under reduced
pressure. (192~210°, 1~2mmHg). The crude
yield was 80% (116 g).
borate was obtained by a fractional vacaum
distillation (210°, 1 mmHg). (fit.? 177~178°,
0.5mmHg}. Overall yield: 72% (104 g). The
triphenyl borate (104 g) was dissolved in THF
to give 200 m! of 1.8 M solution.

The pure triphenyl

Reaction of Sulfoxides with Borane in
Tetrahydrofuran at Room Temperature, Re-
duction of tetramethylene sulfoxide is described
as a representative. A 50 m/, oven-dried flask,
equipped with a side arm, fitted with a rubber
septum, a magnetic stirring bar, and a reflux
condenser connected to a gas buret, was cooled
down under a stream of dry nitrogen. The flask
was immersed in a water bath (ce 20°). Then
3. 3m! of tetrahydrofuran was introduced into
the reaction flask by a hypodermic syringe,
followed by 6.7m! (6.7 mmol) of a 1.0 M solu-
tion of borane in THF and 2. 5mmol of toluene
(5 m! in THF) to serve as the internal standard.
Finally, 5 mmol (5 m/ in THF) of tetramethylene
sulfoxide was added to the reaction mixture.

The mixture was stirred well. The mixture

became cloudy to evolve hydrogen (5 mmol)
rapidly. At different intervals of time, the

mixture was quenched with dilute sulfuric acid,
made alkaline with dilute sodivm hydroxide,
extracted with ether, and the organic layers

were analyzed by glpc using column A. The
analysis indicated the formation of tetramethyl-
ene sulftde in the yields of 70% (0.25h), 88%
{0.5h), 95% (1 h) and 100% (2h). The same
procedure was performed for the other sulfoxi-
des. The results were summarized in Table 2.

Reaction of Diphenyl Sulfoxide with Bo-
rane in the Presence of Different Molar
Equivalents of Triphenyl Borate in Tetra-
hydrofuran at Room Temperature. The ex-
perimental set-up and work-up procedure for
analysis of product were the same as in the
previous experiments. The reduction with bor-
ane-triphenyl borate (1 : 1) system is described
as a representative. Into a 50m! flask were
introduced THF (2.1ml), borane (6.7 mmol,
20 mmol in hydride, 6.7m! in THF), diphenyl
ether (0. 5mmol, 2.5m{ in THF) to serve as an
internal standard and triphenyl borate (6.7
mmol, 3.7m in THF) in a water bath (ca
20°). Finally, diphenyl sulfoxide (5mmol, 5
ml) was added to the reaction mixture. The
mixture was maintained at room temperature.
After 24h, glpe analysis using column A indi-
cated the presence of 969% diphenyl sulfide.
The same procedure was also performed in the
presence of 0.67mmel, 1.675mmol, 3.35 mmol
and 13.4 mmol of triphenyl borate under the
same condition. The results were summarized
in Table 1 and Fig.1.

Reaction of Diphenyl Sulfoxide with Var-
ious Molar Equivalents of Borane in the
Presence of 10 Mole Percent Triphenyl Bo-
rate in Tetrahydrofuran at Room Tempera-
ture. The reduction with 1 molar equivalent of
horane is described as a representative, A clean
50mi, oven—dried flask with a side arm, fitted
with a rubber cap, a magnetic stirring bar,
and a reflux condenser connected to a gas buret,

was cooled down to room temperature in a water
bath under a stream of dry nitrogen. Then,
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THF (7.2mi) was introduced into the flask by
a hypodermic syringe, followed by borane {5
mmel, 5m{) in THF, diphenyl ether (0. 5 mmol,
2.5mi in THF) to serve as an internal standard
and triphenyl borate (0.5mmol, 0.28m! in
THF). Finally, diphenyl sulfoxide (5 mmol,
5ml) in THF was introduced. The reaction
mixture was both 0.25 M in the sulfoxide and
borane. The reaction mixture was maintained
at room temperature. At appropriate intervals
of time, 1mi of the mixture was with drawn
by a hypodermic syringe, quenched with dilute
sulfuric acid, made alkaline with dilute sodium
hydroxide, extracted with ether, and the orga-
nic layers were analyzed by glpc using column
A. The analysis revealed the presence of di-
phenyl sulfide in the vields of 289 (3h), 45%
(6h) and 73 % (24 h). The same procedure was
performed with 6.7 molar equivalent of borane
in the presence of (.67 molar equivalent of
triphenyl borate in THF at room temperature.
The results were illustrated in Fig.2.
Reaction of Sulfoxides with Borane in the
Presence of 10 Mole Percent Triphenyl Borate
in Tetrahydrofuran at Room Temperature,
Reduction of diethyl sulfoxide is described as a
oven-dried,
fitted with
a rubber cap, a magnetic stirring bar, and a

representative. A clean 50ml,
flask equipped with a side arm,

reflux condenser connected to a gas buret, was
cooled down to room temperature in a water
bath {(ca 20°) under a stream of dry nitrogen.
2.93ml of THF was introduced into the flask
by a hypodermic syringe, followed by borane
(6. 7mmol, 6.7md) in THF, toluene (2. 5mmol,
5ml) in THF to serve as the internal standard
and triphenyl borate (0.67mmol, 0.37m!) in
THF. Finally, diethyl sulfoxide (5mmol, 5m?)
in THF was added to the reaction mixture.
The mixture was stirred at room tomperature,
The mixture gradually became cloudy to evolve
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hydrogen (5mmol). At appropriate intervals of
time, 1 m! of the reaction mixture was withdr-
awn by a hypodermic syringe, quenched with
1 m! of 1 M sulfuric acid, made alkaline with 1
m! of 6 N sodium hydroxide, extracted with 4
m! of ether and the organic layers were analyzed
by glpc using column B, The analysis indicated
the presence of diethyl sulfide in the yield of
83% (5min), 95% (15min) and 100% (30 min).
The same procedure was performed for the other
sulfoxides. The results were summarized in
Table 2. In the case of dibenzyl sulfoxide, the
sulfoxide was also reduced with boron methyl
sulfide (BMS) following the exactly same pro-
cedure. Dibenzyl sulfide was obtained in the
yields of 62% at 1h, 87% at 3h, and 100% at
6h. The results were illustrated in Fig. 3.

Reaction of Sulfoxides with Borane in the
Presence of 10 Mole Percent Various Cata-
Iysts in Tetrahydrofuran at Room Tempera-
ture. Reduction of diethy! sulfoxide with borane
in the presence of 10 mole percent boron triflu-
oride etherate is described as a representative.
The experimental set-up and work-up procedure
for analysis of product were the same as in the
previous experiments. Into the flask were int-
roduced THF (2.3m{), borane (6. 7mmol, 6.7
ml) in THF, toluene (2.5mmol, 5m{) in THF
to serve as the internal standard and boron
trifluoride etherate (0. 67 mmol, 1 m/) in THF.
Finally, diethyl sulfoxide (5mmol, Smi) in
THF was added to the reaction mixture. The
reaction mixture was stirred at room tempera-
ture. Hydrogen was evolved slowly. Glpc
examination revealed the formation of diethyl
sulfide in the yield of 30% (5min), 47% (15
min), 62% (30min) 82% (1h) and 97% (3h).
Reactions were also carried out in the presence
of triethyl borate, The results were summarized
in Table 3 and Fig.4.
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RESULTS AND DISCUSSION

Catalytic Effect of Triphenyl Borate. In
our preliminary study, we found that the
reduction of diphenylsulfoxide with borane was
greatly accelerated by the presence of equimolar
triphenyl borate. Thus, borane-triphenyl borate
(1:1) system reduced the sulfoxide in 96%
yield, whereas only 18% yield with borane
itself, both at room temperature in 24 h (Table
1 and Fig.1). In order to study the effect of
triphenyl borate on the borane reduction of
sulfoxides more in detail, diphenyl sulfoxide
was treated with borane in the presence of 0.1,
0.25,0.5, 1 and 2 molar equivalents of triphenyl
borate in tetrahydrofuran at rcom temperature.
As shown in Tale 1, we found that the presence
of only 10 mole percent triphenyl borate en-
hanced the rate of reduction dramatically,
showing that triphenyl borate played a role as a
catalyst.

Optimum Requirement of Hydride. In order
to investigate the optimum requirement of
hydride in achieving such reduction satisfac-
torily, 2(stoichiometric amount), 3(50% excess),
and 4(100% excess) molar equivalents of hy-

Table 1. Effect of triphenyl borate on the reduction
of diphenyl sulfoxide with borane in THF at room
temperature. *

Product*
Triphenyl Borate®
3h 6h 24 h
None 6 9 18
0.1 3 48 90
0.25 41 62 T |
0.5 40 68 98
1.0 40 65 96
2.0 36 67 9

4Reaction mixtures were 0. 25 M in diphenyl sulfoxide
and 1.0M in hydride. #The molar ratio to borane.
Percent yields of diphenyl sulfide estimatid by glpe
analysis.

dride were reacted with the sulfoxide in the
presence of 10 mole precent triphenyl borate
in tetrahydrofuran at room temperature. The
reduction of sulfoxide to sulfide requires 2 molar
equivalents of hydride (0. 67molar equivalent of
borane) stoichiometrically: one equivalent of
hydride for hydrogen evolution and another
equivalent of hydride for reduction. The reduc-
tion of diphenyl sulfoxide was representive. As
shown in Fig.2, the results appeared that with
4 molar equivalents of hydride, the sulfoxide
was reduced in the yield of 90% and with 3
molar equivalent of hydride, the reduction was
slower, giving 73% yield both in 24h. On the
other hand, the sulfoxide was reduced quite
slowly with stoichiometric amounts of hydride,
giving 35% diphenyl sulfide in 24h. Therefore,
the reaction was performed with 4 molar
equivalents of hydride in the presence of 10 mole
percent triphenyl borate,

Generality of the Reaction. In order to

109,

Yield (%) of Diphenyl Sulfide

0 3 6 -
Reaction Time { Hour )

Fig.1. Reduction of diphenyl sulfoxide with borane
in THF at room temperature. (CgHs):SO/BH;: 1/1.
33, BHy/(CeHs0):B; 1/1(@), 1/0.1(A), 1/0(0)
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test the generality of this reaction, the four
more structurally different sulfoxides, namely
tetramethylene sulfoxide, diethy sulfoxide, di-
benzy] sulfoxide and benzylphenyl sulfoxide

were chosen and reduced under the same con-

ditions. The reduction of these five sulfoxides
were also carried out with borane itself. As
shown in Table 2, the catalytic effect of triphe-
nyl borate was evident in all cases. For exam-
ple, the complete reduction of dibenzyl sul-

Table 2. Reaction of representative sulfoxides with borane in the presence of 10 mole percent triphenyl borate

in THF at room temperature.

Compounds¢ (CeHs0) 3B Products
mole % Smin  15mic  0.5h 1.0k  3.0h  6.0h  24.0h
Tetramethylene 10 100
sulfoxide None 70 88 95 1004
Diethyl sulfoxide 10 83 95 100
None 33 46 69 86 100
Dibenzyl sulfoxide 10 96 100
None 36 56 85 96
Benzylpheny} 10 83 100
sulfoxide None 23 38 69 83 100
Diphenyl sulfoxide 10 H 48 90
None 6 9 18

“Reaction mixtures were 0. 25M in compounds and 1.0M in hydride. *10 mole percent catalysts to the concen-.
tration of borane were used. ‘Percent yields of products estimated by glpe analysis. “Yield at 2} .

100
3 ,///////).(
3.
-
s
~
=
v
—
-
= i
b4
K. o
[m]
Gt
° o
%}
al
2
o 3 & 24

Reaction Time ( Hour }

Fig.2. Reduction of diphenyl sulfoxide with borane
in the presence of 10 mole percent triphenyl borate
in THF at room temperature. (CéHs)z SOrhydride;

1/4(@) 1/3(Q), 172(0D).
Val. 26, No.5, 1982

100

Yield (%) of Dibenzyl Sulfide

0 I 3 : 6

Reaction Time ( Hour )}

Fig.3. Reduction of dibenzyl sulfoxide with borane
and borane methyl sulfide in the presence of 10 mole
percent triphenyl borate in THF at room tempera-
ture. (CgHsCH,)SO/BHz(@) or BMS(Q); 1/1.33.
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Table 3. Reaction of representative sulfoxides with borane in the presence of various catalysts in THF at room

temperature.
Products®
Compounds? Catalysts® °
5min 15min  Q.5h 1.0h 3.0h 6.0h 24.0h
Tetramethylene (CsHs0)3B 100
sulfoxide (Et0)sB 80 97 100
BF3-OFEr, 58 72 87 98
None 70 88 95 1004
Diethy! satfoxide (CsHs0)sB 83 95 100
(EtO)3B 43 63 80 100
BF;- OEt, 30 47 62 82 97
None 33 46 69 86 100
Dibenzyl sulfoxide (C¢Hs0) 3B 9 100
(Et0)sB 31 51 78 100
BF,-OEt, 20 40 62 95
None 36 56 85 926
Benzylphenyl (CeHs0)sB 83 100
sulfoxide (EtO) 3B 28 40 70 100
BF;-OFEt, 21 37 78 93 100
None 23 38 69 83 100
Diphenyl sulfoxide (CeHs0) 3B A 48 90
(Et0)sB 25 31 39
BF;-OEt, 14 31 36
None 6 9 18

sReaction mixtures were (.25 M in compounds and 1.0 M in hydride. 10 mole percent catalysts to the con-
centration of borane were used. “Percent yields of products estimated by glpc analysis. ¢Yield at 2h.

foxide with borane itself required 6h, whereas
the same yield was realized in 15 min in the
presence of 10 mole percent the catalyst. In
the case of dibenzyl sulfoxide, borane methyl
sulfide (BMS) was also applied for the reduction.
As shown in Fig.3, dibenzyl suloxide was
reduced rapidly in 0.5h with BH;-THF,
whereas the reduction with BMS was completed
in 6h.

Other Catalysts.
a boric acid ester and a Lewis zcid, we won-
dered that triethyl borate and boron trifluoride
etherate might also show the catalytic effect.
We tested these possilities. The five represent-
ative sulfoxides were reduced with borare under

Since triphenyl borate is

the same conditions except that triphenyl borate
was replaced by triethyl borate or boron triffuo-
ride etherate. As shown in 7Table3, and Fig.
4, the catalytic effects of triethyl borate and
boran trifluoride etherate were also observed,
but not so dramatic as triphenyl borate. It is
interesting to note that the catalytic effects were
in the order: triphenyl borate>triethyl borate
>horon trifluoride etherate.

Possible Mechanism. From the results shown
in Table2 and Table3, we suggest a possible
mechanism as follows. A small quantity of
Lewis acids, phenoxyborane species could be
produced by a rapid mobile equilibrium involv-
ing disproportionation of borane and triphenyl

Journal of the Korean Chemical Society
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100

Yield (%) »f Diethyl Sulfide

o] 05 | 2 3
Reaction Time { Hour )
Fig.4. Reduction of diethyl sulfoxide with borane in
the presences of 10 mole perceat various catalytss
in THF at room temperature. diethyl sulfoxide/BHj:
1/1.33. BHa/catalysts; 1/0.1. Catalysts; (CsHsO)s
(W), (EtO);B(®), BF3;-OEt; ((0), none ().

borate. 2 The phenoxyborane species are ex-
pected to coordinate on the electron rich site,
the oxygen of sulfoxide, and the coordinated
sulfoxides are deoxygenated to form the stable

borate viga hydride transfer as following
scheme. %
2(ogh0) B » By T HCghgd)pBH
4 .
R ! R\ y 906}15 "
S—0 + (S E_C).BH N 5—0”"':"3_006‘5
R e t A~
R CC K !
- 5
S + HOB *————'_“""J
~
R 0C e
H
CeHs0 ) Celis0 -
/B-Ori + Bn3 —_— /B‘O‘-B + Hy,
Cgl0 CgHs0 H
i
% B
C H.C o PN
397N, oo e 3{CEH0) B+ O 0
CeHe0” ¥ ¥—B B-H

0
{or 3,05 + BH,)

Vol. 26, No.5, 1982

The catalytic effect of triphenyl borate sug-

gests that the phenoxyborane species should be
regenerated together with the formation of
boroxine (or boron trioxide and borane).

CONCLUSION

The presence of 10 mole percent triphenyl
borate accelerated dramatically the rate of
sulfoxide reduction with borane. This procedure
provide a simple and synthetically useful method
for the reduction of sulffoxides to the corres:
ponding sulfides under mild conditions.
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