Pergamon

Tetrahedron 58 (2002) 5179-5184

TETRAHEDRON

Dinitrogen tetroxide supported on polyvinylpyrrolidone
(PVP-N,0,): a new nitrosating and coupling agent for thiols and a
selective oxidant for sulfides and disulfides
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Abstract—Gaseous N,O, was immobilized on polyvinylpyrrolidone to give a stable polymeric reagent. Thiols were converted to
S-nitrosothiols (thionitrites) using this new nitrosating agent in n-hexane or CHCl; at 10°C. With this reagent, thiols were also converted
into their corresponding disulfides. Selective oxidation of sulfides to sulfoxides and disulfides to thiosulfonates can also be achieved by this
reagent at room temperature. By using an excess of the reagent, the selective one-pot synthesis of thiosulfonates from thiols at room
temperature was also performed. © 2002 Published by Elsevier Science Ltd.

1. Introduction

Over the last decade, close attention has been paid to the
potent chemical and biological properties of compounds
possessing the S-nitroso, disulfide, and thiosulfonate
functional groups, which are synthetically useful sulfenyl-
ating agents'* and photolytic sources of thiyl radicals.’
S-Nitrosothiols have attracted increasing attention because
of having a potential medical use as nitric oxide donors,®
and were used in many useful organic syntheses such as the
synthesis of «-alkylthio oximes® (or C-nitroso
compounds)10 from alkenes, decarboxylative nitrosation of
Barton esters,Sb’C direct conversion of amines to the corre-
sponding halides,'" fluorination of heterocyclic amines,''
a-oximation of methylene groups in ketones or a-halo-
ketones,“c’lz’13 facile cleavage of C=N bond to ketones;llC
desulfurization of thioacetals, thioketals'' and thio-
carbonyls,14 reductive deimination of sulfoximides and
sulﬁmides,15 and nitrosation of metal centers or addition
to metalloporphyrins.'®

The use of gaseous N,O, in an inert solvent at low tempera-
ture has been reported to convert thiols into their corre-
sponding S-nitrosothiols.>'” However, the reaction is very
heat sensitive and should be carefully controlled to avoid
overoxidation reactions.'®

The supported nitrosation reagents on inorganic K10
montmorillonite clay such as ‘claycop’ and ‘clayfen’ (clay
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impregnated with copper nitrate and ferric nitrate, respec-
tively) have also been used for nitrosation of thiols."
However, the produced thionitrite is immediately oxidized
into the corresponding disulfides by the copper and iron ions
present in the reagents.

Recently, we have used inorganic and organic complexes of
N,O, such as Cu(NO3)»N,0,% and [NO™-18-crown-
6-H(N03)2_]21 instead of gaseous N,O, for nitrosation of
thiols. In the case of using Cu(NO3),-N,0,, similar to the
reaction with claycop and clayfen, the generated thionitrites
were immediately oxidized into disulfide due to the
presence of Cu(Il) in the nitrosating agent. In the case of
using [NO*-18-crown-6-H(NO3), "], the reagent was soluble
and its separation from the solution of thionitrite was not
possible. Similar disadvantages could be considered for the
preparation of thionitrites using oxalic acid and sodium
nitrite in fert-butanol.”

In order to overcome the problem of high reactivity of
gaseous N,0O, and also to be able to produce pure solution
of thionitrites under hetergenous conditions, we decided to
prepare polyvinylpyrrolidone (PVP) supported N,O4 as a
heterogeneous reagent. The choice of PVP for this purpose
is due to its high complexing ability with gaseous NO,.?* In
comparison with the recently reported reagents for nitro-
sation of thiols, such as [NO'-18-crown-6-H(NO;), |*!
and oxalic acid/sodium nitrite,”> the use of this polymer
supported N,O, provides the possibility of having a pure
solution of thionitrites by a simple filtration. The other
attractive aspect of this polymeric reagent is that toxic and
noxious N,O, gas could be immobilized, thereby improving
its general acceptability, safety, handling, and utility under
mild reaction conditions.”* We report here on the use of
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Scheme 1.

PVP-N,O, as a new, efficient, and easy to handle reagent
for mild nitrosation of thiols at 10°C. This reagent can also
be used for coupling of thiols to disulfides, selective
oxidation of sulfides to sulfoxides and disulfides to thio-
sulfonates at room temperature. By using an excess of this
reagent, the selective synthesis of thiosulfonates from thiols
under mild reaction conditions can also be performed
(Scheme 1).

2. Results and discussion

Polyvinylpyrrolidone-supported N,O4, (PVP-N,0,) is a
safe, cheap and easily prepared source of N,Oy,. This reagent
was simply prepared by dissolving polyvinylpyrrolidone
(PVP) in dichloromethane and adding liquid N,O4 at 0°C
while the solution was gently stirred. After 1 h, bubbling of
N, gas into the solution extrudes the excess of N,O, as NO,
and then the solvent was evaporated.

The obtained polymeric reagent was dried under vacuum
and the resulting solid mass was ground in a mortar to
produce a pale green powder. On the basis of the obtained
weight of the PVP-N,0,, the capacity of this polymeric
reagent was found to be 5 mmol of N,O,4 per each gram of
the reagent.

Based on the amount of absorbed N,O, per each unit of
polymer, a 1:1 addition compound (PVP-N,Q,) is probable.

Table 1. Reaction of thiols with equimolar amount of PVP-N,0, at 10°C

This kind of addition compound has already been proposed
for different ethers (or amines) and N,O,.% The IR spectrum
of a dilute solution of PVP-N,O, in CH,Cl, showed a
strong absorption band centered at 1355 cm™! similar to
that which we observed for its ether or amine complexes
at 1360 cm™'. The observed decrease in the frequency of
carbonyl band of the PVP-N,O,, (KBr disk, 1645 cm™!) in
comparison with the band for PVP, (KBr disk, 1665 cm Y
could account for the interaction of N,O, with the oxygen
atom of the amide group in this polymeric reagent. This
polymeric reagent is stable below 0°C and could be stored
in the refrigerator for several months without loss of its
weight or activity.

When a solution of thiol (I mmol in 2 mL of CHCI; or
n-hexane) was treated with 0.2 g of the reagent at 10°C in
the dark, an immediate change in the color of reaction
occurred and the mixture became bright red or reddish
green, characteristic color of thionitrites, except for fert-
butyl thionitrite,'"®'** which became dark green. The
advantage of using this reagent is that by a simple filtration
the solution of pure thionitrite is obtained which could be
used for further synthetic purposes. In addition, the released
polymer acts as an acid scavenger and removes the
produced nitric acid from the reaction mixture. The filtered
polymer, which was found by comparison with a known
sample to be PVP—HNO;, was easily recycled.” In Table
1, the reaction times for conversion of various thiols to their
corresponding thionitrites and the spectral data of the
products are shown. The UV-visible spectra of thionitrites
showed the characteristic bands at 330—350 nm region (&
around 10°M 'em ™!, ng—o®) and at 550-600 nm (e
around 20 M~ cm ™!, ny—o>) 38217027

Due to the steric hindrance of the tertiary alkyl group, the
reaction of tert-butyl mercaptan with this reagent did not
proceed at room temperature and was performed under
reflux (Table 1). The remarkably stable terz-butyl thionitrite
was further oxidized to the colorless and stable thionitrate
[(CH;);CSNO,],! 10172828 when it was refluxed with
3 molar equiv. of the reagent in CHCI; for 6 h.

Thiol Thionitrite Time in CHCl; (n-hexane) Spectral data (in n-hexane) A .
(min) (nm) (&)*

iso-C3H;SH iso-C3H;SNO 10 (60) 341 (750), 518 (12), 557 (25)
n-C4HoSH n-C4HoSNO 14 (40) 340 (820), 519 (12), 550 (28)
sec-C,HoSH sec-C4HoSNO 60 (120) 342 (900), 517 (14), 553 (25)
n-CgH;7SH n-CgHsSNO 15 (200) 340 (750), 515 (12), 549 (18)
C¢HsSH C¢Hs—SNO 15 (8) 261, 380, 530 (27), 570 (42)
C¢HsCH,—SH C¢HsCH,—-SNO 35 (14) 340 (1030), 530 (18), 560 (26)
cn3—©sn CH:,_@_SNO 4 (10) 261, 382 (265), 532 (27), 575 (50)
[ e [ H.CH. N 12 (8) 266, 378 (138), 545 (29)

o CHZSH o 23 (e}
QSH O—suo 100 (250) 336 (890), 521 (15), 550 (21)
t-C4HoSH t—C4HgSNOb'C 300 345 (675), 562 (7), 552 (6), 598

(17), 605 (16)

 Reference to the products.’
® The reaction was refluxed in CHCls.
¢ The reaction with 3 molar equiv. of PVP-N,0, produced S-nitro thiol (tert-C4HoSNO,) after 6 h under reflux in CHCl;.
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Table 2. Preparation of disulfides from thionitrites

Thionitrite Product® Solvent Time (min) Yield® %
ISO-C3H7SNO (lSO—C3H7S)2 CHC13 10 95
n-C4HoSNO (n-C4HyS), n-Hexane 5 90
sec-C4HoSNO (sec-C4HoS), CHCl,4 15 88
n-CgH;;SNO (n-CgH,5S), CHCl, 7 90
C¢HsSNO (CeHsS), CHCl, 10 92
C¢Hs—CH,SNO (Cs¢Hs5—CH,S), CHCl,4 15 80
CHg-@—S NO CH)@-S-S@-CHs n-Hexane 5 92
II "—C HSNO I HC n-Hexane 5 82
0" 72 o~ CHzSk
ano Oss-@ CHCl4 25 80
[6}’1—C4HQSNOC (tert-C4HoS), CHCl, 120 0

All S-nitrosothiol solutions were prepared at similar concentration (0.5 mol 1”") and stirred in the presence of air.

@ Reference to the products.’**
® Isolated yield.
¢ The reaction was performed under reflux for 2 h.

Most of the thionitrites are thermally™® and photo-
chemically®*® unstable, especially in the presence of
02.31’32 We observed that if the reaction of thiols with
PVP-supported N,O4 was stirred for a longer period of
time in the presence of air at room temperature, the thio-
nitrite intermediate could be converted into the correspond-
ing disulfides with high yields without adding any extra
reagent. The results obtained for the conversion of thiols
into disulfides are shown in Table 2.

Thiosulfonates (thiosulfonic S-esters) have been reported to
be strong sulfenylating agents, which react even faster than
disulfides."***® In addition, as source of sulfenylating agent,
they are considered to be more stable than sulfinyl chlorides
and their handling is much easier and safer. They are also
used for temporary blocking of mercapto groups in protein
chemistry.**

Thiosulfonates are the intermediary compounds in the
reduction of sulfonyl chlorides to disulfides with Me;Sil,*
or tetrathiotungstates.’® There are also other routes reported
in the literature for their preparation.’’ However, their one-
pot synthesis from thiols by use of excess N,O, at low
temperatures (ca. —20°C) has been considered as a syn-

Table 3. Reaction of thiols with 3 molar equiv. of PVP-N,0,

Entry Thiol Product® Isolated yield (%)
1 n—C4H9$H "C4H9—SOZ—S—NC4H9 85
2 n-CgH7;SH "CgH;7-S0,-S-"CgH,; 80

@« OFO0 @ v
(o}
i

4 CH3@SH CHy S—$ CH3 92

I
0
Q
L Ow OO o
[0}

All the reactions were performed in CHCIl; at room temperature for 4 h.
* Reference to the products.'®*?

thetically useful approach.'® This latter method suffers
from over oxidation of thiosulfonates into sulfonic acids
as by products. In this reaction, the intermediacy of
RS(O)NO or RS(O)NO, followed by their conversion into
a-disulfoxide is proposed for the formation of thio-
sulfonates.

We observed that thiosulfonates were the only product of
the reaction of thiols when 3 molar equiv. of PVP-N,O,
were used in chloroform at room temperature. The results
of the reaction of thiols with PVP-N,O, are shown in
Table 3. This reaction proceeded via disulfide intermediate
since the disulfide was isolated when the reaction was
stopped at early stage (Scheme 2, Eq. 1). The produced
disulfide from the reaction of thiol with PVP-N,O,
reacts with excess of the reagent to form the unstable
a-disulfoxide (Scheme 2, Eq. 2), which in the subsequent
step oxygen transfer’® occurs to form the stable thio-
sulfonate (Scheme 2, Eq. 3).

PVP-NyO4
RSH —— RSSR Eq. 1
PVP-NyO4
RSSR —2te RSO)SOR] 2
[RS(O)S(O)R] — RSOLSR Eq. 3

Scheme 2.

In order to have more evidence in support of the inter-
mediacy of disulfide in this reaction, we performed a
reaction between diphenyl disulfide and PVP-N,0, in
chloroform at room temperature. The reaction furnished
S-phenyl benzenethiosulfonate in 90% yield after 3 h.
Since the reaction of disulfides with reactive gaseous
N,0, in CCly has been reported to produce sulfonic acid
anhydrides,” we therefore extended our studies and
performed the reaction of different disulfides with 4 molar
equiv. of the polymeric reagent in CHCl; at room
temperature to obtain their corresponding thiosulfonates.
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Table 4. Reaction of disulfides with PVP-N,O,

Entry Disulfide Product® Isolated yield (%)
1 "C4Hy—S-S-"C4Hy "C4Hy—S0O,—S-"C4Hy 88
. O=0 OkO :
(o)
i
3 cm@ss@wa cn3-©-"—s-©-m3 95
0
Q
4 ss_) §.s<:> 92
(0]
5 DS-S—G 80

All reactions were performed in CHCI; for 3 h at room temperature.

* The products were identified by comparison of their spectral data with known samples.

The results obtained from these reactions are shown in
Table 4.

Gaseous dinitrogen tetroxide was also known to be a good
reagent for the oxidation of sulfides to sulfoxides.***! We
therefore studied the applicability of PVP-N,O, for this
oxidation at room temperature. By use of this polymeric
reagent, different sulfides were smoothly converted into
their corresponding sulfoxides without the need for
temperature control to avoid over oxidation into sulfones.
The results are shown in Table 5.

Table 5. Reaction of sulfides with PVP-N,Oy,

Entry Sulfide Product® Isolated yield (%)
1 CH}-S—CH3 (CH';)zs:O 85
2 "C4Hy—S—"C4Hy ("C4Hy),S=0 80
(o]
3 PhSM 82
¢ PhSMe
4 PhSEt IOI 91
PhSEt
5 PhS-"Pr n 89
PhSnPr
n o
6 PhS-"B 95
N Ph§nBu
o
7 PhSCH,Ph Ph§CHPh 85
2
8 PhCH,SCH,Ph 9 91
2 PhCH,SCH,Ph

All reactions were performed in CHCI; for 2 h at room temperature.
# Reference to the products.“’43

3. Conclusion

Formation of 1,1-adduct of polyvinylpyrrolidone with N,O,
gives a stable polymeric reagent. The use of this polymeric
reagent provides the possibility of preparing pure solution of
thionitrites under heterogeneous condition.

Due to the lower reactivity of this polymeric reagent

18a,33b

compared to dinitrogen tetroxide, thiols can be selectively
converted into their corresponding thionitrites, disulfides or
thiosulfonates using different quantities of the reagent and
reaction conditions. In addition, the conversion of disulfides
into thiosulfonates and sulfides into sulfoxides can be
simply achieved with this reagent without over oxidation.
The mildness of the reaction conditions, easy and safe
handling of the reagent and easy work-up of the reaction
mixtures make this polymeric reagent a new and safe source
of dinitrogen tetroxide in organic synthesis.

4. Experimental

Chemicals were purchased from Fluka, Aldrich and Merck
chemical companies. All the solvents were dried and
redistilled. Polyvinylpyrrolidone K-30 (average M,
40,000) was purchased from Fluka Company. Liquid
N,Oy4 prepared from 98% H,SO, and fuming 100% HNO;
in the presence of Arsenious oxide and condensed by a salt-
ice bath as the Brook’s procedure.44 Disulfides (Table 4)
were prepared by standard methods.* Thin layer chromato-
graphy (TLC) on commercial plates of silica gel 60 F,s, and
GLC by a Shimadzu GC-14A instrument was used to moni-
tor the progress of the reactions and to determine the purity
of substrates. Column chromatography was carried out
using silica gel 60. Yields refer to isolated pure products
after column chromatography. Products were characterized
by comparison with authentic samples (mp, bp, UV, IR, 'H
NMR). UV spectra were recorded on an Ultras;i)ec 3000
Pharmacia Biotech spectrophotometer. IR and 'H NMR
spectra were recorded on Perkin—Elmer 781 and Bruker
DPX 250 instruments, respectively.

4.1. Preparation of polyvinylpyrrolidone-supported
N,O4 (PVP-N,0,)

To a solution of PVP (10 g) in dichloromethane (250 mL) at
0°C, was added 8 mL of liquid N,0, (liquefied in a salt-ice
bath) by a pipette while the solution was gently stirred. After
1 h, bubbling of dry N, gas was performed through the
solution in order to extrude the excess of NO, and then
the solvent was evaporated. The obtained solid was dried
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under vacuum and was powdered in a mortar to give PVP
supported N,O4 (18 g) as a pale green powder material. The
capacity of the reagent was determined to be 5 mmol of
N,0, per gram of the polymer. The reagent could be stored
in the refrigerator for several months without loss of its
weight or activity.

4.1.1. Typical procedure for the preparation of S-nitro-
sothiols. To a stirred solution of thiophenol (0.11 g,
1 mmol) in CHCI; (2 mL), 0.2 g of the reagent was added
at 10°C in the dark and under atmosphere of argon. The
mixture became immediately bright red to reddish green,
characteristic of thionitrites. The reaction mixture was
monitored by GLC and TLC until thiol was consumed.
The reaction mixture was filtered after 15 min. Evaporation
of the solvent under reduced pressure and at low tempera-
tures (<10°C) in the dark, yielded S-nitroso thiophenol
quantitatively. UV (n-hexane): 261, 380, 530 (27), 570
(42) nm (g) [lit.,* 261, 380, 530 (27), 570 (42) nm (&)].
The solution of thionitrite in tert-butanol can be stored in
the refrigerator.

4.1.2. Procedure for the preparation of tert-butyl thio-
nitrate. To a solution of 2-methyl-2-propane thiol (0.09 g,
1 mmol) in CHCI; (5 mL), the reagent (0.6 g) was added
and the reaction mixture was refluxed for 6 h. TLC moni-
tored the reaction mixture until the obtained thionitrite was
consumed. The reaction mixture was then filtered. Evapora-
tion of the solvent under reduced pressure gave 0.107 g
(90%) S-nitroso 2-methyl-2-propane thiol (fert-butyl thio-
nitrate) as colorless oil: bp 40-42°C/6 mmHg (lit.,*® 55°C/
13 mmHg). IR (neat): 2950, 1515 (NO), 1300, 1260, 1156,
820cm . 'H NMR (CDCl3): 6 1.58 (s) ppm. UV
(n-hexane): 201 (5700), 268 (3400) nm (&).

4.1.3. Typical procedure for the preparation of disul-
fides. To a stirred solution of thiophenol (0.11 g, 1 mmol)
in CHCI; (2 mL), the reagent (0.2 g) was added at room
temperature. The reaction mixture was stirred for 25 min
until the color changed from dark red to pale yellow. The
reaction mixture was filtered. Evaporation of the solvent
followed by purification of the product by chromatography
on a short column of silica gel eluted with n-hexane,
afforded diphenyl disulfide (0.10 g, 92%), mp 58-60°C;
(lit.,””* mp 58°C); IR(KBr): 3070, 3050, 1575, 1475, 1430,
1070, 1020, 995, 740 cm ™ '; 'TH NMR (CDCls): 6 7.49 (4H),
7.27 (4H), 7.20 (2H) ppm.

4.1.4. Typical procedure for the preparation of thio-
sulfonates from thiols. To the solution of p-thiocresole
(0.124 g, 1 mmol) in CHCl; (5 mL), the reagent (0.6 g)
was added with stirring at room temperature. After 4 h,
the reaction mixture was filtered. The filtrate was washed
with aqueous solution of NaHCO; (5%) and then with
water. The organic layer was separated and dried over
MgSO, Evaporation of the solvent followed by chromato-
graphy on a short column of silica gel eluted with
n-hexane—EtOAc 5:1 gave S-(4-methylphenyl)4-methyl-
benzenethiosulfonate (0.13 g, 92%); mp 72-74°C (lit.,>%
mp 73-75°C).

4.1.5. Typical procedure for the oxidation of disulfides to
thiosulfonates. Di (p-tolyl) disulfide (0.246 g, 1 mmol) was

dissolved in CHCI; (5 mL). To this solution, the reagent
(0.8 g) was added with stirring at room temperature. After
3 h, the reaction mixture was worked up as preceding pro-
cedure to afford S-(4-methylphenyl)4-methylbenzenethio-
sulfonate (0.26 g, 95%); mp 72-74°C (lit.,**® mp 73-75°C).

4.1.6. Typical procedure for the oxidation of sulfides to
sulfoxides. To a solution of benzyl sulfide (0.214 g,
1 mmol) in CHCl; (4 mL), the reagent (0.4 g) was added
with stirring at room temperature. After 2 h, the reaction
mixture was filtered. Evaporation of the solvent followed
by chromatography on a short column of silica gel (eluted
with n-hexane followed by Et,0) afforded benzyl sulfoxide
(0.21 g, 91%); mp 133-134°C (lit.,*” mp 135-136°C).
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