Reactions of Fluoroalkanesulfenyl Halides

(17) Another different scheme may also be applied, but was not examined here;
see D. Piszkiewicz, J. Am. Chem. Soc., 99, 1550, 7695 (1977).

(18) Both N/Kapp and K; are apparent dissociation constants of the 1:1 complex
of monomer surfactant and substrate.

(19) In the nonmicellar imidazole-catalyzed hydrolysis of p-nitrophenyl acetate
(5; n=1,X = p-NO,), it was found that the rate of nucleophilic attack of
imidazoles (kn) was related to the pKj, values by the equation log ky =
0.8pK, — 4.30. See T. C. Bruice and G. L. Schmir, J. Am. Chem. Soc., 80,
148 (1958).

(20) The same ApK = pK(micelle) — pK{nonmicelle) = —1.8 was observed
in 20% aqueous ethanol for the dissoclation of 4-hexyl-2-nitrophenol for
each 1a, 2, and STABr surfactant: T. Kitahara, Thesis, Gunma University,
1974.

(21) An idea has been advanced that a hydrophobic nucleophile produces a
highly nucleophilic ion with a hydrophobic cation.

{22) A. Kurashima, Thesis, Gunma University, 1978; Y. Yano, Y. Yoshida, A.
Kurashima, Y. Tamura, and W. Tagaki, J. Chem. Soc., Perkin Trans. 2,
submitted for publication.

(23) J. F. Kirsch and W. P. Jencks, J. Am. Chem. Soc., 86, 837 (1964).

(24) (a) T. C. Bruice and S. J. Benkovic, ‘'‘Bioorganic Mechanism’’, Vol. 1, W.
A. Benjamin, New York, 1966; (b) W. P. Jencks, ‘‘Catalysis in Chemistry
and Enzymology”’, McGraw-Hill, New York, 1869.

)y C. D. Ritchie and W. F. Sager, Prog. Phys. Org. Chem., 2, 323 (1964).

) T.C. Bruice and S. J. Benkovic, J. Am. Chem. Soc., 86, 418 (1864).

} T.C. Bruice, J. Am. Chem. Soc., 81, 5444 (1959).

) M. L. Bender and K. Nakamura, J. Am. Chem. Soc., 84, 2577 (1962).

} C. D. Hubbard and J. F. Kirsch, Biochemistry, 11, 2483 (1972).

)

90, 2622 (1968).
(31) in some related polymer catalyses, tight binding was found to lead to either
{a) unfavorable or (b) favorable free energy of activation: (a) T. Kunitake

J. Org. Chem., Vol. 44, No. 4, 1979 563

and 8. Shinkai, J. Am. Chem. Soc., 93, 4247, 4256 (1971); (b) Makromol.
Chem., 151, 127 (1972).

(32) Review: (a) A. Leo, C. Hansch, and D. Elkins, Chem. Rev., 71, 525-616
(1321); (b) T. Fujita, J. lwasa, and C. Hansch, J. Am. Chem. Soc., 86, 5175
(1964).

(33} The m values are taken arbitrarily as the measure of combined hydro-
phobicity of the two parts of the ester. The 7 and 7x values are calculated
from Table XVII of ref 32a based on g, = (log Paix; — log Py) for RCO,H
(R = CHs, CsH44, H) and the substituted phenoxyacetic acid, XCgH4O-
CH,COZH.

(34) (a)E. D. Goddard and G. C. Benson, Can. J. Chem., 35, 986 (1857); (b) E.

D. Goddard, C. A. J. Hoeve, and G. C. Benson, J. Phys. Chem., 61, 593

(1957), (c) P. Molyneux, C. T. Rhodes, and J. Swarbrick, Trans. Faraday

Soc., 61, 1043 (1965); (d) J. Swarbrick and J. Daruwala, J. Phys. Chem.,

73, 2627 (1969); {e) M. J. Schick, ibid., 67, 1796 (1963); (f) M. F. Emerson

and A. Holtzer, ibid., 71, 3320 (1967).

At higher pH, the « value of 2 should approach 0 as in the cases ofbe-

taine-type surfactants due to the formation of imidazole anion. The values

« = 0.37 for akyltrimethylammonium halide (RNMe;*X™) and 0.56 for

alkylammonium halide (RNH;*X~) were reported.34¢

(36) (a) W. Kauzmann, Adv. Protein Chem., 14, 1 (1959); (b) G. Nemethy and
H. A. Scheraga, J. Phys. Chem., 66, 1773 (1962).

(37) A. A. Frost and R. G. Pearson, ‘Kinetics and Mechanism'', 2nd ed., Wiley,
New York, 1961, p 98.

(38) H.F. Clark, H. B. Gillespie, and S. Z. Weisshaus, J. Am. Chem. Soc., 55,

(35

4571 (1933).

(39) E. C. Horning, "'Organic Syntheses’', Collect. Vol. 3, Wiley, New York, 1962,
p 460.

(40) R. A. Turner, C. F. Huebner, and C. R. Schoiz, J. Am. Chem. Soc., 71, 2801
(1949).

(41) C. F. Huebner, J. Am. Chem. Soc., 73, 4668 (1951).

Free-Radical Reactions of Fluoroalkanesulfenyl Halides. 3.12 Reactions
of Fluoroalkane- and Chlorofluoroalkanesulfenyl Chlorides with
Hydrocarbons

J. F. Harris, Jr.

Central Research and Development Department,? Experimental Station, E. I. du Pont de Nemours and
Company, Wilmington, Delaware 19898

Received May 8, 1978

Free-radical reactions of several fluoroalkane- and chlorofluoroalkanesulfenyl chlorides with toluene, cyclohex-
ane, and butane have been studied. The organic products obtained from these reactions include thiols, disulfides,
sulfides, and chlorohydrocarbons. The relative yields of these products depend upon the structure of both the sul-
fenvl chloride and the hydrocarbon. Steric arguments are proposed to account for the results.

Following a long period of concentration upon the ionic
reactions of sulfenyl halides,? recent years have seen the be-
ginnings of interest in the free-radical chemistry of these
materials. Free-radical additions to olefins have been dem-
onstrated,*® and reactions with hydrocarbons yielding di-
sulfides, sulfides, and/or chlorohydrocarbons have also been
reported.15-10 [n the previous paper of this series, free-radical
chain reactions of CF3SCl with several hydrocarbons con-
taining alkane C-H bonds were found to yield trifluoromethyl
hydrocarbyl sulfides, bis(trifluoromethyl) disulfide, and
chlorohydrocarbons, the relative proportions depending upon
the structure of the hydrocarbon.!2 This paper presents the
results of a study of the free-radical reactions of several fluo-
roalkane- and chlorofluoroalkanesulfenyl chlorides with hy-
drocarbons aimed at assessing the influence of the structure
of the sulfenyl chloride upon the course of the reaction.

Results and Discussion

The sulfenyl chlorides studied were 1-6. Photoinitiated
reactions of each of these with excess cyclohexane, toluene,
and n-butane were examined. The results of the reactions are
tabulated in Tables [-III and are discussed below.

(CFgHCSCl (CFg)gCFSCl n-C3F7SCl
1 2 3

0022-3263/79/1944-0563%01.00/0

HCF,CF2SCl  CICF3SCl  C1,CFSCl
4 5 6

The reactions examined yielded four types of organic
compounds as major products: thiols, disulfides, sulfides, and
chlorohydrocarbons—one, two, or three of which may pre-
dominate in a particular reaction, depending upon the
structure of the sulfenyl chloride and the hydrocarbon.

hy
R¢SCl + RH — R¢SH + RSSR¢
+ RSR + RCL+ HCL (1)

In no case were all four obtained as major products.

The reactions of perfluoro-tert-butanesulfenyl chloride (1)
as a group were unique in that the only major products de-
tected were the thiol and the chlorohydrocarbon (eq 2). Thus
from cyclohexane, perfluoro-tert-butanethiol (7) and chlo-
rocyclohexane were obtained.

hv
{CF3)3CSCl + RH — (CF3)3CSH + RCl (2)
1 7
In all three cases at most traces of HCl were noted during the

irradiation period, and one to several trace unknowns were
detected by gas chromatography (GC). In the reaction with

© 1979 American Chemical Society
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Table II. Photoreactions of Fluoroalkanesulfenyl Chlorides with Toluene

mole ratio
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n-butane, 2-chlorobutane was the only chloroalkane obtained
in substantial amount; just traces of 1-chlorobutane were
detected. This suggests a very high selectivity for the hydro-
gen-abstracting species in this reaction, i.e., the perfluoro-
tert-butanethiyl radical. Perfluoro-tert-butanethiol (7), which
has been reported previously,!! was converted to a sulfide 8

o o £ by UV irradiation with 1-butene.
° @ =
K 2 & o & :ﬁ & = = §$ hy
5|3y g2% _sy ier 3% & i t (CF3);CSH + CHy=CHCoH; —> (CF5);CSCiHgn (3)
£,/ 55 95E EBE-TIE-EEE sgf  BE 7 8
§§ § g o g 2 gg g gg gg i E; g ﬁgz % 2 Sé % s The reactions of heptafluoro-2-propanesulfenyl chloride
5| = ; "8 = 82 @n‘ﬂ 258 E e HEE §=73 g2 g~ ES (2) gave high yields of chlorohydrocarbons, varying yields of
£38)| 2= N LE oz Ee £ ‘3.@ Eg £ = LEZa €5 thiol, i.e., heptafluoro-2-propanethiol (9) and disulfide, and
§ |SEnlEEdo2Eas 0 cBEdaEEN 3% low yields of heptafluoroisopropyl hydrocarbyl sulfides.
< < @ =4 © A E g Ay
%‘é (CF3)2CFSCl + RH — (CF3)CFSH + [(CF3)2CF|2S,
@ = = g% 2 9
E| :‘_;l . :;i 2y if + RCI + (CF3),CFSR + HCl  (4)
S 2 Ew S £ 50 =
s g E ~§ g ; § §-E %i S ;2 While the sums of the thiol and the disulfide yields in these
gl === ke Z°== j = reactions were high, the yield of the thiol alone varied from
© g “%‘, a few percent to probably over 90% depending upon the hy-
255 . . - _ 2 drocarbon;!3 n-putane < cyclohexane < t(?luenfe. A pure
i_g 3| . g g > B 2 £ § sample of the thiol 9 was not isolated, but 1t_s 1dent1ty was es-
Eiz = g = t?ltc)il‘lf'hedtb}; ka){ ind N %Rhsp?clgadalflld by fits ph.otommalted
ER-E 5 addition to 1-butene which yielded heptafluoroisopropyl n-
=5 butyl sulfide (10).14
y_¥ - 3 < 3 3 3 M The results of the reactions of sulfenyl chlorides 3, 4, 5, and
283 g = o - * ET 3 6 with the three hydrocarbons were similar to the resuits of
ER g g % the analogous reactions of CF3SCl reported previously in that
. e sulfides, disulfides, and chlorohydrocarbons were obtained
& - . . §§ £ as the organ_ic product.s (eq 5).! The relative yields of these
é 3 é ,‘; z g %g é@ gg 5 ;i ?ri)lductcsl \ﬁilned appreciably from reaction to reaction (Tables
27 EHS ¢EERRT BES RN 2:: R:SCl + RH —>R;SR + RSSR; + RCl + HCl  (5)
22
_ - LA . . E’ E 3 Several of the reaction mixtures were examined for thiol, but
$23|E. B ;: ) = A % ) g f none was fqund. GC did, however, show the presence of trace
N %z 2L f{.a =@ ;@.i £3 &2 289 unknowns in several cases. In the reactions of dichlorofluo-
23 g g:: :u; + 5 ei T gz 8 e S€ S E @ romethanesulfenyl chloride (6) with cyclohexane and n-bu-
= = = = = = $ig tane, the yields of sulfides were just a few percent; thus, as
. ; p § 2 Kloosterziel has previously reported for the reaction of di-
g2, g P rd chlorofluoromethanesulfenyl chloride (6) with cyclohexane,
2ZE E E ® = g Eed these reactions are essentially chlorination reactions.”
2 |z g £ 05 Y < £s8 In general, these reactions appear to be chain reactions of
5358 long kinetic chain length. The variations in the yields of the
3 EE: E products can be rationalized on a steric basis in terms of the
é 5|2 e = ° 3 3 ST steps of reaction Scheme 1.1.69 Step a is the photolysis of the
: TE|” 3 ;; g sulfenyl chloride to a thiyl radical and a chlorine atom, both
° 54 of which abstract aliphatic hydrogen from the hydrocarbon
Swm| 2 _ T = 23 S s < g? % to produce a!kyl radicals, HCl, and thiol (steps b and ¢). In
553198 sg 22 88 2g € - step d, the thiol produced in ¢ may react with sulfenyl chloride
2E- g2 B¢ 8 8B g gec E S to give disulfide by an ionic process which does not interfere
§ 2 i with the ki.net.ic chain of the free-radical sequence. The sul-
=l = s - = - 2 g E g fenyl chloride is attacked by the alkyl radical at chlorine (step
£l o2 ak 58 =9 o= 25 258 e) to produce an alkyl
w2 T 8S =& =e Ne =% Scheme I
g2 | ;
e 5 o - ~ 5% RiSCl RS- + Cl. @
E%l g 8 2 33 & z Z52 Cl + RH — R- + HCI
324856~ S 5% Bw 2. 22 ' o (b)
SR = X S C < RS-+ RH — RSH + R (©
R¢SCl + RsSH — R¢SSR; + HCI (d)
RCl + R¢S- (e)
R- + R¢SCI —<:
RSR + Cl- f)

R: + R{SSRf — RsSR + RS- (g)
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Reactions of Fluoroalkanesulfenyl Halides

Table IV. Ratio (S/Cl) of Attack by Radicals on the
Sulfur vs. the Chlorine of Fluoroalkane- and
Chlorofluoroalkanesulfenyl Chlorides

sulfenyl _ <:>

chloride C@H;,CHQ' TI-C4H9' CH&;CHCQH5
CF,SCI 23.3 12 3.8 1.59
HCF,CF,SCl 18.9 4.37 2.35 0.88
n-C3F-SCl1 1.58 1.62 0.38 0.33
(CF3),CFSCl 0.04 0.09 0.015 0.013
(CF3)3CSCl 0 0 0 0
CF4SCI 23.3 12 3.8 1.59
CICF,SCl 3.35 2.5 0.58 0.29
Cl,CFSC] 0.42 0.27 0.041 0.047
Cl;CSCl 0 0a

a Reactions of Cl3CSCl were not examined in this study.
However, Kloosterziel has reported that the radical reaction of
this material with n-butane produces only butyl chlorides, di-
sulfide, and HC1.®

chloride and a thiyl radical which re-enters the chain, and/or
at the sulfur atom (step f) to give a molecule of sulfide and a
chlorine atom which also re-enters the chain. As an alternative
to step f for producing sulfide, step g, the reaction of the alkyl
radical with disulfide, seems attractive, especially in those
cases where disulfide is a major product. However, as a sub-
sequent publication will show, this step is apparently not
important, at least in reactions involving perfluoroal-
kanesulfenyl chlorides. Steps a-f thus afford a mechanism
whereby the products detected in the reactions described in
this paper are produced by a chain process.

Steps e and { represent options which a radical has in its
reactions with an S-Cl function, and the work published to
date offers examples in which each of these modes of attack
occurs exclusively. For example, in the reaction of cyclohexyl
radicals with SCls, it appears that attack occurs only on sul-
fur,’® while in reactions with Ci3CSCl, alkyl radical attack
occurs only on the chlorine atom attached to sulfur.® In the
group of reactions examined in this study, only the latter of
these two extremes was encountered; in most cases attack
appears to be occurring at both sites. From a strictly steric
point of view, it should be easier for a radical to abstract the
chlorine atom, i.e., a terminal atom of a sulfenyl chloride (step
¢), than to attack the sulfur atom (step f) which is more
crowded. The operation of such a steric preference is evident
when one compares the relative amounts of sulfide and chlo-
ride produced by the reactions of the same radical with a series
of sulfeny! chlorides in which the crowding about the sulfur
atom differs by virtue of the bulkiness of the R group. For
example, in Table IV it is seen that the ratio of attack by the
benzyl radical on the sulfur vs. the chlorine (S/Cl) decreases
as the bulk of the Ry group in a series of fluoroalkanesulfenyl
chlorides is increased: relative bulk, CF; < HCF,CF; < n-C3F-
< (CF4)sCF < (CF4).,C. This same trend is obvious for all of
the radicals tabulated in Table IV. The crowding is so severe
in the reactions of perfluoro-fert-butanesulfenyl chloride (1)
that no detectable attack on the sulfur atom by any of the
hvdrocarbon radicals examined in this study occurs. An
analogous trend is evident in the series of halogenated
methanesulfenyl chlorides examined; as the size of the group
attached to sulfur increases by virtue of successive substitu-
tion of fluorine by chlorine, the S/Cl ratio decreases: relative
bulk, CF, < CICF, < CLL,CF < CL,C.

Another steric trend is obvious by comparing the ratios in
Table IV for all four radicals with a specific sulfenyl chloride.
In all cases but two, the benzyl radical, a primary radical,
shows the highest preference for attack on sulfur.}617 The next
highest preference for the sulfur atom is exhibited by the n-
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butyl radical, also a primary radical. Of the two secondary
radicals examined, the sec-butyl radical generally shows a
higher order of preference for the sulfur atom than the cy-
clohexyl radical. Here again, a steric effect is evident: The less
bulky primary radicals exhibit a greater preference for the less
accessible sulfur atom than do the more bulky secondary
radicals.

Steric effects may also be responsible for the absence of
disulfide in the reactions of perfluoro-tert-butanesulfenyl
chloride (1) and the low yield production of disulfide in some
of the reactions of heptafluoro-2-propanesulfenyl chloride (2).
In these cases, step ¢ of Scheme I, the formation of thiol, ob-
viously occurs, but the subsequent reaction of the thiol with
the sulfenyl chloride to give disulfide (step d), which is ordi-
narly a rapid reaction, must be appreciably slower than the
comparable reactions with the other sulfenyl chlorides in-
vestigated in this study. In all of the reactions of perfluoro-
tert-butanesulfenyl chloride (1) examined, step d is so slow
that all of the sulfenyl chloride is consumed before any de-
tectable disulfide is made. This sluggishness in step d is no
doubt due to the presence of the bulky perfluoro-tert-butyl
group in both the sulfenyl chloride and thiol. Thus, the fact
that in the reactions of perfluoro-tert-butanesulfenyl chloride
(1) thiol and chloroalkane are obtained, but neither disulfide
nor sulfide, can be understood entirely in steric terms. These
steric effects are apparently also operating in the reactions of
heptafluoro-2-propanesulfenyl chloride (2) but to a lesser
degree.

Experimental Details

1. Irradiation Experiments. A stirred solution of the sulfenyl
chloride dissolved in excess hydrocarbon contained in a quartz tube
(9 in. X 1.5 in.) was irradiated under nitrogen with a sunlamp, or in-
frequently with a low pressure mercury resonance lamp, until the
characteristic color of the sulfenyl chloride was gone or until there was
no further color change and the evolution of gas ceased. The reaction
mixture was then analyzed by GC, and principal products were
identified by: (1) comparison of retention times with materials of
known structure; (2) mass spectra examination of peaks in the gas
chromatogram; or (3) isolation by distillation or preparative scale GC
followed by elemental analysis and proton NMR analysis. In most
cases, procedure (3) was used. The details of the experiments are
tabulated in Tables I, 11, and II1. Characterization ot the new sulfides
which were isolated is given in Tables V and VI. Those sulfides which
were not isolated in quantity were identified by mass spectra. De-
scriptions of experiments in which the procedure differed markedly
from that just given follow.

A. Perfluoro-tert-butanesulfenyl Chloride (1) and Cyclo-
hexane. A mixture of 6.13 g (0.0214 M) of perfluoro-tert-butane-
sulfenyl chloride (1) and 13 mL (9.9 g, 0.120 M) of “'spectrograde”
cyclohexane was irradiated with a sunlamp until colorless (17 min).
During this period only trace HCI evolution was detected. A gas
chromatogram contained two major product peaks (51 and 49% of the
total product peak area), the later of which matched chlorocyclo-
hexane in retention time. The other peak corresponded to per-
fluoro-tert -butanethiol (7). In addition, trace peaks for the starting
sulfenyl chloride and two unknown materials were evident. Distilla-
tion of the reaction mixture through a small Vigreux still gave a
fraction boiling at 49-50 °C which solidified on cooling to a soft, vol-
atile crystalline solid. Elemental analysis showed that this fraction
contained 69.2 mol % of thiol 7. A pure sample of the colorless, waxy,
volatile, solid thiol was obtained by preparative scale GC (6 1, 25%
Fluorosilicone 1265 on 45-60 mesh Gas Chromasorh R. T = 60 °():!!
IR 3.82 um (SH), 7.85 (CF); 'H NMR § 2.81 (s).

Anal. Caled for CyHFoS: F, 67.7; S, 12.7. Found: F. 67.3. 87.1; 3,
13.4.

B. Perfluoro-tert-butanesulfenyl Chloride (1) and n-Butane.
A mixture of 14.5 g (0.0506 M) of pertluoro-tert-butanesulfenvl
chloride (1) and 36 mL (29 g, 0.49 M) of liquid (at =76 °C) n-butane
was irradiated as described above for 5 h and 55 min.!® The dry ice
condenser was allowed to warm to room temperature as the excess
n-butane distilled away. A GC analysis showed that the residue
contained perfluoro-tert-butanethiol (7) and 2-chlorobutane as major
products. The condenser was refilled with dry ice, 10 mL of liquid (at
—76 °C) 1-butene was added to the reactor, and the mixture was then
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Table V. Properties of Fluoroalkyl Sulfides

Harris

Table VI. 'TH NMR Resonances for Fluoroalkyl Sulfides 2

molecular
compd bp, °C np (°C) formula
(CF3)3CSC4Hg-n,® 78 (104 mm)1.3538 (24) CgHgFsS
8
(CF3);CFSC4Hy-  128.5-130 C;HgF-S
n,% 10
n-CsF7SCHoPh,2 76-77 (13 1.4253-1.4270 (25) C,oH-F:S
15 mm)
n>C3F7S-C- 66.5 (17 1.3863 (25) C9H11F7S
CgHyp,2 14 mm)
n—C3F7SC4Hg-n,“ 127 1.3491 (25) C7H9F7S
16
n-C3F;SCH(CH3)- 120 1.3481 (25) C7HgF-S
CoHs,2 17
HCF,CF,SCH,-  86-88 (12  1.4741-1.4749 (24) CgHgF4S
Ph,2 19 mm)
HCF3,CFyS-c- 64--65 1.4243-1.4248 (24) CgH1oF4S
CBHl],a 18 (13 mm)
HCF,CF,SCH- 127.5 1.3829 (24.5) CsHioF4S
(CH3)CoHs5,° 21
HCF,CF,SC,Hy-  135.5 1.3832 (24.5) CeHoF4S
n,% 20
CICFsSCHoPh e 875 1.5088 (25) CgH-Cl-
23 (13 mm) FsS
ClCFzs-C—CgH l’a 100 (51 mm)14578 (25) C7H11Cl
22 FsS
CICF,SCH- 128 1.4148 (25) C;HgCl-
(CH3)CyHs5,¢ F.S
25
CICFy,SC4Hg-n,@ 130 1.4160 (25) CsHgCl-
24 FsS
ClgCFSCHQPh a 64 (30 mm) 1.5459 (25) CgH'[Clz-
27 FS

@ Satisfactory combustion analytical data (C, H, F, S £ 0.4%)
were reported for these compounds. ¢ Caled: C, 32.6; H, 3.5; F,
51.4. Found: C, 33.6, 33.4; H, 3.8, 3.7; F, 50.5, 50.5.

irradiated with a low pressure mercury resonance lamp for 2.75 h. GC
now showed that the mixture no longer contained thiol 7. Distillation
through a small spinning band still gave perfluoro-tert-butyl n-butyl
sulfide (8) as a colorless liquid distilling at 78 °C (104 mm).

C. Heptafluoro-2-propanesulfenyl Chloride (2) and Toluene.
A mixture of 50 mL (43 g, 0.47 M) of reagent grade toluene and 14.52
g (0.0614 M) of heptafluoro-2-propanesulfenyl chloride (2) was irra-
diated until colorless. Very little HCl evolution was detected during
the irradiation period. A gas chromatogram contained a large peak
(52.5% of the total product peak area) for a-chlorotoluene, a 5% un-
known peak, and an early peak (42.5%) which was not reproducible
in area and which apparently represented both bis(heptafluoroiso-
propyl) disulfide and heptafluoro-2-propanethiol (9). Further GC
studies showed that the disulfide component of this peak was
small.

About two-thirds of the reaction mixture was distilled through an
18 in. spinning band still connected via two dry-ice traps to a water
pump. While the pressure was maintained at 100-200 mm, the flask
was gently heated until the mixture began to reflux. There collected
in the first dry-ice trap 1.5-2.0 mL of liquid, which on distillation
through a microstill gave about 1 mL of colorless liquid boiling at 28
°C. The infrared and 'H and 1°F NMR spectra indicated that it was
largely heptafluoro-2-propanethiol {9): IR 3.85 um (SH), 7.73, 8.08
(CF); 'H NMR ¢ 3.06 (d. q); 19F NMR —77.03 (CF3), —147.07 ppm
(CF), Jer_pu =5.3Hz, Jop, 1 = 1.5 Hz, Jor,r = 9.5 Hz. The residue
remaining after removal of the thiol was shown by GC to contain just
a trace of bis(heptafluoroisopropyl) disulfide.

The remaining one-third of the reaction mixture was treated in the
manner just described and the 1.5 mL of liquid which collected in the
first dry-ice trap was transferred under vacuum to a quartz UV reactor
(10 in. X Y4 in.) fitted with a dry-ice condenser. Four milliliters of
liquid 1-butene was added and the resulting mixture was irradiated
with a low pressure mercury resonance lamp for 1.5 h. After the excess
L-butene had been removed by warming, the residue (2.54 g) was
shown by GC to contain about 90% of a single material. Distillation
through a microstill yielded heptaflucroisopropyl n-butyl sulfide (10)
(95% pure) distilling at 128.5-130 °C.

compd chemical shift, § (coupling constants Hz)

8 1.02 (3H, m, CHjy), 1.57 (4 H, m, CH,CH,),

2.97 (2 H, m, CH,S)

10 1.00 (3 H, m, CHjy), 1.57 (4 H, m, CH,CHy),
2.93 (2 H, m, CHsS)

12 413 (2 H, s, CHy), 7.37 (5 H, s, CcH;)

15 4.17 (2 H, s, CHy), 7.32 (5 H, s, CgH5)

16 1.03 (3 H, m, CHj3), 1.58 (4 H, m, CH;CHjy),
2.93 (2 H, m, CH,S)

17 1.03(3H,t,J =6.4,CH;),1.43(3H,d,J = 6.8,
CHj), 1.64 (2H,q,J = 6.4, CHj), 3.39 (1 H, q,
J =6.8, CH)

19 413 (2H,s,CHy),574 (1 H,t,t,J; = 55,J3 = 3,
HCFQCFQ), 7.38 (5 H, 8, C6H5)

20 1.03 (3 H, m, CHjy), 1.60 (4 H, m, CH,CHy),
2.90 (2H, m, CH,S), 5.80 (L H, t,t,J; = 54, J»
= 3, HCF,CFy)

21 1.03(3H,t,J =6.8,CHj),1.42(3H,d,J = 6.8,
CHj), 1.63 (2 H, q,J = 6.8, CHy), 3.33 (1H, q,
J =6.8,CH),568 (1 H,t,t,J, =54,
J2 = 3, HCFQCFQ)

23 4.11 (2 H, s, CH,), 7.27 (5 H, s, CgH5)

24 1.02 (3 H, m, CHj3), 1.58 {4 H, m, CH,CH,),
2.94 (2 H, m, CH,S)

25 1.03(3H,t,J =6.5,CHy),1.41 (3H,d,J = 8.5,
CHj), 1.62 (2H, q,J =6.5.CHy), 3.29 (1 H, q,
J =86.5,CH)

27 4.22(2H,s,CHy), 7.32 (5 H, s, CgH3)

@ These spectra (60 M Hz) were obtained with an A-60 spec-
trometer manufactured by Varian Associates, Palo Alto, Calif.,
using 10% solutions in CCly containing tetramethylsilane.

A mass spectrogram {C.E.C. 21-03 mass spectrometer, 70 eV) of a
sample of the 5% unknown peak isolated by preparative scale GC
showed that it was heptafluoroisopropyl benzyl sulfide (12). Thus the
spectrum contains a parent ion (6%) at m/e 292 and a series of ions
logically derived from it.

D. Heptafluoro-2-propanesulfenyl Chloride (2) and Cyclo-
hexane. A solution of 15.16 g (0.0641 M) of freshly distilled hep-
tafluoro-2-propanesulfeny! chloride (2) and 60 mL (0.555 M) of
“Spectrograde” cyclohexane was irradiated as described above until
the yellow color was gone (30 min). A gas chromatogram contained
substantial peaks with the retention times of bis(heptafluoroisopro-
pyl) disulfide [plus heptafluoro-2-propanethiol (9)], chlorocyclo-
hexane, and a very small unknown peak. The thiol was removed as
described in the preceding experiment. A GC on the residue contained
major peaks for bis(heptafluoroisopropyl) disulfide and chlorocy-
clohexane and the small unknown peak whose size was about 3% of
the size of the chlorocyclohexane peak. A mass spectrogram (Bendix
TOF Model 12 mass spectrometer, 70 eV) of the small unknown peak
contained a parent ion at m/e 284, an ion at m/e 215 (284 ~CF3), the
most abundant ion at m/e 83 (cyclohexyl), and several other ions
derived from fragmentation of the cyclohexyl group, thus confirming
that the small yield product was heptafluoroisopropyl cyciohexyl
sulfide (11).

E. Heptafluoro-2-propanesulfenyl Chloride (2) and n-Butane.
A mixture of 21.8 g (0.092 M) of heptafluoro-2-propanesulfenyl
chloride (2) and 32 mL (26 g, 0.44 M) of liquid (at —76 °C) n-butane
was irradiated as described above for 1 h after which the mixture was
colorless. The excess n-butane was removed from the reaction mixture
by distillation through a low-temperature still. A GC analysis showed
that the major products were the disulfide and the two chlorobutanes.
In addition, two very small peaks were observed which mass spectra
(Bendix TOF Model 12 spectrometer, 70 eV) showed were heptaflu-
oroisopropyl butyl sulfides. Each mass spectrogram contained a
parent ion at m/e 258. The GC retention time of one of the isomers
matched that of heptafluoroisopropyl n-butyl sulfide (10}, and the
other was therefore heptafluoroisopropyl sec-butyl sulfide (13). These
assignments were confirmed by comparison of the mass spectrograms
with those of authentic samples of the corresponding trifluoromethyl
sulfides, i.e., CF3SC4Hg-n and CF3SCH(CH,)CH;.!

Distillation of the reaction mixture to isolate a thiol fraction, tol-
lowed by addition of 1-butene to the distillate and UV irradiation as
described in the two preceeding experiments, showed that little thiol
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remained at the end of the irradiation. GC analyses on appropriate
fractions led to the estimates of thiol and disulfide yields given in
Table III.

II. Mass Spectra Identification of Dichlorofluoromethyl
Sulfides (Du Pont Model 21-490 Mass Spectrometer (70 eV) In-
terfaced to a Varian Model 144 Gas Chromatograph). A, Di-
chlorofluoromethyl Butyl Sulfides (28 and 29). These structures
were assigned to the low yield products seen by GC (~2% each) from
the reaction of dichlorofluoromethanesulfenyl chloride (6) and n-
butane. Each pattern contained parent ions at m/e 190 (most intense
parent ion), 192, and 194.

B. Dichloroflusromethyl Cyclohexyl Sulfide (26). This struc-
ture was assigned to the low yield product from the reaction of di-
chlorofluoromethanesulfenyl chloride (6) and cyclohexane on the
basis of the mass spectrogram which contains parent ions at m/e 216
(2.15%), 218 (1.54%), and 220 (0.24%).

II1. Preparation of Starting Materials. A. Perfluoro-tert-
butanesulfenyl Chloride (1). This material was obtained from Dr.
D. C. England of this laboratory, who prepared it by chlorination of
bis(perfluoro-tert -butyl) trisulfide.!® It has also been prepared by
chlorination of the mercury salt of perfluoro-tert-butanethiol,12

B. Heptafluoro-2-propanesulfenyl Chloride (2). A mixture of
75 g (0.186 M) of bis(heptafluoroisopropyl) disulfide2® and 30 g (0.424
M) of chlorine contained in a 1-L Hastelloy-C lined autoclave was
heated at 125 °C for 4 h and then at 150 °C for 4 h. Distillation of the
resulting reaction mixture through a small spinning band still gave
45.1 g (51%) of heptafluoro-2-propanesulfeny! chloride (2) distilling
at 53.5 °C, n?%p = 1.3244 (previously reported bp 54-55 °C21),

C. Heptafluoro-1-propanesulfenyl Chloride (3). A mixture of
131 g (0.325 M) of bis(heptafluoro-n-propyl) disulfide and 75 g (1.06
M) of chlorine was treated as described in the previous experiment.
There was thus obtained 114 g (74%) of heptafluoro-1-propanesulfenyl
chloride (3) distilling at 57 °C, n2?p 1.3210 (previously reported
constants: bp 51-51.5 °C; n?°p 1.323922).

D. 1,1,2,2-Tetrafluoroethanesulfenyl Chloride (4). This sulfeny!
chloride was prepared by the chlorination of 1,1,2,2-tetrafluoro-
ethanethiol as described previously.23

E. Chlorodifluoromethanesulfenyl Chloride (5). A mixture of
25 mL of liquid (at =76 °C) thiocarbonyl difluoride and 39 mL of
liquid (at =76 °C) chlorine was loaded into a dry-ice cooled trap at
atmospheric pressure under nitrogen and maintained at =76 °C for
2 days. The mixture was then allowed to reflux from a dry-ice cooled
condenser for 0.5 h. After distillation of the excess volatiles, the res-
idue was distilled ~hrough an 18 in. spinning-band still. There was thus
obtained 30.8 g c¢f chlorodifluoromethanesulfenyl chloride (5) dis-
tilling at 52 °C, n*8y, 1.4099 (previously reported constants: bp 52 °C;
ni%p 1.419524),

F. Dichlorofluoromethanesulfenyl Chloride (6). This sulfenyl
chloride was prepared by the reaction of trichloromethanesulfenyl
chloride with mercuric fluoride as described previously.??

IV. 1¥F NMR and Infrared Spectra. 1°F NMR spectra (56.4
MHz) were obtained from 10% solutions of the compounds in CCly

J. Org. Chem., Vol. 44, No. 4, 1979 569

with Cl3CF as external standard using a Varian A-56/60 spectrometer.
The resonances are reported in parts per million measured from the
resonance of CI3CF. The IR spectra reported were obtained from
solutions of the compounds in CCls with a Perkin-Elmer 21 (prism)
spectrometer.

Registry No.—8, 68409-16-5; cyclohexane, 110-82-7; butane,
106-97-8; toluene, 108-88-3; bis(heptaflucroisopropyl) disulfide,
754-62-1; bis(heptafluoro-n-propyl) disulfide, 356-07-0; thiocarbonyl
difluoride, 420-32-6.
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The first synthesis of alkyl trithioperesters (RC(S)SSR’, alkyl thiocarbony! disulfides) is described. tert-Butyl
trithiophenylperacetate (4) was synthesized starting with benzyl chloride. The Grignard of benzyl chloride is treat-
ed with carbon disulfide and hydrolyzed to give dithiophenylacetic acid (1). The dithio acid 1 was stabilized by for-
mation of the metal salt 2, which was reacted with tert -butylsulfenyl iodide (3) to form the trithioperester 4. Other
trithioperesters, tert-butyl trithiophenylperformate (5) and tert-butyl trithioanisylperformate (6), were synthe-
sized by the same general reaction differing only in how the dithio acid was obtained. Preliminary observations con-
cerning the thermal decomposition of tert-butyl trithiophenylperacetate (4) are discussed.

Several examples of the thermal homolytic cleavage of
simple S-S bonds have been reported.? However, some of
these do not involve the simple cleavage of the S-S bond,? and
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the homolytic reactions which may involve a simple homolytic
cleavage do not take place at a reasonable rate below 100 °C.
The only thorough kinetic study of a simple S-S bond was
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