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Abstract—Electrochemical fluorination of some unsaturated sulfides and sulfones and their reactions with
anhydrous HF were studied.

Electrochemical fluorination (ECF) of organosulfur quartet of triplets at 116 ppm corresponding to the
compounds in anhydrous HF was studied with satuc,Fg group. As judged from the boiling points, the
rated or aromatic sulfides, disulfides-f], thiols major products of ECF of are dodecafluoropentane
[4—6], sulfoxides [1], and sulfones [7]. On the whole, CsF5 (bp 29. 3“’C [10]) and pentafluoro(1,1,2,2,2-pen-
ECF of S(ll) derivativres involves cleavage of one ortafluoroethyl)% -sulfane GF5SF; (the boiling point
both S-C bonds. The €S(O)}-C moiety in sulfoxides of the closest homolog, 4£,SFs, is 43°C [6]). For-
is not preserved in ECF [1], whereas ECF of sulfonesnation of dodecafluoropentane was confirmed by the
yielded, along with perfluoroalkylsulfonyl fluorides fact that the intensity of°F NMR signal at-84.2 ppm
R;SO,F, also the corresponding sulfonegSR,R; [7].  (CF3) was equal to the sum of the intensities of the
Virtually no data are available, except a single papesignals at-125.3 ((33':2) and-128.9 ppm (& 4F2) by
[9], on ECF of unsaturated aliphatic or alkenylaromatits refractive index, which was close to the reference
ic sulfides and sulfones. value [10], and by the IR spectrum of the distilled

In this work, we studied ECF of ethyl vinyl sulfide Product, which coincided with the reference spectrum
C,HsSCH=CH, (1), di(1-propenyl) sulfide (Ch- [11]. The éoresence _of penfcafluoro(l,1,2,2,2-pentaﬂu-
CH=CH),S (1), phenyl vinyl sulfide GHsSCH=CH, oroethyl)A°-sulfane is confirmed by the substantial
(1), and phenyl vinyl sulfone gH:SO,CH=CH, (>6%) sulfur content in the liquid products and by the
(IV), and also reactions of anhydrous HF with, IV,  presence in thé%F NMR spectrum of downfield sig-
and divinyl sulfide (CH=CH),S (V). We failed to nals atdr 46.53 and 64.15 ppm with the intensity
perform ECF of dichlorovinyl aryl sulfones Ar§Q  ratio of 4: 1 andJgr 143 Hz. According to [12], the
CH=CCl, (Ar = Ph, mc|ce|-|4, m-NO,CgH,) because downfield signal belongs to the axial fluorine, and the
of their insolubility in HF. The compositions and upfield signal, to equatorial fluorine atoms of the;SF
structures of liquid ECF products were determined bygroup. On the whole, ECF can be described by the
GLC, GG-MS, elemental analysis, IR spectroscopy.equation
and H, 13C, and 1% NMR spectroscopy. Gaseous ECF

ECF products were analyzed by IR spectroscopy and C,H.SCH=CH, — C,F,., (n=1-5) + C,F:SF
gas chromatography (GC). HF

Electrochemical fluorination of sulfidd yields + SF, + SR, + SOF, + F,0. (1)
gaseous products among which we identified by GC
and IR spectroscopy GF CyFg, CgFg, C4Fqo, SFy, The gaseous products of ECF of sulfideinclude

SF, SOF,, F,0, and also liquid low-boiling prod- HF, CF, C,F5 CO, CG, F,O, and SQF,. CO,
ucts (bp 30-35°C) exhibiting no IR absorption in the CO,, and SGQF, are formed by electrochemical fluo-
range above 1350 cth which indicates that these rination of oxygen-containing organic impurities pres-
products contain no C=C and-8 bonds. The'3C  ent in the initial compound. Oxygen difluoride QF
NMR spectra of liquid ECF products df contain a is the product of electrochemical fluorination of water
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present in small amounts in liquid HF and in the

substrate. The content of sulfur in liquid ECF prod- ECF

ucts is about 2%, and that of hydrogen, aboutp0.5% QSOTCH:CHZW @ * @CFa
(at the level of the determination error); the absence of VI Vi
absorption bands above 1350 Cnindicates that C=C . 43 2 1

and G-H bonds are absent. This means that ECF in- * 6QCF2CF3 + CFg + CF, + SQF,
volves substitution of all hydrogen atoms, addition of 78

fluorine to all double bonds, and noticeable removal Vil )
of sulfur. A GG-MS analysis revealed formation of + SF, + Sk @

four products, For all of them, the base peak is that of A ;5q wi indi i

: g with the compounds indicated in the scheme,
the CFj ion, and the other peaks-{80%) are those e identified in the gas phase HF, CO, §@nd RO.
of CpFmions 0 = 1-6, m= 3-13, oddm). Since per- The sylfur content in the liquid products is less than
quorocar_bc_)ns typlc_ally give in the mass spectra '_[h%%’ and the hydrogen content, less than 1%. A-GC
[M — F]" ion and ions corresponding t0 successiv§,g analysis revealed three major products with the
loss of CF, up to formation of Cf, our mass spectra gragmentation pattenrs similar to that given for.
confirm formation of perfluorohexanes. Liquid prod- tra 19 NMR spectrum of the products before distil-
ucts were fractionated at 586°C. The '*F NMR  |ation contained downfield signals & 65.8 and

spectra of all the fractions show SlgnaIS—ZS to -85 61.4 ppm, Suggesting formation Off$F5 derivatives,
(CF3), -110 t0-130 (CF), and-185 t0-190 ppm  as in ECF ofl andll . The low-boiling (48C) fraction
(CF). The presence of several £Bignals suggests from distillation of liquid ECF products oV solidi-
formation of both linear (CECF, 3cp, 80 t0 fies; its 1% NMR spectrum contains a very broad
-85 ppm) and branched [(GRCF, 8cp, —70 10 signal atSg —134 ppm. These data confirm formation
—75 ppm] perfluoroalkanes; the presence of branchegf perfluorocyclohexan&/| (mp 51°C, bp 52C [13];
perfluoroalkanes is also confirmed by the CF signal a§; -133.25 ppm [14]). The large width of the signal is
-185 to—190 ppm. As judged from the boiling points, due to mutual transformations of conformers \oif
the major ECF products df are linear and branched [15]; the signal width varies by two orders of magni-
perfluoroalkanes E-C;. The downfield region of the tude with temperature [13]. Perfluorocyclohexavie
19 NMR spectrum of the fraction with bp 885°C  is formed by ECF of various aromatic compounds,
contains signals air 46.62 and 61.20 ppm (intensity including thiophenol [16]. Formation of perfluoro-
ratio 4: 1, J.p 138.8 Hz) belonging, apparently, to alkylperfluorocyclohexane¥ll andVIll is confirmed
pentafluoro(1,1,2,2,3,3,3-heptafluoropropyf-sul- by the presence of CF in th&’C NMR spectrum
fane GyF;SF. The 1F NMR spectrum of the fraction (doublets of multlplets at 96 ppm fovil and at
with bp 100C contains signals ab 42.82 and 88 ppm forVIll ) and, in the case oflll , of a quartet
61 ppm (rr 137.7 Hz), belonging, apparently, to of triplets at 116.6 ppm belonging to the CHorup.
equatorial and axial fluorine atoms of the Sgroup The presence of perfluoroethylperfluorocyclohexane
in CsF;;SFs. The signal abg = 28.09 ppm, character- Vllllgwas cggnflrmed by GLC and by comparison of
tetrafluoro[bis(1,1,2,2,3,3,3-heptafluoropropyl)j-  fic sample. Th% content &flll in the product mixture
sulfane (CRCF,CF,),SF,. These data indicate that IS 19.3%. The'F NMR spectrum is a complex set of
ECF involved desulfuration with formation of linear multiplets (see figure). Consideration of the chemical

and branched gCg perfluorocarbons, and also oxida- shifts, multiplicities, and integral intensities of signals
tion of sulfur. and comparison with thé%F NMR spectrum ofVII

In the experiment on ECF dfl , we analyzed only [—1873] éela% JE[Ot thgeFf(z)\IJIO;V |3n93§1515 ll,fgg r%in%’gpﬂ;: g%

the gaseous products by IR spectroscopy. Similar to 4 ]

ECF of | and Il, HF, CF, SF, SF;, SOR, and 1|1:183'31315t'8 ZHF’_sJé}If-& 421.5 Hz; CF-187.97 m,
SO,F, are formed, i.e., the reaction involves oxidation™ "’ AL Az, s CFeq —120.672d.m, 2F7J
of sulfur and cleavage of the-G bonds. Electrochem- 303.0 Hz; CFgq C'Foq—124.11 d.m, 2F2] 288.5 Hz;
ical fluorination oflV_occurs with complete saturation C%Fg, ~126.05 d.m, 1F2J 289.4,31 7.0 Hz; C'F,,,
and desulfuration and is accompanied by fragment&8F,, —~131.78 d.m, 2F2J 303.0 Hz; CF,,, C'F.,
tion, yielding perfluorocarbons of the cyclohexane-141.7 d.m, 2F2) 288.5 Hz; CF,, —-144.37 d.m,
series: 1F, 23 289.4,3) 7.0 Hz.
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19 NMR spectrum of perfluoroethylperfluorocyclohexang) fotal, (2) CF3, (3) CF,, (4) CBFeq, 5) C4(8)Feq, (6) 05(7)Feq,
(7 c*®F,, (8 Sk, (9 CPF,, and @0 CF.
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The compounds studied in this work differ from RiSO,F in ECF oof sulfonyl chlorides RS{I de-
the previously studied alkanethiols, dialkyl sulfides,creases in the order R =,GCg from 87 to 25% [18].
and dialkyl sulfones in that, in ECF of unsaturatedn unsaturated sulfones, as shown by the example of
sulfides and sulfones, the yield of sulfur-containinglV, the ECF products contain virtually no organic
organic compounds is extremely low. For example, irsulfonyl detivatives. An increased tendency of unsatu-
ECF of vinyl sulfides, perfluoroalkyl derivatives of rated sulfides and sulfones to undergo desulfuration in
sulfur hexafluoride SRy and RSF4R;, which are ECF is probably due to the fact that the C=C bond is
typical products of ECF of saturated S(Il) derivativesfluorinated more readily than the-& bond. In the
[1-6], are formed in minor amounts. As for S(VI) first stage of ECF of S(Il) derivatives, S(ll) is oxi-
derivatives, it is noted in the literature that the S=0dized to S(VI) [5]. Then, in the case of saturated
bonds show very high stability in the process, whictsulfides, ana-centered radical is formed, and, in the
opens up possibilities for commercial synthesis otase of unsaturated sulfides, the fluorine atom can add
trifluoromethanesulfofluoride and, starting from thisto the a-C atom with subsequerfi-scission, which
compound, of the whole class of triflates. Howeverjncreases the probability of formation of desulfuration
this is true only for the lower representatives of thisproducts. The general scheme of the process can be
series. The yield of perfluoroalkanesulfonyl fluoridesrepresented as follows:

F | " . . t
R—S—C|[> —2 R—SF4—(|:— _F, R—SF4—(T— F5 RSF-& —> . —RSFR,
—HF
H H

E N,
Rsc=c—2> R—SF4—(|3=C< —F , rRsFCC

H H F
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P-Scssion , gsk, -F» RSk, -F> .. - RF + RR, + SF,
—SF, . F

To examine the possibility of fluorination of vinyl (1.0-3.5 ppm) protons, intensity ratio 5 : 4. Accord-
sulfides and vinyl sulfones on dissolution in HF prioring to elemental analysis, the product contains no
to ECF, compoundsll -V were treated with anhy- fluorine. These facts suggest oligomerization of the
drous HF. We found that sulfon&/ in which the initially formed [PhSCHCH]™ ion with the formation
vinyl group shows a decreased reactivity toward elecef oligomers of the composition close to (Phs(),..
trophilic agents due to the electron-withdrawing effectWe failed to isolate or identify any individual prod-
of the sulfonyl group does not react with HF evenucts.
at 90C (4 h). At the same time, sulfiddd andV,
when brought in contact with anhydrous HF, undergo EXPERIMENTAL
transformations, probably due to the catalytic effect of
HF as acid. For example, divinyl sulfide, when kept

: The IR spectra of the products in the liquid phase
in HF at room temperature for several hours, polymerg,q o taxen on an IKS-29 spectrometer in a thin film.

izes to give a light creamy powdered polymer contain-l-he 14 13 and % NMR spectra were measured
ing 36% sulfur and 5% fluorine; prolonged heating,, ", Byyker DPX 400 spectrometer (400, 100, and
does not change the chemical composition of thgzg \p; respectively) with neat samples, external
pﬁlym_er,uwglch :jn?llcat_es th"’}[th thethpolyn&er %Ogta;'nlf‘reference DMSQd; the chemical shifts are given
chemically bound fluorine rather than adsorbe i 13 19
o - - elative to TMS (H, ~°C) and CF F). The GG

The polymer is insoluble in organic solvents (benzene’IVIS analysis wag perfoaned with%n(LKl)B 2091 device
methanol, dichloroethane, C£IDMSO, DMF) and (El, 70 eV), and GLC analysis, on a Tsvet-100 chro-

decomposes on heating above Z90which suggests atograph [thermal conductivity detector, carrier gas

its cross-linked structure. We propose the foIIowingm : . A
structure of the polymersn(= 3 on the average): helium, 3000x 3-mm columns, stationary phase 20%

a,o,a-tris(B-cyanoethyl)acetophenone on Silochrom-

H2—C HZ—CH—]— 80 (France)].
|S |S The IR spectra of gaseous electrolysis products
| | were recorded on a Specord-20M spectrometer in a
Hy—CH— CHF—CH, 10-cm Monel metal cell with AgCl windows. The GC

analysis was performed with an LKhM-80 chromato-

Under similar conditions, phenyl vinyl sulfide graph (thermal conductivity detector, carrier gas heli-
gives products containing no vinyl group. After treat-um, 3000x 3-mm columns, sorbent MgFL7, particle
ment of the reaction mixture with chloroform, remov-diameter 0.250.5 mm).
al of excess HF with NaF, distillation of the solvent, glectrochemical fluorination was performed in a
and evacuation, we obtained a blue-green viscous 0,50 cn? cylindrical cell made from St.3 steel and
from which we isolated by distillation thiophenol, gqyipped with a reflux condenser and with stopcocks
which is prqbably formed by ao_ldlt_lon of HF, followed ¢, supplying HF and removing liquid fluorination
by protonation of sulfur and scission of the- £ bond products; surface area of the nickel anode 54 chhe

with the release of volatile fluorocarbons: reflux condenser was kept a85°C with HCFC 22 as
HF coolant.
PhS—CH=CI—|2 — [PhSCHF—CH3] . L
Electrochemical fluorination ofl-IV was per-
+ +
., Phs—CHR—CH, £ PhsH + [cHCHF,).  formed as follows.

| Ethyl vinyl sulfide I. An electrochemical cell was

H filled with 125 ml of anhydrous HF, and 10 g of di-

The residue is a complex mixture; it4d NMR  vinyl sulfide was added. Electrolysis was performed
spectrum contains no signals from vinyl proton of theat 14-16°C for 38 h (38 A h) at the anodic current
initial compound but contains complex multiplets indensity of 2 A dm? and cell voltage of 4.44.8 V.
the range of aromatic (7~~X.8 ppm) and aliphatic Electrolysis gases from the reflux condenser were
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sampled into an IR cell. IR spectrum of the gas,
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at 14-16°C for 45 h (45 A h) at the anodic current

cml: 3700-4000 (HF): 1502, 1269, 848, 885, 925 density of 2 A dm? and cell voltage of 577.6 V. IR

(O,F,); 1300, 1290, 1250, 1120, 715 4E;); 900,

830, 610 (Sh, SFy); 828, 930 (KO). Gaseous sam-

spectrum of gaseous electrolysis products,cm‘lz
3700-4000 (HF); 1502, 1269, 848, 885, 925 (§9);

ples for GC analysis were passed through aqueous K1300, 1290, 1250, 1120, 715 4&); 828, 930 (KO);

The following products were identified by GC: GF
C2F6, C3F8, C4F10, SQFz, and S% ngh-b0|||ng

fluorination products (1.6 g) were removed through,,
the stopcock on the electrolyzer bottom into a poly
ethylene vessel filled with water. Found, %: C 19.46
H 0.58, F 70.86, S 6.24. By distillaiton, we isolated

a fraction with bp 30-35°C, consisting mainly of
dodecafluoropentanen?’ 1.2805 (bp 29.%C, ny’

1.2411 [9]). The IR spectrum is in agreement with

published data [10]1% NMR spectrum,3z, ppm:
—-84.2 (Ch), -125.3 (CRCF,CF,), —-128.9 (CRCF,).
3¢ NMR spectrum,5¢, ppm: 116.2 .t CFiCR,
Lok 286.5, 20k 34.0 Hz), 109.4 m (CECF,CFy).

The fraction contains a minor amount of pentafluo

ro(1,1,2,2,2-pentafluoroethyl®-sulfane. % NMR
spectrum,8g, ppm: -83.54 [Ch, J(CF3-SF,) 9 Hz],
-100.1 [CR, J(CF,-Feg 13 Hzl, 46.53 d (S, 64.15
quintet [](FaX—FeO) 143 Hz].

Di(propen-1-yl) sulfide 1l was treated similarly

to |. Electrolysis was performed with a 30-g portion
of Il at 14-16°C for 122 h (122 A h) at the anodic

current density of 2 A diif and cell voltage of 5.3

6.8 V. IR spectrum of gaseous electrolysis product
v, cnL: 3700-4000 (HF); 1502, 1269, 848, 885, 925

(SOF,); 1300, 1290, 1250, 1120, 715 4k); 828,
930 (R0); 900, 830, 610 (SF SFy). CF,; CyFg,
CO,, and SGQF, were identified by GC. Heavy fluo-

900, 830, 610 (S SKy).

Phenyl vinyl sulfone IV. A 20-g portion of phenyl
yl sulfone was placed in an electrochemical cell,

‘and 125 ml of anhydrous HF was added. Electrolysis
was performed at 1416°C for 64 h (64 A h) at the

anodic current density of 2 A drf and cell voltage

of 5,5-6.6 V. IR spectrum of gaseous electrolysis
products,v, cni’l: 3700-400 (HF); 2320, 2350 (CO,
CO,); 1502, 1269, 848, 885, 925 ($B,); 1300,
1290, 1250, 1120, 715 ¢Eg); 828, 930 (KO). CF,,
CoFs CO,, and SQF, were identified by GC. The
heavy fluorination products (8.74 g) were discharged
into a polyethylene vessel filled with water. Found,

%: C 17.2, H 0.80, F 66.41, S 2.92.

The mixture was separated by fractional distilla-
tion. The fraction with bp 3848°C solidifies on
cooling and mainly consists of perfluorocyclohexane
VI. 1%F NMR spectrumg, ppm:—134 br.s. Thefrac-
tion with bp 50-70°C contains perfluoromethylper-
fluorocyclohexanevIl . 1% NMR spectrumgg, ppm:
-188.7 m (CF),3J(CF2—CF) 14.7 Hz. The fraction
with bp 68-80°C mainly consists of perfluoroethylper-

Huorocyclohexana/Ill . 13 NMR spectrum (DMSO-

dg, S, ppm: 116.26 q.t, CE 1) 287.12,2 33.17 Hz;
103-112 m, Ck; 87.42 d.sept?] 218.93,3] 25.8 Hz.

Reactions oflll -V with HF were performed as

rination products (7.35 g) were discharged into a polysollows.

ethylene vessel filled with water. Found, %: C 21.2,
H 0.76, F 62.65, S 2.10. The mixture of quuidlgrod-
F

ucts was fractionated. Fraction with bp-560°C.

Phenyl vinyl sulfide 1ll. Into a 100 cr stainless
steel autoclave, - ml of HF was condensed, and

NMR spectrumgg, ppm (the most intense signals are3-0 g of lll was added. The autoclave was kept at

given): —74.96, -75.17 {so-CF3), —83.80, -84.17
(n-CF3), —108.54,-127.64,-128.79 (CF), —185.66,
~188.70 (CF). Fraction with bp 886°C. 1% NMR
spectrum, 8¢, ppm: 46.62, 61.20 (Sf, -73.00,
~74.86, -75.09 (so-CF), -83.85, -84.07, -84.15
(n-CFy), -114.06, -114.90, -122.75, -124.97,
~126.58,-128.39 (Ck), —-184.87,-185.18,-187.46,

~188.40 (CF). The!3C NMR spectra of all the frac-

tions contain doublets of multiplets in the range-90

92 ppm (CF), multiplets in the range 10812 ppm
(CFy), and signals of two types of GFgroups:
118.11 g.d CF5CF, 1 288.8, % 22.5 Hz] and

116.61 q.t CFsCF,, LJop 286.5, 2Jop 34.4 Hz).

Phenyl vinyl sulfide Ill was treated similarly.
Electrolysis was performed with a 18-g portionlaf

room temperature for 5 h. The mixture was diluted
with 50 ml of chloroform and purged with air, after
which NaF was added to pH 7.0. The solution was
filtered and evaporated. From the resulting green vis-
cous oil, 0.5 g of thiophenol was isolated by vacuum
distillation (bp 50C/23 mm Hg).lH NMR spectrum,

8, ppm: 3.54 s (SH, 1H), 7.21 np{CH, 1H), 7.29 m
(M-CH, 2H), 7.33 m ¢-CH, 2H).23C NMR spectrum,
8¢, ppm: 125.16 (), 128.99 (G), 130.44 (Q). The
blue-green residue was analyzed by NMR. Found, %:
C 73.10, H 6.74, S 20.66.

Phenyl vinyl sulfone 1V. a. Similarly to the above
procedure, 1.1 g ofV was added to HF. The auto-
clave was heated at 90 for 4 h. Then 50 ml of chlo-
roform was added, the mixture was purged with air,
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and NaF was added to pH 7.0. The solution was fil- 2.
tered and evaporated to dryness, and the residue was
vacuum-dried (1 mm Hg). The initial sulfon&/ 3.
(0.8 g) was recovered; its melting point and the

and 13C NMR spectra coincided with those of an
authentic sample. 4.

b. Gaseous HF was passed for 1.5 h through a solu-5
tion of 0.84 g oflV in 30 ml of dry benzene, cooled ™
with ice to 12-16°C. The mixture was purged with air
under stirring, and NaF was added to pH 7.0. The
solution was filtered and evaporated to dryness. The™
initial sulfone IV (0.5 g) was recovered; its melting
point and the'H and13C NMR spectra coincided with
those of an authentic sample.

Divinyl sulfide V. Into a stainless steel autoclave, 8.
3-5 ml of HF was condensed, and 4.44 g of cooled
sulfide V was added. The mixture was kept at room
temperature for 24 h. A light creamy powdered poly- 9.
mer (4.48 g) was obtained. Found, %: C 51.35, H
6.72, F 5.90, S 36.02. Found after heating &tG@or
24 h, %: C 50.33, H 6.52, F 5.10, S 36.34.

CONCLUSIONS

(1) Electrochemical fluorination of vinyl sulfides

and sulfones occurs with complete substitution of aIfLZ'

the hydrogen atoms by fluorine, addition of fluorine to

the double bonds and benzene ring, and considerable’

desulfuration, yielding perfluorocarbons as major14
products, and also perfluoroalkyl derivatives of sulfur
hexafluoride and fragmentation products.

(2) With no current applied, vinyl sulfones do not 15,

react with anhydrous HF even on prolonged heating; g
whereas vinyl sulfides take up HF (electrophilic addi-
tion to the double bond) with the subsequent scission
of the G-S bond or polymerization.
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