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Free-Radical Reactions of Pentafluorobenzenesulfenyl Chloride with
Alkanes and Alkylbenzenes
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Light-induced, free-radical reactions of pentafluorobenzenesulfenyl chloride with methylbenzenes give very high
yields of pentafluorophenyl benzy! sulfides. With other alkylbenzenes which contain benzylic hydrogens, high
yields of benzylic sulfides are also obtained along with small quantities of nonbenzylic pentafluorophenyl aralkyl
sulfides. In all of these reactions, minor amounts of chloroalkylbenzenes and bis(pentafluorophenyl) disulfide are
also obtained. In reactions with several alkanes, the major products are usually pentafluorophenyl alkyl sulfides,
but substantial yields of chloroalkanes and bis(pentafiuorophenyl) disulfide are also obtained.

In the past few years, sporadic reports of free-radical re-
actions of sulfenyl halides with hydrocarbons have been
published. The studies to date, which primarily involve re-
actions of highly halogenated alkanesulfenyl chlorides?3 and
pentachlorobenzenesulfenyl chloride,* show that the course
of these reactions is highly sensitive to the nature of the or-
ganic group of the sulfenyl chloride. For example, the reactions
of CF3S8Cl2 and Cl;CSCI3 with alkanes contrast sharply: only
chloroalkanes are derived from the alkane in the CI;CSCI
reactions, while in the CF3SCl reactions trifluoromethyl alkyl
sulfides are often the major products. In the few reactions of
pentachlorobenzenesulfenyl chloride examined, sulfides were
also major products.45 This paper summarizes a study of the
free-radical substitution reactions of pentafluorobenzene-
sulfenyl chloride (1) with alkylbenzenes and alkanes.

Results

The results of the experiments are summarized below and
are tabulated in Table I. Authentic samples of several of the

0022-3263/78/1943-1319%01.00/0

sulfide products were prepared by the UV-initiated addition
of pentafluorobenzenethiol to appropriate olefins (Table II).
Characterization of new compounds is given in Tables IV and
V.e

Alkylbenzenes. The light-induced reactions of 1 with ex-
cess methylbenzenes, e.g., toluene, o-xylene, p-chlorotoluene,
and mesitylene, are long chain free-radical reactions which
give very high yields of pentafluorophenyl benzyl sulfides (2-5,
Table I) and HC], along with very low yields of bis(pentaflu-
orophenyl) disulfide (6) and a-chlorotoluenes. For example,
the reaction with toluene gave pentafluorophenyl benzyl
sulfide (2) in over 95% yield (eq 1).

hy
CstSCl + CH306H5 —> CgF5SCH2C5H5 + HCl
1 2
+ (CgF5)0Ss + CICH,CHs (1)
6

© 1978 American Chemical Society



Harris

1320 J. Org. Chem., Vol. 43, No. 7, 1978

[ow

SpY[nSIp woly
¢1 ojeredas Ajueapo jou 690
PIP [[1s pueq Buruurds (%5°5T) (%9°L9) &1 389
[Tews & y3no1ys uoneqisiq Sy DUH? L ¥9-L1L99 SIPDSM'HY ¥Te oy €91  (53¥0°0)96'6 L-Z8-0IT  'TW gL gH9p-o
PI314 9%0G Ul page[ost
sem ‘pafuIsIp sem [ow
aueyjourAuaydrp ssaoxa (%0L~) €1 LLSO
at]] 191Je PAZI[[RISAId (%02—0T) S(SH)) (9270°0) 2116 tH)
oIy ‘| 9pyIns ay g, SEHPD)HDID  9-G5-61099 -HOS %D 0201 197 ger 0001 §-18-10T  TWie  -2(SH%)
S9[paau
se [] 2483 HOFHO
WO UOIFRZI[[8)SAIa1 sumouyun [owx
‘PAYIPIOS YoIgm (Wdl G°Q) [el9Aas (%8) (%9L) T1 88€°0
Do 8868 1 Julfioq +D54% 10°HD SHY)?(*HD) (92¥0°0) 30¢s  *(°HD)
UondRIy PIP[ATA WOITRTISI(Y Jo saoea], G'6 C(EHO)DHYD  $-L€-9£099 -OFHOS %) ¢4 €8 6 0001 9-90-86 T 09 -0°H®)
(%2-1) (%8) 01
DFHD SHPO(*HD)
sumowqun -CHO)HO®H®D  ¢9§-61099  ~HOPHOS*J®D o
poqustp [B19A0S + (%16) 6 6620
SBM SUOWIND $S90X8  SUAIKIS[AYIoW 0 SH2) agey  °((HD)
19136 PIZI[[eISAI0 § IPYING -0 josavel],  10G~ CEHO)DH®D  ¥86-G1099  -S(*HO)OS®0 21 LT 02T  (8620°0) 00°L 8-28-86 TWoS  -HOH®)
(%E£~) 8
(a9e1y) SH?D
HOPHO®H®)  €-39-G1089  -*HOPHOS I®D [ow
(%G6-76) L L¥S0
%08 < 8 pue . (%2-1) ‘H%D 371'89 ¢HD
SAPYNS PSJIMSIP JO PPBIA  80BI} UmOUNU() [:001-0¢ SHOIDHO®H®)  Z-15-61098 -(CHO)HOSSI®D ¥% 91 Z€1  (ET30°0) OL'6 ¥-1%-00T  "TW L9 -*HDH®)
(% may) (%06<)S
*HO HO ow HD "HO
Pa[IIIsIp . e 1€¥°0
SeM JUSA}ISOUI SSEIX HIO HOS**D g2ze
I91Je PazZI[[eISAID ¢ SPYING DRI} UMOUNU[} ‘HO 1-0S-G1099 'Ho 01> og €65 (86T0°0) ¥S¥ 8-L9-80T  TW 09 "HO
D
Tow
(95 Ma) (%06<)V L0C0
saoer) i ) . S 879
umouyun g L (O S RPN O+ I gL 162 (IL100)0F ¥-Ep-90T w09 "
(%1~) (% 46~)€ ow
[OFHO THOS %) . ar8’0 -
%Z8 $90BI) (9690°0) 306 HO
= ¢ pY[NS PAUISIP JO PPIX umouyung  1:001 "HO L-8%-G1099 HO g-¢ 614 ¥4} 1€'91 9-1¥-96  TW 001 )
—OE
S0L°0
savRI} (90en) (%96<) T (6570°0) dg9
umouyun g 1P0T< [D*HOH®D £-91-88386  “HPDHOS*dYD i~ 0e ¥'o1 8007 €-88-807 TWSL  CHOHS
syapway syonpotd 18Y)() 1D/S (PIR1A) ‘ou (PI1A) % ww [DSSA%)  (jow) ‘8 ‘ou UO(IeI0IpAH
(10) @pHOIY) Ansidey (9)epuymg  TGEEAYD) ‘ewm  juoq  TOSEIY)  Ansidey
Jo PRI uon -1ed

-eipeaa] -0IpAH

SUOGABIOAPAH YIm (]) [DSA®D Jo suorzoearojoyd 1 2[qBlL



1321

J. Org. Chem., Vol. 43, No. 7, 1978

Pentafluorobenzenesulfenyl Chloride

"0-29-1LL ‘HSSH?) ou A1s1doy «

(% 833) _e_m 91°0
SA°)SSA%) + (%06<) 0Z 9¢]
%%owmw%mooumom:ovwm%o L3l e (50°0) 00°01 0-8L-€9S qu oz HEHD)HOI(PHD)D=°HD
(%L-9) mmmommm%o ow Mmmm%
+ (%06-G8) L1 .
ﬂﬁov:owwwmﬁwo €65 88 (¥0°0) 008 L 1T-GT1 _oEqM%w 3(EHD)D="HD
) A90SS°I%0 +
9%()7, INOYE SEM UOISIIAU0D S ﬁ.M A”SM“ 91 307 (s10)
POMOYS WEISOJRWOIYD Ser) PLINSIP/oPUT SHOPHO(HD)HOSSA®) 638 'L (040°0) 00°01 1-81-06% T gg *HOHO—HOHD
Tory} “I%08S°1%0 + 10U 82570
poydeaIuUn yonw Jo souasard m_ i . . . 3y2 oz .
pomoys WeI301ewoIyd Ser) SHOPHOPHOPHOS D 08¢ 98 (050°0) 00°01 6-86-901 T 0g HO*HOHO=°H)
(9% m3J) m%ommm%o [ow %wmwm
+ (%09) €1 @
SA®DSVTHOD? 068 98 (070°0)00°8 8-€8-0T1 Mosqmm mw
{(%08) 01 3Le1 . . .
SHOOCHDIHOPHOS D  0€C 2€% (050°0) 00°0T 6-£8-86 anmw mw HO=(HD)D*HD
(%08) 8 216701
SHOOPHOPHOS I®D 661 1% (00°0) 00°0T G-2¥-001 u gl ZHD=HDH%)
syIeway (pP1eL) syonpold U ‘owrs HSSI%D (fowr) 8 ‘ou urpR[O
uoljeIpRLI] Jaygei0 ‘HSSA%D Kxysiday

HOOS %0 AM<| 0=0 + HSI?) SULIRO 01 cHS*A%) JO SUOHIPPV |BIIPEY -394 11 FqEL

29-SW (9602)
£q paroarap 8(¢HD)
‘(90e19) 1D54%) L3% -HOIDD?*(*HD)
apy[ns
Angoroyo
Kuayd
oionpyejuad
e Jo (%1°9)
£puenb 67’9 EEHD)OD
ews (%¥°0)
pue HEHD)
ausjAIngosy oLy “HOPHOID
s9pyIns
1Amq
-0IOYD
jAuaydoionyy
-ejuad (%8°G)
om} pue 6L SHOIDHDEHD
JO saveL], £9°G 105HYD-U

£-09-G1099

0-6G-S1099

6-8G-GT1059

8-L6-G10¢9

L-99-GT1069

1-34-883¢€

(aveny) 0g
4(*HD)
-HO(CHD)
-HOPHDS %)
(%¥°SY) 61
S(*HD)HD
“2(*HD)OS %D

(%€°6¢) 81
E(*HD)DS% %D
(%2°0%) LT

3(*HD)
-HO*HDS 1Y)

(%9°G¥) 91

H%D
-(CHO)HDS A%

(%6°GT) GY
SA9DSPHYD- U

Gv4 GL
oy 0L
98¢ 00y

"9-T€-8T6LT (1) [DSEA%) Tou A1siay »

LTI

(91.L00°

T

(3580°0)
000% 8167901

121

(92¥0°0) 00T 8-65-6L

fouw 0G0
3¢¥3(*HD)HD
Tuey -HO*(CHD)

[ow
fow ¢g°0

3761

W ¥5

—

0)
0’
00

-

¢-82-GL

[our g6°1
309

T gL OTgYD-u



1322 J. Org. Chem., Vol. 43, No. 7, 1978

Table II1. Ratio of Pentafluorophenyl Cyclohexyl Sulfide
(S) and Chlorocyclohexane (Cl) Formed at Various
Conversions in the Photoreaction of 1 with Cyclohexane:
Analysis by Gas Chromatography

Sample  Time,®  Conversion,b
no. min % 8/Cle 8/Cld
2 2 31 6.68 5.84
3 5 52 7.08 5.94
4 7.75 83 6.45 5.93
5 11 >95 6.83 6.62
6 16 100 6.97 6.44

@ Time elapsed after light was turned on. ® Conversion was
estimated from the area of the peak for the product (14) of the
dark reaction of excess 1 and p-methylacetophenone. ¢ These
ratios were determined from peak areas calculated from the
product of the peak heights and the widths at half-height. ¢ These
ratios were determined by weighing the cut-out peaks traced onto
thick, translucent paper.

With alkylbenzenes containing hydrogens on carbons both
« and § to the benzene ring, both possible sulfides were ob-
tained, with that derived by substitution on the «a-carbon
predominating. Thus, from ethylbenzene, 7 and 8 in a ratio
of 30:1 were the major products. With cumene, again the major
-products were sulfides 9 and 10 in a ratio of 10:1. Low yields
of 6, a- and g-chlorocumene, and a-methylstyrene were also
obtained.” Both of these were long chain reactions.

CgFsSCH(CH3)CqHj CeFsSCH,CH,CgHj
v 8
CgF5SC{CHy)2CeH5 CgFsSCH,CH(CH;)CgH5
9 10

The reactions. with tert-butylbenzene, the only case ex-
amined of an alkylbenzene with no benzylic hydrogens, and
diphenylmethane appeared to be slower than the reactions
just discussed. The respective sulfides (11 and 12) were the
major products, but much higher yields of 6 and the chlorides
were obtained than were seen in the reactions discussed
above.

CSFBSCH"C(CH’S)2CGH5 (C6H5)2CHSC6F5
11 12

Alkanes, Light-induced reactions of 1 with excess cyclo-
hexane, n-butane, isobutane, and 2,3-dimethylbutane did not
appear to be as rapid as the reactions with methylbenzenes.
In all cases but one, the highest yield products were penta-
fluorophenyl alkyl sulfides, but the yields of 6 and chlorohy-
drocarbons were much higher than in the methylbenzene re-
actions {Table I). The distributions of products in the cyclo-
hexane, n-butare, and isobutane reactions were similar to
those reported previously for the analogous reactions of
pentachlorobenzenesulfenyl chloride,? except that in the re-
actions of 1 with n-butane and isobutane, chlorobuty! sulfides
were also obtained, and in the isobutane reaction, isobutyl-
enel® was formed, all in very small yields.

In one experiment, a cyclohexane reaction (eq 2) was sam-
pled periodically to detect any variation in the relative

C-C6H12 + CGF5SC1 L C-C@HHSCGF5 + C-CGHHCI
1 13
+ (CeF5)282 + HCI  (2)

amounts of the sulfide 13 and chlorocyclohexane during the
course of the reaction. Each withdrawn aliquot was treated
with excess p-methylacetophenone in order to convert un-
reacted 1 to a material (14) which gave a reproducible gas
chromatography (GC) peak (eq 3). The GC analysis showed
a small increase in the ratio of 13 to chlorocyclohexane be-

Harris
0
I
C.F.SCl + CH,.C CH,
1 0
I
—> (C4F.SCH,C CH. + HCl (3;

14

tween 30 and 100% conversion of 1 (Table III). In another
cyclohexane experiment in which a 1:1 molar mixture of 1 and
6 in an excess of cyclohexane was irradiated until 1 was con-
sumed, the GC ratio of 13 to chlorocyclohexane at the end of
the experiment was 7.38, compared to 6.31 for an analogous
experiment with no added 6.

From the reaction with 2,3-dimethylbutane, the main
products were pentafluorophenyl 1,1,2-trimethylpropyl sul-
fide (19), 2-chloro-2,3-dimethylbutane, and 6. A trace amount
of the other possible sulfide (20) was also obtained, but none
of the corresponding chloroalkane, i.e., 1-chloro-2,3-dimeth-
ylbutane, was detected.

Ce¢F5SC(CH3)2:CH(CHg), CgF5sSCHoCH(CH3)CH(CHjg),
19 20

Discussion

In free-radical reactions of S-Cl compounds with hydro-
carbons studied to date, the fate of the chain-carrying alkyl
radicals has varied from exclusive C-S bond formation, e.g.,
in the reaction of SCl; with cyclohexane,!? to exclusive C-Cl
bond formation in the trichloromethanesulfenyl chloride re-
actions referred to above.3 All other cases so far studied, in-
cluding the reactions of 1, fall between these two extremes,
giving both chloride and sulfide from the alkyl radical.

The steps in Scheme I have been proposed as the principal
sources of the major products of sulfenyl halide-hydrocarbon
free-radical reactions.24% There is agreement that step e is the
primary source of chlorohydrocarbon, but both steps fand g
have been proposed to account for sulfide formation. If step
f was the sole pathway for forming sulfide, then the ratio of
sulfide to chlorohydrocarbon should remain constant
throughout the reaction since both products would derive
from a single substrate. It is apparent in the cyclohexane re-
action examined in this study that some sulfide is being
formed by a process other than step f (presumably step g)
since the sulfide/chloride ratio increases somewhat as the
reaction goes on (Table III). But since the increase is small,
it is concluded that step g does not contribute importantly to
sulfide formation. The same conclusion is drawn from the
cyclohexane experiment done in the presence of a molar
equivalent of 6; the moderately higher sulfide/chloride ratio
observed at the end of the reaction suggests relatively small
involvement of step g.

Results of a previous study of free-radical reactions of

Scheme [

RSCI L Rssan (a)
Cl-+RH  —— R’ +HCl (b)
RS-+RH — R+RSH (c)
RSCI + RSH ——> RSSR + HCl (d)

R'Cl + RS- (e)
R + RSCI {

RSR + Cl- (f)
R-+RSSR ——» RSR +RS: (2)



Peracid Oxidations of Cyclopropenes and Cyclopropenones

CF3SCl with a group of alkanes show that the preference of
attack by various alkyl radicals on sulfur vs. chlorine is best
ordered on a steric basis, assuming that alkyl radicals in-
trinsically prefer to attack sulfur, but increasingly settle for
attack on the more accessible chlorine as they become more
bulky.2 The same trend is evident in the reactions of 1 with
alkyl radicals (Table I), but the shift to preference for chlorine
by the more bulky radicals appears to be less pronounced than
in the CF3SCl reactions. The extremely high preference for
attack on sulfur by benzylic radicals suggests that factors other
than steric, e.g., reactivity of the radical, can be important in
determining the pattern of attack by hydrocarbon radicals
upon sulfenyl chlorides.

Experimental Section

1. Free-Radical Reactions of 1 with Hydrocarbons. A stirred
solution of I dissolved in excess hydrocarbon contained in a quartz
tube (7 X 1.5 in.) was irradiated under nitrogen with a sunlamp until
the characteristic color of 1 was gone and the evolution of gas ceased.
The reaction mixture was analyzed quantitatively by gas chroma-
tography, and the principal products were identified by (1) compar-
ison of retention times with materials of known structure, (2) mass
spectroscopic examination of peaks in the gas chromatogram, or (3)
isolation by distillation followed by elemental and proton NMR
analyses. Details of the experiment are tabulated in Table 1. Char-
acterization of all new compounds is given in Tables IV and V.8

I1. Free-Radical Reactions of Pentafluorobenzenethiol with
Olefins. A stirred solution of the thiol and olefin contained in a quartz
tube (7 X 1.5 in) fitted with a dry ice condenser and a magnetic stirrer
was irradiated under nitrogen with a spiral-shaped, low-pressure
mercury resonance lamp fitted around the reactor. The adducts were
isolated by distillation, and structures were established by 'H NMR
spectroscopy. The details of these reactions are tabulated in Table
1L

III. Determination of the Ratio of Pentafluorophenyl Cy-
clohexyl Sulfide (13) to Chlorocyclohexane at Various Con-
versions in the Photoreaction of 1 with Cyclohexane. A solution
of 2.0 mL of 1 and 30 mL of cyclohexane (both freshly distilled) was
placed in a small Pyrex flask fitted with a magnetic stirrer, a reflux
condenser, and a syringe adapter. The mixture was irradiated with
a sunlamp placed 5-6 in from the reactor. Samples (0.5 mL) were
withdrawn periodically via syringe. Each sample was placed in a test
tube containing 0.2 mL of p-methylacetophenone and shaken until
colorless. A 5-uL. sample was then examined by GC. The results of the
measurements are given in Table II1.

IV. Reaction of 1 with p-Methylacetophenone. A 5-mL amount
of 1 was added in small portions to 80 mL of freshly distilled p-
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methylacetophenone with stirring. The color of 1 faded quickly after
each addition. GC analysis showed the presence of one product.
Distillation through a small Vigreux still gave 8.40 g (70%) of pen-
tafluorophenyl p-methylphenacyl sulfide (14), distilling at 116-122
°C (0.20 mm). Elemental analysis and a 'H nmr spectrum data are
given in Tables IV and V.6

V. Reaction of 1 with Cyclohexane in the Presence of 6. A
mixture of 0.2 mL (0.31 g, 0.00132 mol) of 1, 0.53 g (0.00133 mol) of
6, and 3 mL of cyclohexane was irradiated as described above for 21
min. The color of the reaction mixture remained pale yellow during
the last 5 min of the irradiation period. The mixture was analyzed by
GC, and the ratio of the peak areas corresponding to 13 and chloro-
cyclohexane was found to be 7.38 (average of two determinations).

For comparison, a mixture of 0.2 mL of 1 and 3 mL of cyclohexane
was similarly irradiated for 13 min, after which the mixture was es-
sentially colorless. The peak area ratio of 13 to chlorocyclohexane was
found to be 6.31.

V1. Preparation of 1. Compound 1 was prepared by the chlorin-
ation of pentafluorobenzenethiol (Peninsular Chem. Research) in
carbon tetrachloride as described by Sheppard and Foster.13

VII. Gas Chromatography. The GC analyses were done primarily
with a 6 ft X 0.25 in column packed with 20% SE-30 on 60-80 mesh
WAWDMCS. Temperatures varied from 50 to 200 °C. The helium
flow rate was about 100 mL/min.

VIIIL. Mass Spectroscopy/Gas Chromatography. A Du Pont
Model 21-490 mass spectrometer interfaced to a Varian Model 1440
gas chromatograph and a VG 2040 data system was used.

o Registry No.—14, 65015-61-4; p-methylacetophenone, 122-00-

Supplementary Material Available: Tables IV and V of ele-
mental analyses and 'H NMR spectral data for the new pentafluo-
rophenyl alkyl and aralkyl sulfides (8 pages). Ordering information
is given on any current masthead page.
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The reactions of cyclopropenes la-c with peracid yield isomeric conjugated ketones 2a—c and 3a,b. These con-
versions are interpreted in terms of an oxabicyclobutane intermediate. The peracid oxidation of cyclopropenones
11 and 21 were shown to initially produce COg and an acetylene. The latter is converted to other products under the

reaction conditions.

Considerable recent effort has been directed toward the
synthesis and chemical characterization of novel small-ring
heterocyclic systems. 2-Oxabicyclo[1.1.0]butane is the parent
of one such class of highly strained heterocycles. Although no
authentic example of this elusive structure has yet been de-
scribed in the literature, species of this type have been con-
sidered as reactive intermediates in photochemical isomer-
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izations of conjugated carbonyl compounds? and from peracid
oxidations of cyclopropenes.3-8 In this report, we detail our
results concerning potential approaches to oxabicyclobu-
tanes.

Concurrently with published studies, we too have explored
the peracid oxidation of cyclopropenes. Thus, oxidation of
1,2-diethyl-3-carbethoxycyclopropene (1a) with an excess of
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