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Triethylammonium halochromates, (C,Hs);NCrO;X, TEAXC (X = Cl, F) are easily synthesized by the reaction
of triethylamine with a solution of chromium(VI) oxide in 6M hydrochloric acid, or a solution of chromium(VI)
oxide in 40% hydrofluoric acid. These reagents are easily supported on common silica gel and can be used as
heterogeneous oxidants. Triethylammonium halochromate(VI) is a versatile reagent for the effective and selective
oxidation of organic substrates. Various aliphatic (cyclic and acyclic) and aromatic thiols are converted into the
corresponding disulfides by treatment with triethylammonium fluorochromate(VI), (TEACC) or triethylammonium
chlorochromate(VI), (TEAFC) supported on silica gel, in excellent yields and under mild reaction conditions.
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XAJIOXPOMATHU HA TPUETUJIAMOHUYM / CUWIHUKATEJI:
E®UKACEH PEATEHC 3A OKCUJATHUBHO BP3YBAIBE HA THOJIN CO JUCYJI®OUIN

Xanoxpomaru Ha TpuetHwinamoHuyM (C,Hs);NCrO;X, TEAXC (X = Cl, F) necno ce cunretmsmpaar Kora
TPUETHJIAMHHOT pearupa co pactBop Ha xpoM(VI)okcna Bo 6M XJIOpOBOIOpOAHA KUCEIMHA WM CO PAacTBOp HA
xpom(VI)okcun Bo 40% diryopoBomopoaHa kucenuHa. OBHE peareHcH JIECHO ce cOpOMpaaT Ha CHIIMKA-Tel 1 MOXaT
Ja Ounar ymorpeOeHH Kako XeTeporeHH OKCHAaHTH. TpuermnramoHumymMmxanoxpomaroT(VI) e moromeH peareHc 3a
e(eKTHBHA U CEJIEeKTHBHA OKCHJAIMja Ha OPTaHCKH CYNCTpaTH. Pasmmann anudatnany (QUKIMYHA U alUKIAYHE) 1
apOMaTHUYHH THOJIH CE IIPEBEyBaaT BO COOIBETHH ANUCYI(PHIN IIOX AejcTBO Ha TpreTmwiaMoHnyMdiayopoxpomar(VI),
W Ha TpueTmiaMmonnymxiopoxpomar(VI) copOupanu Ha cruiika-Treln. Y CIOBUTE Ha peakuuTe ce Oyary, a mpuHO-
CHUTE OJUINYHH.

Knyunn 360poBn: tpuetmiamonnymdiyopoxpomar(VI); rpuernnamonnymxmopoxpomar(VI);
XETEPOTeHU OKCHIAHTH; CUIIMKA-Tell; OKCHIALIja; THOJ; AUCYIhuau

INTRODUCTION

Disulfides are one of the most important or-
gano-sulfur compounds possessing an exclusive
chemistry both in biochemistry and in synthetic
area [1]. Disulfides are also key intermediates in a
wide variety of organic synthetic routes. The im-

portance of sweetening of catalyst poisons thiols to
low volatile disulfides in petroleum industries, and
the industrial applications of disulfides in vulcani-
zation of rubbers and elastomers, led us to investi-
gate the introduction and applications of a new
member of this category of reagents in oxidation
of thiols to the corresponding disulfides [2].
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The main type of these reactions is the
oxidation of thiols in the presence of molecular
oxygen [3], DMSO [4], using borohydride exchange
resin [5], DMSO/alumina reagent [6], CBr,/ solid
K,CO;/18-crown-6/benzene [7] and NalOj/alumina
[8].

However, some of the reported reagents
suffer from disadvantages such as instability,
hygroscopicity, low selectivity, long reaction time,
difficulty of preparation and need for a large
excess of the reagent. Thus a milder, more
selective and inexpensive reagent is still in
demand. The need for overcoming these problems,
lead to the development of a good number of other
oxidants, such as: pyridinium chlorochromate
(PCC) by Corey and Boger [9], pyridinium
fluorochromate by Bhattacharjee and co-workers
[10], quinolinium dichromate by Chaubey [11].
2,2'-bipyridinium chlorochromate by Guziec and
Luzzio [12], quinolinium chlorochromate, by
Jeyanthi [13] and isoquinolinium fluorochromate
by Srinivasan and co-workers [14]. We have
prepared tetramethylammonium fluorochromate
[15] and cetyltrimethylammonium bromochromate
[16], with the belief that these reagents may have
oxidative properties and could be used for
oxidation of organic substrates, particularly thiols.

This manuscript introduces triethylammonium
fluorochromate(VI) (TEAFC) and
triethylammonium chlorochromate(VI) (TEACC)
absorbed on silica gel as new reagents with
improved work-up efficiency and durability, for
the oxidation of thiols to disulfides.

EXPERIMENTAL SECTION
Material and instruments

Chromium(VI)oxide (p.a.) was obtained from
Merck, and silica gel (—150 mesh) was obtained
from Aldrich. These reagents were used without
further purification. The TLC plates were obtained
from Merck.

Solvents were purified by standard methods.
Infrared spectra were recorded as KBr disks on a
Shimadzu model 420 spectrophotometer. The
UV/Vis measurements were made on an Uvicon
model 922 spectrophotometer. 'H, *C, ""F-NMR
were carried out on a Bruker AVANCE DRX 500
spectrometer at 500, 125, 470.66 MHz, respec-
tively. All the chemical shifts are quoted in ppm

using the high-frequency positive convention; the
'H and "C-NMR spectra were referenced to exter-
nal SiMe, and the '"F-NMR spectra to external
CFCl;. Chromium was estimated iodometrically.
In the case of the reduced product of the oxidant,
chromium was determined after oxidizing with
acidic peroxodisulfate (K,S,0s) solution. The per-
cent composition of carbon, hydrogen and nitrogen
were obtained from the Microanalytical Laborato-
ries of the Department of Chemistry, OIRC, Te-
hran.

Triethylammonium fluorochromate (TEAFC),
(C2H5)3NH+ [ Cr OgF] -

Chromium (VI) oxide (1.0 g, 0.01 mol) and
40% hydrofluoric acid (0.9 ml, 0.02 mol) were
added to 20 ml of water in a 100 ml polyethylene
beaker with stirring. After 5 min the homogeneous
solution was cooled to ca. 0-2 °C. To the resultant
clear orange solution, triethylamine (1.400 ml,
0.010 mol) was added drop-wise with stirring over
a period of 0.5 hours and stirring was continued
for additional 0.5 hours at —4 °C. The precipitated
yellowish-orange solid was isolated by filtration
on a polyethylene funnel, washed with petroleum
ether (3 x 60 ml) and dried in vacuum for 2 hours
at room temperature. Yield: (88%); mp 132 °C;
C¢HsCrFNO;: Calc. C 32.57%, H 7.23%, N
6.33%. Found: C 32.08%, H 7.64%, N 6.44%. "°C
NMR (125 MHz, CDCly): 6 459 (CH,), 6 8.7
(CHs). "H NMR (500 MHz, CDCl3): & 7.1 (s, 1 H),
83.32(q,2H),51.58(t,3 H). IR (KBr): 904 cm'
vi(A;) or v(CrO;), 648 cm™ vy(A,) or v(Cr—F),
948 cm ' v4(E) or v(CrOs),

UV-Vis: Electronic absorption at 22321 cm !,
corresponded to 'A,—'E (e =270 M 'em™); 28735
m ' to 'E—'E (¢ = 845 M'em ") and 36231 cm™
to 'A,—'E(e = 1233 M 'em ). The UV/Visible,
C NMR and 'H NMR data was consistent with
the TEAFC structure. The above procedure can be
scaled up to larger quantities, if desired. The pH of
0.01 M solution of TEAFC in water was 3.45.

Triethylammonium chlorochromate (TEACC),
(C2H5)3NH+[CI’03C|]_
Chromium(VI) oxide (1.0 g 0.01 mol) was
dissolved in water and 6 M hydrochloric acid

(0.251 ml, 0.015 mol) was added with stirring at 0
°C. To the resulting orange solution, triethylamine
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(0.101 ml, 0 .01 mol) was added drop-wise with
stirring over a period of 30 minutes and the stirring
was continued for 30 minutes at —4 °C. The pre-
cipitated orange solid was isolated by filtration,
washed with petroleum ether (3x60 ml) and dried
under vacuum for 2 h at room temperature. Yield:
(54 %); mp 120 °C; Calcd. for C¢H;cCICrNO;: C
30.32%, H 6.74%, N 5.89%. Found: C 30.29%, H
6.81%, N 5.82%. *C NMR (125 MHz, CDCl,):
344.3 (CH,), 5 8.4 (CH;). 'H NMR (500 MHz,
CDCL;): 7.0 (s, 1 H), §3.27 (q, 2 H), d 1.55 (4,
3H). IR (KBr): 900 cm™ vi(A)) or W(CrOs),
434 cm™ v, (A)) or V(Cr—Cl), 950 cm™ Vv4(E) or
V(CrOs) cm .

Electronic absorption at 22075 cm ', corres-
ponded to 'A; »'E (¢ =316 M cm™); 28169 cm™
to 'E—'E (¢ = 803 M"' cm™) and 41152 cm ™' to
'A,—'A; (e = 1327 M' em™). The UV/Visible,
C NMR and 'H NMR data was consistent with
the TEACC structure. The pH of 0.01 M solution
of TEACC in water was 2.4.

General procedure for preparation
of silica gel supported reagents

A 500 ml suction flask equipped with a con-
stant—pressure dropping funnel was used. The cold
solution of TEAFC or TEACC, prepared by dis-
solving of TEAXC (X =F: 0.2 mol, 44.2 g; X =
Cl: 0.2 mol, 47.4 g) in CH,CI, (10 ml), was stirred
with silica gel (60 g), over a period of 30 min at
room temperature. Evaporation of the solvent un-
der low-pressure vacuum for 30 min, yielded an
orange-red slurry of triethylammonium halochro-
mate/silica gel. The slurry was completely dried on
the surface of highly dried day plate in the air to
give 140 g of the desired reagent.

Typical procedure for oxidation coupling of
benzenethiol with Triethylammonium
halochromates/ Slica gel

A suspension of benzenethiol (1f) (0.110 g,
0.001 mol), TEAFC (0.221 g, 0.001 mol) and wet
silica gel (50% (w/w), 0.2 g) in CH,Cl, (10 ml)
was magnetically stirred at room temperature for
114 minutes. The completion of the reaction was
followed by TLC using ether/petroleum ether (6:4)
as eluant. The mixture was diluted with ether (1:1
v/v) and filtered through a short column of silica
gel to give a clear solution. The solution was
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evaporated and the residual product was purified
by distillation, recrystallization or column chroma-
tography to give 1,2 diphenyldisulfane (2f) in 87
% yield. m.p 57-58 "C; lit.[17] m.p 58-60 'C. For
other thiols (1a—e, 1g-h), the procedures were the
same as above (see Table 1). The same procedure
was applied for coupling of benzenethiol to 1,2—
diphenyldisulfane with TEACC and above proce-
dure could be achieved for larger scales, without
any difficulties.

Spectral data for disulfides

1,2-Diisopropyldisulfane (2a), oil [17]. IR
(KBr, cm™): 3000-2900 C-H (aliph. stretch),
1400-1350 C-H (aliph. bend), 1200-1100 C-S
(stretch). '"H NMR (300 MHz, CDCl;): § 2.7 (m, 2
H), 1.5 (d, 12 H). *C NMR (300 MHz, CDCl;): &
38.5 (CH), 24 (CH;). HRMS Calcd. for C¢H;4S,:
M’ 150.4125 amu. Found: M", 150.4117 amu (av-
erage).

1,2-Dipentyldisulfane (2b), oil [17]. IR
(KBr, cm™): 3000-2900 C-H (aliph. stretch)
1200-1100 C-S (stretch). '"H NMR (500 MHz,
CDCl;): 6 2.5 (t,4 H),1.6 (m,4 H), 1.25 (m, 4 H)
1.3 (m, 4 H), 0.85 (t, 6 H). °C NMR (125 MHz,
CDCl;): 6 36, 33, 31, 23.5, 14.5. HRMS Calcd for
CioH»S,: M, 206.8542 amu. Found: M',
206.1654 amu (average).

1,2-Dioctyldisulfane (2¢), oil [17]. IR (KBr,
cm '): 3000-2900 C—H (aliph. stretch), 1200—1100
C-S (stretch). "H NMR (500 MHz, CDCly): & 2.6
(t, 4 H), 1.5 (m, 4 H), 1.2 (m, 18 H) .9 (t, 6H) . “°C
NMR (125 MHz, CDCl;): & 33.66, 32.5, 31.43,
31.35, 31.22, 27.03, 23.5, 15.02. HRMS Calcd for
CigH3S2: M 7, 290.1213. Found: mvz 290.3564
(average).

1,2-Dicyclohexyl disulfane (2d), oil [17]. IR
(KBr, cm™): 3000-2900 C-H (aliph. stretch),
1200-1100 C-S (stretch). '"H NMR (500 MHz,
CDCl;): 8 2.5 (m, 2 H), 1.65 (dt, 8 H), 1.4 (m, 12
H). "C NMR (125 MHz, CDCl;): § 52.56, 34.52,
26.59, 25.38. HRMS Calcd for CjoHyS, @ M,
230.2135 . Found: m/z230.2120 (average).

Disulfanylacetic acid (2e), oil [17]. IR (KBr,
cm '): 3500-3200 OH (stretch), 3000-2900 C-H
(aliph. stretch), 1200—1100 C—S (stretch). "H NMR
(500 MHz, CDCl;) 6 2.27 (s , 4 H), 11.5 (s, 2 H).
BC NMR (125 MHz, CDCly): & 35 (CH,), 179
(C=0). HRMS Caled for CHg 0,S;; M,
182.1478. Found: m/z 182.342 (average).
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1,2-diphenyldisulfane (2f), m.p 57-58 °C,
lit. [17] 58-60 °C. IR (KBr, cm™): 32003100 C-H
(aromatic stretch), 1200-1150 C-S (stretch). 'H
NMR (500 MHz, CDCLy): & 7.65 (d, 4 H ), 7.25
(m, 6 H). °C NMR (125MHz, CDCl;): & 133.0,
131.4, 130.2, 129.53. C;,H,S,: Calc. C 66.1%, H
4.71%, S 29.37%. Found: C 66.22%, H 4.65%, S
29.2%.

Bis(4-methylphenyl)disulfide (2g), m.p 42—
44 °C, 1it.[18] 43-44 °C. IR (KBr, cm™): 3200
2100 C-H (aomatic stretch), 3000-2900 C-H
(aliph. stretch), 1480-1400 C-H (aromatic bend),
1200— 1100 C-S (stretch ). '"H NMR (500 MHz,
CDCly): 8 7.5 (d, 4 H), 7.2 (d, 4 H), 2.5 (s, 6 H).
C NMR (125 MHz, CDCly): & 130 (CH), 127
(CH), 126 (C),124 (C), 21 (CH3). C4H4S: Calc.
C 68.29%, H 5.70%, S 26.1%. Found: C 68.46%,
H 5.60%, S 26.23%.

Bis(2-naphthyl)disulfide (2h), m.p 140142
°C, lit. [18] 142145 °C. IR (KBr, cm): 3200
3100 C-H (aromatic stretch), 1200- 1150 C-S
(stretch ). "H NMR (300 MHz, CDCl;): 8 8.1 (s , 2
H), 7.7 (d, 2 H), 7.5 (d, 6 H), 7.32 (d, 4 H). °C
NMR (300 MHz, CDCly): & 137.76, 137.11,
135.26, 134.52, 131.57, 128.92, 127.08, 126.16,
125.02, 124.87. CyHyS,: Cale. C 75.47%, H

4.40%, S 20.12%. Found: C 75.36%, H 4.32, S
20.89%.

RESULTS AND DISCUSSION

Different thiols were subjected to oxidations
with triethylammonium fluorochromate(VI) (TEAFC)
and triethylammonium chlorochromate(VI) (TEACC),
absorbed on silica gel, in dichloromethane (Scheme

1.

TEAXC / silica gel

R-S-H 3 R-S-S-R

N/\
\ Cro; X
TEAXC r "
X=F,Cl

Scheme 1

These oxidations take place under mild and
completely heterogeneous conditions giving excel-
lent yields (Table 1).

Table 1
Oxidation of thiols (1a —h) with TEAFC and TEACC on silica gel
Substrate Product - TEAFC - - T,EACC, :
Time (min)  Yield (%)  Time (min) Yield (%)
CH;-CH-SH CHj3-CH-S-S-CH-CHs
H; Hj Hj 92 78 145 85
1a 2a
-CsH,;-SH CsH,;-S-S-CsH
n-Cstyg sy sty 90 36 108 90
1b 2b
-CsH,7-SH CgH,5-S-S-CgH
n-Cglyy g7 g7 94 90 97 85
lc 2¢
O O
85 35 140 75
1d 2d
H -CH,-SH H -CH,-S-S-CH,- H
OOC-CH,-S 0OO0C-CH,-S-S-CH,-COO 97 20 215 20
le 2e
O OO
114 87 95 80
1f 2f
M SH Mr@s—s@
@ Me 115 84 85 85
1g 2g
135 81 90 85
1h 2h
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Oxidations may also occur using only
TEAFC and TEACC, in the absence of silica gel,
but considerable improvements are observed in the
presence of the absorbent. This implies that the
silica gel may act as a reaction medium, providing
an effective heterogeneous surface area for the
oxidation and at the same time making the pro-
cedure much more convenient. The nature of the
solvent does not appear to be particularly critical.
Hydrocarbons, benzene, ethers and chlorinated
hydrocarbons are equally effective, the practical
choice being mandated by the solubility of the
products and the desired reaction temperature. The
chromium(VI) contents were easily determined
iodometrically. It seemed from the Table 1 that
TEAFC were more effective than TEACC for satu-
rated organic thiols (1a — 1d) in terms of yields
and reaction times. Overoxidation to sulfoxides
and/or sulfones was not observed in the above-
mentioned reactions. The IR spectra of TEAFC
and TEACC are similar to that of other fluoro and
chlorochromates [19]. TEAFC and TEACC are
soluble in water, dimethylformamide, acetonitrile,
acetone and dichloromethane; they are only spar-
ingly soluble in benzene, carbon tetrachloride,
chloroform and hexane.

CONCLUSION

New reagents triethylammonium fluorochro-
mate(VI), (TEAFC) and triethylammonium chloro-
chromate(VI), (TEACC) absorbed on silica gel
were easily synthesized. They are inexpensive,
readily available oxidizing reagents for a variety of
aromatic and non-aromatic thiols. Theirs advan-
tages include higher yields, shorter reaction times,
lower thiol/oxidant molar ratios, and ease of sepa-
ration of products. Moreover, during the reaction,
the color of the oxidants change from orange to
brown, thus providing a visual means for ascer-
taining the progress of the oxidation. These reac-
tions are easily scaled up without any problems.
We did not perform regeneration of the reagents,
but this could probably be achieved via flow in a
reaction vessel. Because of phase transfer proper-
ties, availability, versatility and high adsorbance
on silica gel by the quaternary ammonium cation,
these reagents were suitable for oxidative coupling
of thiols to disulfides. The mechanism of oxidation
is probably similar to those by other quaternary
ammonium reagents described by Walters and co-
workers [20] and by Patel and Mishra [21]. Many

Maced. J. Chem. Chem. Eng., 27 (2), 117-122 (2008)

functional groups are inert towards these oxidizing
agents, including, sulfides and phenols, enhancing
the usefulness of the oxidants and the oxidation
conditions for the synthesis of highly functional-
ized molecules.
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