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Solid S,(AsF,), reacts with gaseous C,F, at room temperature to form (C,F,),8,, x = 2-6. In SO,, the same reactants
yield (C,F;),Sy, C,F;S8,CF;, and C,F,S,CF,COF, x = 2-3. A reaction mechanism is proposed.

Group VI elements can be oxidized by a variety of reagents
to form several polyatomic cationic species,” viz. S4%*; Sg**,
S162%, Seq?*, Seg?", Teqa?t, Teg?", and Te,,™. Much has been
learned about these cations by X-ray diffraction, vibrational
spectroscopy, and other physical techniques. Their chemi-
cal properties, however, have not been systematically inves-
tigated.

The sulfur rings in Sg(AsFg), have the endo,exo conforma-
tion® shown in Figure 1. The interatomic distances for the
two crystallographically distinct sulfur rings, given in Table I,
suggest that there are bonds across the ring between adjacent
pairs of sulfur atoms, the interaction between S(3) and S(7)
being slightly greater than that between the other pairs. It
was of interest, therefore, to determine if the sulfur ring
would undergo reactions which could be interpreted as
manifestations of this unusual bonding situation. The re-
sults reported herein involve the reaction of tetrafluoro-
ethylene with Sg(AsFg),.

Experimental Section

Tetrafluoroethylene was purchased from Columbia Organic
Chemicals, sulfuryl fluoride, from Chemicals Procurement Labora-
tories, thionyl fluoride, from Peninsular ChemResearch, and sulfur,
from McArthur Chemical Co. All were used without further purifi-
cation. Sulfur dioxide and hydrogen fluoride were purchased from
the Matheson Co. and dried over calcium hydride and K, NiF,,
respectively, and redistilled prior to use. Arsenic pentafluoride was
prepared by fluorination of arsenic trifluoride purchased from Ozark-
Mahoning. S,(AsF,), was prepared in anhydrous hydrogen fluoride
according to the published procedure* and S,,(AsF,), was prepared
by disproportionation of equimolar amounts of S (AsF,), and 8, in
sulfur dioxide.

Low-resolution mass spectra were obtained on a Hitachi Perkin-
Elmer RMU-6D spectrometer using an ionizing voltage of 70 eV
except where confirmation of molecular ions required reduced voltage
High-resolution spectra were obtained by Shrader Analytical and
Consulting Laboratories, Detroit, Mich. '*F nmr spectra were ob-
tained on a Varian HA-60 spectrometer operating at 56.4 MHz or a
Varian HA-100 spectrometer operating at 94.08 MHz. Vapor-phase
chromatographic analyses were accomplished using a column of 10%
DC-200 Silicone oil on Chromoserb W.

Neat Reaction between S;(AsF,), and C,F,. Ina typical reac-
tion, S;(AsF,), (9.7 g, 0.015 mol) was measured into a metal reac-
tion vessel whose closure was made leak tight by use of a Telfon “O”
ring. After evacuating the container, the solid was exposed to
approximately 0.075 mol of C,F,, at initially 3 atm pressure. After
2 days, the pressure of C,F, and the gaseous products dropped to
1.5 atm where it stabilized. The products were separated first by
fractional condensation in a vacuum line constructed with ‘“Rotoflo”
Teflon valves. In addition to unreacted C,F,, the most volatile
fraction contained a small amount of C,F,. The remaining less
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Table I. Some Interatomic Distancese in 84*

Interatomic distances,® A

Sulfur atoms Ring I Ring II Av, A
S(2)-S(8) 3.010 (11) 2.866 (11) 2.94
S(3)-S(7) 2.832 (10) 2.889 (12) 2.86
S(4)-S(6) 2.942 (10) 3.053 (12) 3.00

@ See ref 3. b Cf. van der Waals contact distance 3.7 A and the
S-S bond distance in S, 2.05 A.

volatile products consisted of two layers, the more dense being arse-
nic trifluoride and the less dense a mixture of bis(perfluoroethyl)
polysulfides. It was found by vpc that the solubilities of the two
layers in each other were very small. Thus, the products were easily
separated by freezing the AsF, and decanting the liquid polysulfides
into an isolatable side arm of a specially designed glass vessel. The
3.2 g of AsF, represented 80% of the total arsenic. The 7.4 g of
sulfides was found by vpc to be 80% (C,F;),S,, 19% (C,F;),S,, and
approximately 0.5% (C,F;),S,. Thus, the products incorporated
53% of the fluorine available from the hexafluoroarsenate ion (ie., 3
fluorine atoms per AsF,™) and 43% of the total sulfur.

The high-resolution mass spectra gave molecular ions at 301.9301
(calcd for C,F,,**S,, 301.9280), 333.9034 (calcd for C,F,**8,,
333.9001), and 365.8729 (calcd for C,F,,*8,, 365.8722).. The
isotopic ratios and fragmentation patterns were consistent with the
assigned structures and in agreement with reported data.® The *°F
nmr spectrum of (C,F),S, gave CF, (97.0 ppm, q) and CF, (84.3
ppm, t) and that of (C,F;),S, gave CF, (95.2 ppm, q) and CF,
(84.0 ppm, t), all relative to an external (capillary) CC1,F standard.
All coupling constants were 2.5 Hz. These data are also in substantial
agreement with the data published by others.®

In addition to the volatile products, a yellow-green solid was
found in the reaction vessel. Of the 1.6 g of solid, 1.2 g wasan
unidentified green SO,-soluble substance showing only AsF,” in
significant amounts in the infrared spectrum. The remaining 0.4 g
was found to consist mainly of elemental sulfur.

Other neat reactions at pressures of 0.5-3 atm and temperatures
from ambient to 100° gave similar results with the disulfide always
constituting at least 60% of the product and the tetrasulfide never
exceeding 1%. In some cases, traces of (C,F;),S; and (C,F;),S,
were detected by low-resolution mass spectrometry and vpc but con-
ditions favoring the higher sulfides in the neat reaction were not
found. At —78°, there was no indication that a reaction had taken
place between C,F, and S,(AsF,), after 4 days.

A neat reaction employing S,,(AsF,), also resulted in a mixture
of polysulfides. The vpc analysis of the mixture showed 88%
(C,F,),8S,, 11% (C,F;),S,, and less than 1% (C,F;),S,. Traces of
(C,F;),S; and (C,F,),S, were also found in the vpc and mass
spectral analyses of the mixture. In this case, too, an unidentified
solid remained.

Reaction between S;(AsF,), and C,F, in the Presence of Liquid
Sulfuryl Fluoride. In a typical reaction, S;(AsF,), (9.1 g, 0.014
mol) was measured into a 35-cm?® ‘metal reactor. To this were added
about 5 cm® of SO,F, and 0.042 mol of C,F,. After 2 days at room
temperature, the products were separated by fractional condensation
to remove C,F,, C,F,, and SO,F,. By the method previously de-
scribed, the polysulfides were decanted and found to weigh 5.1g. A
vpe analysis showed the polysulfides consisted of 79% (C,F;),S,,
18% (C,F;),8,, and 3% (C,F,),S,. Thus, 38% of the available
fluorine and 32% of the total sulfur were incorporated into the

(5) G. G. Belen’kii, Yu. L. Kopaevich, L. 8. German, and I. L.
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76, 99030 (1972).
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Figure 1. Structure of S, **.
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polysulfides. The 2.4 g of AsF, represented 62% of the total arse-
nic. Remaining was a gray-green solid which partially dissolved in
S0,. The green SO, -soluble portion (2.2 g) was indistinguishable
from the corresponding product of the neat reaction. The insoluble
portion (1.1 g) was found to contain a substantial amount of elemen-
tal sulfur.

Reaction between S, (AsF,), and C,F, in the Presence of Liquid -

Thionyl Fluoride. In an experiment identical with the one previously
described, S;(AsF,), (3.2 g, 0.051 mol) was allowed to react with
0.020 mol of C,F, in about 1.5 cm?® of SOF,. The 1.6 g of sulfides
formed was found to consist of 64% (C,F,), S, and 36% (C,F;),S,
with a trace of (C,F;),S,. Thus, the sulfides formed incorporated
34% of the available fluorine and 30% of the sulfur. The 0.8 g of
AsF, represented 50% of the total arsenic. There remained a red-
brown solid consisting of 0.8 g of SO,-soluble material and 0.4 g of
sulfur-containing insoluble material. The unidentified SO,-soluble
material showed only AsF,~ as a significant peak in the infrared spec-
trum,

Reaction between C,F, and S;(AsF,), in SO, Solution. Ina
typical reaction, S;(AsF,), (9.1 g, 0.014 mol) was measured into a
35-cm® metal reactor. To this were added about 4 cm® of dry SO,
and 0.058 mol of C,F,. After 1 day, the most volatile products were
removed by fractional condensation and found to contain C,F;,
SOF,, and CF,COF, in addition to unreacted C,F, and solvent.
These products were identified by comparison of the infrared spectra
to those of authentic samples. The less volatile products were found
to contain 1.6 g of AsF, representing 43% of the arsenic and 1.6 g of
sulfur-containing products. Unlike the neat reactions and the reac-
tions in the other solvents, a component of the less volatile products
of the reaction in SO, appeared to react with hydrocarbon grease and
with glass (more than the usual reaction with AsF;). In addition, the
infrared spectrum of the mixed products had a strong band at 1870
cm™'. Low-resolution mass spectrometry showed that the products
included (C,F;),S,, C,F;S,CF;, and C,F,S,C,F,;0,x =2, 3. The
vpc analysis of the mixture indicated that additional products were
also present. It is likely that higher sulfides were present, but not
observed in the mass spectrum due to the combined effects of low
volatilities and low concentrations. A low-resolution !*F spectrum
was consistent with the proposed perfluoroalkyl compounds and, in
addition, had a peak at —16 ppm (¢f. CF,COF, ¢ —15 ppm®). This
information, combined with the infrared spectrum and the chemical
reactivity, supports the structure C,F;S,CF,COF for the oxygen-
containing compound. The analogous diselenium compound has
been isolated and identified.”

A red-brown solid remaining after the reaction was found to
weigh 5.8 g. This solid was separated into 0.9 g of an SO,-soluble
substance and 4.9 g of an insoluble substance, both unidentified.

Results and Discussion

Solid Sg(AsFg), reacts with gaseous tetrafluoroethylene
at room temperature and moderate pressures to give arsenic
trifluoride, bis(perfluoroethyl) di-, tri-, and tetrasulfides, and,
in some cases, traces of penta- and hexasulfides. Substantial-
ly the same resuits are obtained when the reaction is carried
out in the presence of liquid SOF, and SO,F,, in which
Sg(AsFg), is not detectably soluble at 0°.

Previous methods used for preparing fluorocarbon poly-
sulfides have been reviewed® and generally involve the reac-
tion of an active fluorocarbon moiety and elemental sulfur.
For example, trifluoromethyl radicals produced by heating
trifluoromethyl iodide react with elemental sulfur to form
bis(trifluoromethyl) polysulfides containing 2, 3, and 4

(6) M. E. Redwood and C. J. Willis, Can. J. Chem., 45, 389
(1967).

(7) C. D. Desjardins and J. Passmore, to be submitted for publica-
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(8) R. E. Banks, “Fluorocarbons and Their Derivatives,”
MacDonald Technical and Scientific, London, 1970, pp 174-187.
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sulfur atoms.” Perfluoroisobutylene reacts with elemental
sulfur in the presence of fluoride ion at 60-70° in DMF vig
the intermediate (CF;3)3C™ to form (CF3)3CS,C(CF5)3,!°
x =3,4. (Bis(trifluoromethyl)thioketene dimer is also
formed but by a different pathway.)

The present reaction occurs under mild conditions implying
a facile reaction pathway. That tetrafluoroethylene is a
weak nucleophile,!’ however, argues against a simple nucleo-
philic attack on the sulfur cation. Thus, it is possible that
the reaction is initiated by interaction between a weak trans-
annular bond in the sulfur cation and tetrafluoroethylene,
which is known to have diradical character.'> The interme-
diate, such as 1, may then abstract a fluoride ion from a

hexafluoroarsenate ion to form a perfluoroethylsulfur ion.
Reaction of tetrafluoroethylene with this species followed
by fluoride ion abstraction from a hexafluoroarsenate ion
leads to bis{perfluoroethyl) polysulfides. Free arsenic penta-
fluoride may oxidize sulfur chains present to form 2 as well
as other fragments, itself being reduced to arsenic trifluoride.

C,F,S,F
2

Alternatively, the arsenic pentafluoride may form a hexa-
fluoroarsenate ion with an existing fluorinated species to
form the unidentified solid by-product.

The S-F bond of 2 may add across the double bond of a
tetrafluoroethylene molecule also forming the observed
product, bis(perfluoroethyl) polysulfide. Support for this
reaction is provided by the observation that S,F, formed in
the presence of tetrafluoroethylene by the reaction between
silver(I) fluoride and sulfur’® yielded bis(perfluoroethyl)
disulfide.’* The trisulfide homolog was also observed in
trace quantities consistent with the recent report!® that S;F,
is formed in low yield in the above preparation of S,F,.

This mechanism also is applicable to the reaction between
S16(AsFg), and tetrafluoroethylene yielding bis(perfluoro-
ethyl) polysulfides. The S,¢%* ion probably consists of two
Sg" rings joined by a weak sulfur-sulfur bond*® which may
interact with the olefin.

Solid samples of Sg(AsFg), and S;4(AsFg), both have a
very slight temperature-independent paramagnetism.*>
Gillespie and Ummat!” suggested that the paramagnetism is
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due to S4* and Sg* respectively either trapped in the crystals
or adsorbed on the surfaces. It is noted that (C,Fs),Ss and
(C,F5),Ss were observed as reaction products in the C;Fy-
Sg(AsF5)2 reaction and that they can be simply derlved from
1 SBC F4 ) but not S4C2F4

The reaction of Sg(AsFg), and tetraﬂuoroethylene in SO,
gave in addition to arsenic trifluoride and b1s(perﬂuoroethyl)
polysulfides, C,FsS,CF;, C2FSS CE,COF (x =2, 3),
CF;COF, and SOF,. The reaction is clearly more compli-
cated than the neat reaction and would appear to involve re-
" action with the solvent. The reaction using sulfur dioxide
was carried out in well-dried glass and Kel-F apparatus and in
a thoroughly passivated metal vessel, the results being essen-
tially the same in all cases. It appears highly unlikely, there-
fore, that fnoisture or adhering oxides could have provided
the oxygen for the carbonyl species. The sulfur dioxide
itself was carefully dried over fresh P40 and in other cases
over CaH, for several weeks. The presence of thionyl fluo-
ride supports the claim that sulfur dioxide participates in the
reaction, perhaps in a manner analogous to the reaction be-
tween carbon tetrachloride and sulfur dioxide in the presence
of aluminum chloride. In this reaction, thionyl chloride is
formed in good yleld along with phosgene and, presumably,
other products.'®

Sg(AsFg), is very soluble in sulfur dioxide, and it has been
shown that in solution Sg?* is in equilibrium with a paramag-
netic species, most probably S,*.4/16:17:19  This could,

(18) A. T. Hallowell and G. T. Vaala, U. . Patent 2,393,247
(1946); Chem. Abstr., 40, 1980 (1946).
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wholly or in part, be the species involved in the initial reac-
tion with tetrafluoroethylene in sulfur dioxide forming the
intermediate S4C,F,". This, or intermediate 1, may react
as in the neat reaction yielding bis(perfluoroethyl) polysul-
fides or undergo reactions, some of which involve sulfur
dioxide, leading to CF3SxC2F5, CngstF2COF (x = 2, 3),
CF;COF, and SOF,. A study of the mechanism of this re-
action and the isolation and characterization of the inter-
esting perfluoroethyldi- and trisulfanylperfluoroacetyl fluo-
rides will be the subject of further investigation.

While our work was in progress, Belen’kii, ez al., reported a
reaction between tetrafluoroethylene and sulfur in sulfur
dioxide in the presence of antimony pentafluoride giving
compounds of the type C,FsS,C,Fs and C,F;S,CF; (x =
2,3,4).5 Sulfur poly cations were postulated as interme-
diates, and it was suggested that they react with the olefin
to form a cationic intermediate. They did not, however,
report carbonyl-containing products.

Registry NO. Ss(ASF5)2, 33248-05-4, C2F4, 116-14-3.
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A platinum electrode dipping into a nitrate melt buffered with respect to oxide ions and bathed in an atmosphere of dry

nitrogen follows Nernstian behavior toward oxide ions.

It is proposed that the platinum-oxygen electrode in the absence

of oxygen gas is an electrode of the second kind, ie., Pt/PtO1Q%", in dichromate-chromate solutions of alkali nitrate

melts.

The standard emf of this indicator electrode vs. Agl Ag' (1.0 m) reference electrode is 0.547 V at 250° and its

temperature dependence is —0.111 mV/deg. Replacing Pt with Au gives potential readings 80 mV larger and approximate

Nernst behavior is observed with Au. In Cr,0,*-CrO,*

~ solutions of nitrate melts, these indicator electrodes are electrodes

of the second kind and the half-reaction is the oxidation of the metal to its oxide.

In 1963 Kust and Duke! reported that a platinum elec-
trode bathed in an atmosphere of oxygen responds reversibly
to both oxide ion and oxygen gas in alkali nitrate melts
according to the half-reaction /20, = 0*" +2¢". Their
findings have most recently been confirmed by Temple, et
al.* Shams El Din and coworkers®~® have been using this
electrode as an indicator electrode to carry out Lux-Flood
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(5) A. M. Shiams El Din and A. A. El Hosary, J. Elecrroanal
Chem., 9, 349 (1965).

(6) A, M. Shams El Din and A. A. El Hosary, Electrochzm Acta,
13, 135 (1968).

titrations in molten nitrates and they have based many of
their arguments concerning the stable polymeric species of
chromate, molybdate, arsenate, phosphate, etc., upon the
reversibility of the above half-reaction in distinctly basic
nitrate melts as well as in acidic nitrate melts. However,
Jordan and his group” have used voltammetry at a rotating
platinum disk electrode to show that oxide ion is not stable
[except possibly at very low concentratlons] in fused nitrates
because the addition of Na,O to the nitrate melts results in
its oxidation by NOj~ to give an “equilibrium mixture” of
0,2 and O,™. In view of their findings and a report by
Inman® that a one-electron process involving O, and 0%~
occurs at a gold electrode in molten halides, Jordan® sug-

(7 P. Zambonm and J. Jordan, J. Amer Chem. Soc., 91, 2225
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