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Abstract: The complexation of chlorine by bis(p-fluorophenyl) sulfide in methylene chloride and acetonitrile has been stud
ied by 19F nmr and uv spectroscopy. Rapid equilibria involving only one covalent species with formation constants of ca. 5 X 
105 A / - ' are observed in both methylene chloride and acetonitrile. The fluorine chemical shift of the bis(p-fluorophe-
nyl)chlorosulfonium cation was found to be 64.1 ppm downfield from internal hexafluorobenzene. 

The 1:1 complexes of organic sulfides with halogens, 
commonly known as halosulfonium salts, have been consid
ered to be involved as intermediates in a number of reac
tions which result in a-halogenation of sulfides2'3 or cleav
age3-4 of a carbon-sulfur bond. Recently the crystal struc
tures of the chlorine complex of bis(p-chlorophenyl) sul
fide5 and the bromine adduct of thiophane6 have been de
termined by single-crystal X-ray diffraction. A distorted te-
tracoordinate trigonal-bipyramidal geometry about sulfur 
was found in the former, and a tricoordinate pyramidal sul
fur was found in the latter. Knowledge of the nature of the 
adduct of organic sulfides with halogens in solution is high
ly speculative, resting largely on interpretations of conduc-
tometric data7 and deductions from stereomutation8 and 
product2e studies. 

In order to obtain additional rudimentary structural in
formation regarding the chlorine-sulfide adducts in solu
tion, the association of bis(/?-fluorophenyl) sulfide and chlo
rine has been investigated by uv and 19F nmr spectroscopy. 
The choice of bis(p-fluorophenyl) sulfide was made because 
of the absence of a- and /3-aliphatic protons to minimize 
those reactions which would destroy the halosulfonium salt 
and the presence of the fluorine atom to provide an nmr 
probe highly sensitive to the electronic environment of the 
sulfur atom.9 

Results 

Ultraviolet Spectral Data. The spectroscopic behavior of 
a soiution of bis(/>-fluorophenyl) sulfide in methylene chlo
ride upon incremental addition of chlorine is shown in Fig
ure 1. The intensities of the characteristic absorption bands 
of the sulfide at 248.5 and 272.5 nm decrease gradually, 
and a peak below 230 nm, which is below the solvent cutoff 
wavelength, develops. A distinct isosbestic point at 243.5 
nm is observed. After a few drops of concentrated chlorine 
solution are added, the curve below 300 nm becomes con
stant and a peak at 330 nm due to chlorine develops. 

The optical densities at the isosbestic point and another 
wavelength were used to determine the concentrations of 
two components in the mixture. In the present system 272.5 
nm was chosen as the second wavelength because it is a 
wavelength of maximum absorption of pure sulfide, the op
tical density at this wavelength always lies in the convenient 
range for the measurement, and the position of the peak is 
remote from the regions of interference by the chlorine peak 
and the peak of the adduct. The molar extinction coefficient 
of the sulfide-chlorine adduct at 272.5 nm was calculated 
from eq 7 and 8 (as shown in the Experimental Section) to 
be 1.66 X 103 on the assumption that the sulfide can be en
tirely converted' into its chlorine adduct with excess chlo
rine. 

Although the primary equilibrium must involve only one 

adduct, no restriction is imposed by the uv data on the na
ture of the adduct. The equilibrium constants for the forma
tion of both covalent,10 K\, and ionic adduct, K\, at room 
temperature were calculated on the basis of eq 1 and 2. The 

M 
Ar2S + Cl2 = * Ar2S-Cl2 (1) 

Ar2S + Cl2 ^=5= Ar2SCl + Cl" (2) 

average values of seven measurements of ATj and K\ , all of 
which lie within two standard deviations of the mean, were 
4.04 X 105 M~ ' and 17.46 respectively. 

Nmr Data. Only one fluorine multiplet was observed for 
methylene chloride and acetonitrile solutions of bis(/?-fluo-
rophenyl) sulfide and chlorine over a wide range of molar 
ratios of chlorine to sulfide at —39 and —5°, and the posi
tion of the multiplet moved to lower field as the proportion 
of chlorine was increased (Tables I and II). These observa
tions reflect the result of equilibria which are rapid on the 
nmr time scale, the observed single 19F chemical shift in 
each case being a weighted average of the chemical shifts of 
sulfide and all of the complexed species, weighted according 
to their relative mole fractions in the solution. There is only 
a small effect on the 19F chemical shift of the sulfide-chlo
rine solution when the solvent is changed from methylene 
chloride to acetonitrile. The possibility of equilibria involv
ing nonionic species was indicated by the fact that the max
imum 19F chemical shift of the sulfide-chlorine system is 
much smaller than that of tris(p-fluorophenyl)sulfonium 
perchlorate in methylene chloride as shown in Tables I and 
III. The disparity between the maximum 19F chemical shift 
for the sulfide-chlorine adduct and the single fluorine mul
tiplet of the trichloromercurate of the bis(/>-fluorophe-
nyl)chlorosulfonium cation in acetonitrile," 3617 Hz (64.1 
ppm) downfield from C6F6 (Table II), provides evidence 
that the sulfide-chlorine adduct exists as a nonionic species 
in the equilibrium. 

Equilibrium constants were obtained from the 19F nmr 
data by nonlinear least-squares methods for the equilibria 
shown in eq 1-4 and using the uv-determined values as ini-

Ar2S + Cl2 =F=* Ar2S-Cl2 = i Ar2SCl + Cl" (3) 

Ar2S + Cl2 ^ife Ar2S-Cl2 =4*= Ar2SClCl" (4) 

tial guesses for K\. The sole restraint imposed was that ac
ceptable solutions must show a larger chemical shift for the 
ionic form than for the covalent form. Equations 1 and 2 
provided the best fits to the experimental points. The de
rived equilibrium constants and chemical shifts are given in 
Table IV. 
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Figure 1. The ultraviolet spectrum of bis(p-fluorophenyl) sulfide 5.2 X 
1O-5 M in methylene chloride upon incremental addition of chlorine 
(A to B). The broad maximum at 330 nm is due to free chlorine. 

Discussion 

Both the recovery of bis(p-fluorophenyl) sulfide from the 
low temperature anhydrous chlorination mixture of bis(p-
fluorophenyl) sulfide in methylene chloride and the obser
vation of only one fluorine multiplet for methylene chloride 
or acetonitrile solutions containing various molar ratios of 
bis(p-fluorophenyl) sulfide and chlorine at low temperature 
establish that an equilibrium fast on the nmr time scale ex
ists between the starting materials and adducts. The forma
tion of the sulfoxide upon water quenching of the reaction 
mixture of the sulfide and chlorine, which is consistent with 
the known oxidation of organic sulfides to sulfoxides by 
halogens in aqueous solution,12 suggests that the complex of 
the sulfide and chlorine possesses a true chemical bond. 

The uv data which show an isosbestic point for solutions 
of chlorine and sulfide in methylene chloride indicate that 
there is only one major sulfide-chlorine adduct and provide 
a convenient way for calculation of the equilibrium con
stants for the formation of both covalent, A 1̂, and ionic ad
duct, AY. 

This conclusion is borne out by analysis of the 19F nmr 
data to provide equilibrium constants based on several mod
els. Thus, the equilibrium involving a tight ion pair (eq 4) 
can be excluded on the basis of a much poorer fit of the ex
perimental data than the other models. The equilibrium 
constants derived for eq 3 show a domination by one equi
librium. The facts that the concentrations used for ultravio
let measurement ca. 1O -4 M and 19F nmr studies (ca. 1 M) 
lie at two extreme positions and that the K\ has been calcu
lated from both the ultraviolet spectral data taken at 25° 
and 19F nmr data obtained at low temperature provided in
creased confidence in the validity of the calculated values of 
the equilibrium constants. 

A determination between the ionic or covalent equilibria 
was made on the basis of chemical shift comparison among 
the calculated values, the experimental value for the 19F 
chemical shift of the chlorine-bis(p-fluorophenyl) sulfide 
adduct, and the shift of bis(p-fluorophenyl)chlorosulfon-
ium trichloromercurate generated by the action of mercuric 
chloride on a mixture of chlorine and sulfide. 

In view of numerous successful attempts to trap the car-
bonium ion,13 phosphonium,14 and sulfonium salts15 '16 with 
metal halides or silver salt, we considered that by introduc
tion of a Lewis acid capable of binding chloride ion but not 
sulfide sulfur into our sulfide-chloride solution the adduct 

Journal of the American Chemical Society / 96:24 / Novei 

Table I. Fluorine Chemical Shifts of Solutions of Chlorine and 
Bis(p-fluorophenyl) Sulfide in Methylene Chloride 

[Sulfide], M 

0.798 
1.187 
2.245 
0.798 
1.570 
0.640 
0.600 
0.988 
0.980 
0.839 
0.449 
0.559 
0.495 

[Cl2]/[sulfide] 

0 
0.19 
0.24 
0.35 
0.31 
0.76 
0.71 
0.68 
0.82 
1.02 
1.99 
3.07 
3.22 

S (Hz)" 

2684 
2740 
2749 
2793 
2825 
2942 
2952 
3037 
3067 
3138 
3195 
3202 
3202 

o Chemical shift downfield from internal C6F6; T = —39°. 

Table II. Fluorine Chemical Shifts of Solutions of Chlorine, 
Mercuric Chloride, and Bis(p-fluorophenyl) Sulfide in Acetonitrile 

[Sulfide], M 

0.940 
0.885 
0.681 
0.536 
0.946 
0.553 
1.072 
0.231 
1.04 
0.53 
0.36 
0.28 

[Cl2]/[sulfide] 

0 
0.47 
0.68 
0.80 
1.11 
1.76 
2.98 
4.44 
0 
1.22 
1.97 
1.86 

[sulfide] 

0 
0 
0 
0 
0 
0 
0 
0 
2.06 
0. 
1. 
1. 

99 
00 
86 

5(Hz) 

2733'' 
2862» 
29416 

3039" 
3054' 
3198^ 
321T 
3269<> 
273O6 

3617' 
3628" 
3683" 
3662^ 

" Chemical shift downfield from internal C6F6.
 h At - 5 ° . c Am

bient probe temperature. 

might be converted completely to sulfonium salt associated 
with a nonnucleophilic anion. Alternatively, the chloride ion 
could be substituted by a nonnucleophilic counterion by 
other means. The 19F chemical shift of such a sulfonium 
salt would be expected to be as large as that of tris(p-fluo-
rophenyl)sulfonium salts. Silver fluoroborate was found to 
be unsuitable for our purpose as indicated by the tremen
dous 19F chemical shift of the mixture of the sulfide and the 
silver salt as compared with that of pure sulfide. This in no 
way implies that the cation is not generated but only that 
we would have no way of detecting it. The 19F chemical 
shift of a 1:1 mixture of antimony pentachloride and bis(p-
fluorophenyl) sulfide in liquid sulfur dioxide was found to 
be almost the same as that of the mixture of the sulfide-
chlorine adduct and the Lewis acid (Table V). Although it 
is possible that the complex formation between the phenyl 
ring of the sulfide and the Lewis acid provides the large 
shift, the result does not allow the conclusion that antimony 
pentachloride promotes ionization of the sulfide-chlorine 
complex. 

By contrast to the above attempts, the action of mercuric 
chloride was found remarkable. One fluorine multiplet 
(3617 Hz) was observed for the chlorine-bis(p-fluoro-
phenyl) sulfide adduct with mercuric chloride in acetoni
trile (Table II). Addition of mercuric chloride to the sul
fide, on the other hand, led to a single multiplet at 2730 Hz, 
a position almost the same as that of the sulfide multiplet. 
By analogy to the reported examples in the literature, the 
ready formation of complexes of mercuric halides with ha-
lide ion as indicated from the equilibrium constants'7 has 
led us to the conclusion that we have observed the forma-
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Table III. Nmr Spectra" of 
HA H6 

(F_yO>-)2x 

SHA6 ( H Z ) 

5HBb (HZ) 

JKAF 

JHBT 

-^HAHB 

5F (HZ)* 

- S -

410.80 (m) 
432.95 (rn) 

8.23 
5.28 
9.03 

2684 ± 1= (m) 

Vo 
/ 

429.46 (m) 
459.07(m) 

8.41 
5.17 
8.92 

3017 ± 5' (m) 

X 
0 

V 
/ \ 

O 
431.98 (m) 
479.70 (m) 

8.30 
5.08 
8.88 

3257 ± 2' (m) 

C l O 1 -

446.60 (m) 
477.35 (m) 

7.73 
4.65 
9.11 

3503 ± 2d (m) 

B r -

447.75 (m) 
489.55(m) 

7.65 
4.85 
8.95 

3447 ± 2d (m) 

° Chemical shifts are in hertz downfleld from either TMS (for protons) or hexafluorobenzene (for fluorines).b In CDCl3 with TMS as internal 
standard.c In CH2Cl2 and at -39" .^ In CDCl3 and at ambient temperature. « At 56.4 MHz. 

Table IV. Equilibrium Constants and 19F Chemical Shifts for Chlorine-Sulfide Equilibria 

Solvent T, 0C 106Xi, M~ 5(Ar2SX2)" X i " 5(Ar2SX)' K1 5(Ar2SX)'" 5(Ar2SXX)' 

Ox^C-l^0 

Ori2C_-l2 

CH2Cl2 
CH2Cl2 
CH2Cl2" 
CH2Cl2

6 

CH3CN" 
CH3CN 
CH3CN 
CH3CN 

-39 
-39 
- 3 9 
-39 

25 
25 

- 5 
- 5 
- 5 
- 5 

4.47 ± 0.4 

3.63 ± 0.2 
4.04 ± 0.0 
4.04 ± 0.4 

4.43 ± 7 

19.1 ± 3 
3.93 ± 1.30 

3172 ± 16 

3135 ± 172 
2964 ± 6.9 X 106 

3124 ± 38 

3085 ± 394 
2795 ± 1.56 X 106 

17.45 ± 0.0 3186 ± 31 

17.46 ± 1 

17.45 ± 0 3173 ± 71 

0.11 ± 0.0 3254 ± 330 
16.93 ± 0.0 3190 ± 4.08 X 104 

0.11 ± 0.0 3102 ± 741 
16.93 ± 0.0 3152 ± 9.2 X 104 

° Calculated according to eq 1 which gave the best description of chlorine-sulfide equilibria.b Obtained from uv data.c H2 downfleld from 
C6F6. 

Table V. 19F Nmr Chemical Shifts at -15° of SO2 Solutions 
of Chlorine, Bis(p-fluorophenyl) Sulfide, and Antimony 
Pentachloride 

[Sulfide], M [Cl2]/[sulfide] 
[SbCl5]/ 
[sulfide] 5(Hz) 

1.115 
1.539 
0.564 

0 
0 
1.12 

0 
1.5 
1.35 

2793 
3850 
3799 

tion of bis(p-fluorophenyl)chlorosulfonium trichloromercu-
rate. It is noted that the 19F chemical shift of this trichlo-
romercurate is comparable to that of tris(/>- fluorophe-
nyl)sulfonium salt as expected. The observed disparity be
tween the calculated (3124 Hz) and experimental (~3200 
Hz) maximum 19F chemical shift for the chlorine-bis(p-
fluorophenyl) sulfide adduct and the 19F chemical shift of 
the trichloromercurate of the bis(/>- fluorophenyl)chlorosul-
fonium cation provides convincing evidence that the sulfide-
chlorine adduct exists as a nonionic species in the equilibri
um, and this disparity seems too large to be accounted for 
by a difference in charge dislocations in contact ions. 

Therefore, our observations lead us to the conclusion that 
the following equilibrium involving a covalent or charge 

Ar2S + X2 =5=*= Ar2SX2 

transfer type adduct is the best description "of the process in 
solution containing bis(/> -fluorophenyl) sulfide and chlorine 
in aprotic solvents such as methylene chloride or acetoni-
trile. The equilibrium constants (4.47 XlO5 and 4.43 X 105 

M~') in Table IV are of comparable magnitude to the 

values indirectly obtained by Modena, et al.,'8 in their 
studies of the oxidation of the alkyl aryl sulfides to sulfoxide 
by bromine in methanol-water. Solvent independence of the 
equilibrium constant and the chemical shift of the sulfide-
chlorine adduct emphasizes the nonionic nature of the ad
duct. The difference between the maximum 19F chemical 
shift of the methylene chloride solution of sulfide and chlo
rine (3202 Hz) at high chlorine concentration and the cal
culated 19F chemical shift (3172 Hz) of the sulfide-chlorine 
complex in the same solvent could be due to a medium ef
fect arising from the high molar ratio of chlorine to sulfide 
or the modification of the solvent by chlorine. 

Experimental Section 

General. Melting points and boiling points are uncorrected. In
frared spectra were determined using a Perkin-Elmer spectropho
tometer. Vpc analyses were carried out on an Aerograph Model 
200B vapor phase chromatograph using helium as the carrier gas 
and columns containing 20% of either FFAP or SE-30 on 60-80 
mesh acid-washed Chromosorb-W. Optical densities were mea
sured in 1-cm matched quartz cells with a Cary 14 spectrophotom
eter using a thermostated cell compartment with the sample tem
perature maintained at 25 ± 0.1°. All sample solutions were pre
pared with freshly distilled spectrograde methylene chloride just 
prior to use. Four scans were obtained for each determination, and 
an average value was taken. 

The 19F nmr measurements were carried out with a Varian 
Model V-4311 spectrometer, operating at 56.4 MHz, equipped 
with a variable temperature probe. Frequency measurements were 
made by the usual audio side band interpolation technique using 
hexafluorobenzene as an internal reference. A Hewlett-Packard 
Model 200 CD wide range oscillator was used to produce a side 
band of the reference signal, and the frequency of the output signal 
was monitored with a Monsanto Model 100A frequency counter. 
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All side band frequencies are accurate to ±1 Hz. Spectra were re
corded with a Varian Model G-IO graphic recorder. Temperature 
measurements were made with an external thermocouple calibrat
ed against a thermocouple in the sample position and are consid
ered accurate to ±1° . Spectrograde methylene chloride or acetoni-
trile was used as solvent. 

Bis(p -fluorophenyl) Sulfoxide by the Friedel-Crafts Method. 
The method used by Leonard, et al.,'9 was adopted to prepare 
bis(p-fluorophenyl) sulfoxide. Several recrystallizations of the 
crude sulfoxide from pentane or sublimation at 35-40° (13 mm) 
gave fine white needles: mp 50-51° (lit. mp 50.5°,19 70°20); 
XinfCH2ci2 250 nm (e 220); < w K B r 3090, 3060, 1583, 1484, 1396, 
1290, 1213, 1154, 1148, 1088, 1072, 1045, 1003, 959, 940, 835, 
810, 526, 513, 447 cm"1 . Nmr data are shown in Table III. 

Bis(/J-fluorophenyl) Sulfide. A solution of bis(p-fluorophenyl) 
sulfoxide (6.27 g, 0.024 mol) in 35 ml of anhydrous tetrahydrofur-
an was added dropwise into a stirred solution of lithium aluminum 
hydride (1.52 g, 0.040 mol) in 50 ml of anhydrous THF under a 
stream of nitrogen. When the addition was complete, the mixture 
was heated under reflux for 10 hr, then it was cooled to room tem
perature. Unreacted lithium aluminum hydride was destroyed by 
slow addition of 4 ml of water and 2.4 ml of 10% aqueous sodium 
hydroxide solution. The liquid phase of the clarified mixture after 
30 min of stirring was separated by filtration, and the solid was 
washed several times with THF. The original colorless filtrate and 
washings were combined, and the whole was evaporated to remove 
THF. Fractional distillation of the remaining viscous residue pro
vided 2.40 g (43% yield) of bis(/?-fluorophenyl) sulfide: bp 102-
103° (1.3 mm) (lit. bp 136-137° (9 mm),19 133-135° (7 mm)21); 
n20D 1.5853; XmaxCH2Cl2 248.5, (« 9750), 272.5 nm (t 4970); 
"m axK B r 3063, 1485, 1393, 1227, 1152, 1088, 1080, 1010, 823, 640, 
623, 522 cm - 1 . Nmr data are given in Table III. 

Bis(p -fluorophenyl) Sulfone from the Oxidation of Bis(p-fluoro
phenyl) Sulfoxide with m -Chloroperbenzoic Acid. A solution of 
7.85 g (0.033 mol) of bis(p-fluorophenyl) sulfoxide in 90 ml of 
chloroform was added dropwise into a stirred solution of 5.75 g 
(0.033 mol) of m-chloroperbenzoic acid in 160 ml of chloroform 
maintained between —5 and —10°. After the addition was com
pleted, the mixture was allowed to warm to room temperature. The 
white precipitate of /rc-chlorobenzoic acid accumulated overnight 
was removed by filtration and washed with chloroform. The com
bined filtrate and washings were then extracted with 100 ml of 
10% sodium carbonate solution in one portion. The chloroform 
layer was separated, dried, filtered, and concentrated under vacu
um to afford 6.2 g (74% yield) of crude bis(/>-fluorophenyl) sul
fone, which was recrystallized from ethanol as colorless needles: 
mp 98-99° (lit.19 mp 98-98.5°); Xmax

CH2Cl2 236.6 (t 1650), Xinf 

260 nm (e 1480); Xmax
KBr 3100, 3062, 3020, 1583, 1488, 1402, 

1290, 1233, 1152, 1097, 1067, 1012,832,810,710,673,627,544, 
490 c m - ' . Nmr data are given in Table V. 

Tris(p-fluorophenyl)sulfonium Salts from the Reaction of Aryl 
Grignard Reagent with Bis(p -fluorophenyl) Sulfoxide.22 A solution 
of 10.98 g (0.04 mol) of bis(p-fluorophenyl) sulfoxide in 100 ml of 
dry benzene was added slowly to 200 ml of a clear, dark brown 
benzene solution of p-fluorophenylmagnesium bromide, prepared 
under nitrogen from 37.92 g (0.21 mol) of magnesium turnings 
and 200 ml of dry ether, which was then replaced with the dry ben
zene. After the addition was completed at room temperature, the 
mixture was heated under reflux under nitrogen for 24 hr. The re
sulting mixture, which contained a yellow precipitate, was cooled 
to 0° and hydrolyzed with a solution containing 14 ml of hydrobro-
mic acid (specific gravity 1.38) and 14 ml of water. The benzene 
layer was separated and extracted three times with 150-ml por
tions of aqueous 5% hydrobromic acid, the aqueous layer from hy
drolysis and the extracts were combined and extracted with three 
200-ml portions of chloroform. The combined chloroform extracts 
were dried over anhydrous sodium sulfate, filtered, and concentrat
ed to dryness to yield 2.16 g (13% yield) of a brown oil which solid
ified on standing at room temperature. Dissolution of the solid in 
methylene chloride and subsequent addition of ether resulted in the 
formation of crystals. Recrystallization from methylene chloride-
ether gave pure tris(p-fluorophenyl)sulfonium bromide, colorless 
cubic crystals: mp 215.5 216.5°; Xn,.^"2"2 237 (e 26,830), Xinf 

265 (( 10,300), Xsh 273 nm (e 6060); X m „ K B r 3085, 3019, 1580, 
1490, 1404, 1297, 1235, 1160, 1100, 1069, 1007, 843, 813, 520, 
453, 435 cm - 1 . Nmr data are shown in Table III. Upon the addi

tion of silver nitrate solution to the aqueous solution of the sulfoni-
um salt, silver bromide was formed immediately. 

A solution of 0.21 g (1.50 mmol) of potassium perchlorate in 10 
ml of water was added to a stirred solution of 0.5 g (1.26 mmol) of 
tris(p-fluorophenyl)sulfonium bromide in 10 ml of water. After 
warming and digesting the solution, 0.44 g (85% yield) of colorless 
crystals were obtained. Recrystallization from a mixture of ace
tone and ether gave colorless fine needles of tris(/>-fluorophe-
nyl)sulfonium perchlorate: mp 175-176°; Xmax

CH2Cl2 238 (e 
14,800), Xi„f 265 U 5920), Xsh 273 nm (« 3120); Xmax

KBr 3085, 
3017, 2970, 1580, 1487, 1401, 1295, 1233, 1160, 1097, 1005, 840, 
812, 520, 450 cm"1 . Nmr data are given in Table III. 

Anal. Calcd for C1 8Hi2F3SClO4 : C, 51.95; H, 2.90; F, 13.70; S, 
7.69; Cl, 8.54. Found: C, 51.65; H, 2.83; F, 14.64; S, 7.86; Cl, 8.46. 

The sulfonium salts gave blue, chloroform-soluble precipitates 
upon the addition of an acidic aqueous solution containing cobal-
tous ion and excess thiocyanate ion. 

Concentration Calibrations and Molar Extinction Coefficient of 
the Chlorine-Bisfp-fluorophenyl) Sulfide Adduct. A methylene 
chloride solution which contained a known amount of bis(p-fluoro-
phenyl) sulfide and gave a suitable absorbance reading was treated 
with a small drop of concentrated chlorine solution in the sample 
cell; the ultraviolet spectrum was taken. The optical densities at 
the isosbestic point (Xj 243.5 nm) plotted against the concentra
tions of the corresponding sulfide solution provided a calibration 
curve for total sulfide. The optical densities of chlorine solutions of 
known concentration in methylene chloride at 330 nm were used to 
prepare a calibration curve. Chlorine concentrations of the stan
dards were established by titration against sodium thiosulfate solu
tions of known concentration. 

The optical densities at 272.5 nm, A212-5, of three samples of 
the complex of bis(p-fluorophenyl) sulfide with chlorine in methy
lene chloride were used to calculate the molar extinction coeffi
cient using the standard equation assuming that the sulfide can be 

C st = C s + C a c (5) 

A2 7 2"5 = [ C s e s + Cscesc]b (6) 

completely converted into its chlorine complex by addition of an 
excess of chlorine, i.e., C s = 0. C s is the concentration of bis(p-flu-
orophenyl) sulfide, Cs t is the sum of the concentrations of the sul
fide and its chlorine complex, C s c and es and esc are the correspond
ing molar extinction coefficients, and b is the cell path length in 
centimeters. The optical densities of the complex at various con
centrations were obtained by treating sulfide solutions of known 
concentration repeatedly with extremely small amounts of concen
trated chlorine solutions until the optical densities remained con
stant. 

Ultraviolet Measurement of the Reaction of Bis(p -fluorophenyl) 
Sulfide and Chlorine in Methylene Chloride. A dilute chlorine solu
tion in methylene chloride with optical density at 330 nm below 0.1 
was prepared in a volumetric flask. From the calibration curve of 
chlorine concentration the concentration of chlorine in this solution 
was obtained. Then a known amount of bis(/?-fluorophenyl) sul
fide, obtained by weight differences, was added into the chlorine 
solution by microsyringe, and the solution was shaken thoroughly. 
The solution was diluted according to the amount of bis(p-fluoro-
phenyl) sulfide added so that the optical density at the isosbestic 
point would be less than 1. The ultraviolet spectra of several dilut
ed solutions were then taken. The concentration of initial bis(p-flu-
orophenyl) sulfide in each diluted solution was obtained from the 
calibration curve of total sulfide concentrations. 

The concentration of the complex, Cx, was evaluated by solving 
eq 5 and 6. Equilibrium constants were calculated using both of 
the following equations where C a 2 is the concentration of chlorine 
at equilibrium. 

Ki = j ^ - (7) 
1-8^012 

K1' = ^ - (8) 

Procedures for Preparing Bis(p -fluorophenyl) Sulfide-Chlorine 
Nmr Samples. About 0.2 ml of spectrograde methylene chloride or 
spectrograde acetonitrile and a few drops of internal standard, 
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hexafluorobenzene, were weighed separately into an nmr tube con
taining a known amount of bis(/»-fluorophenyl) sulfide. The chlo
rine solution was prepared by introducing chlorine into dry methy
lene chloride in a reservoir bottle which was cooled externally with 
a Dry Ice-acetone mixture and was equipped with an automatic 
buret with attached drying tube. The concentration of the chlorine 
solution was approximately determined by titration and the re
quired volume of chlorine solution for the known amount of sulfide 
was calculated. The desired volume (ca. 0.2-1.5 ml) of chlorine so
lution was added into a cooled nmr tube, modified with a joint so 
that a small drying tube could be attached during sealing, and the 
very first and the last portions of chlorine solution from the same 
batch were withdrawn from the buret for obtaining the exact con
centration of chlorine iodometrically. The volume was adjusted 
with methylene chloride or acetonitrile in a level corresponding to 
about 0.5 ml of liquid. The total weight of solvent was obtained 
gravimetrically. The nmr tube was then sealed and stored in Dry 
Ice-acetone mixture. 

Bis(/?-fIuorophenyl)chlorosulfonium Trichloromercurate. After 
4.56 X 10-2 g (6.44 X 10-4 mol) of chlorine in spectrograde aceto
nitrile had been added to 0.0728 g (3.28 X 10~4 mol) of bis(p-flu-
orophenyl) sulfide in an nmr tube below 0° as described above, 
0.0884 g (3.25 X 10~4 mol) of mercuric chloride in a known 
amount of acetonitrile was added to the solution in a glove bag. 
The nmr tube was then sealed and stored in a Dry Ice-acetone 
mixture until the nmr spectrum could be obtained. 

Attempted Use of Silver Fluoroborate and Antimony Pentachlo-
ride as Stabilizers of the Sulfide-Chlorine Adduct. After 0.1 ml 
(0.23 g, 7.6 X 10 -4 mol) of antimony pentachloride was added 
with a syringe into a solution of 0.125 g (5.64 X 1O-4 mol) of sul
fide and a known amount of methylene chloride in an nmr tube 
below 0°, a chlorine solution (0.044 g, 6.34 X 10 -4 mol) in methy
lene chloride was added into the solution. The nmr tube was then 
sealed and stored in the refrigerator. This 19F nmr spectrum 
showed almost the same chemical shift, 3800 Hz, as that of the 1:1 
mixture of sulfide and antimony pentachloride, 3850 Hz. 

About 0.2 ml of spectrograde methylene chloride and a few 
drops of hexafluorobenzene were weighed separately into an nmr 
tube containing 0.0977 g (4.39 X 1O-4 mol) of bis(/)-fluorophenyl) 
sulfide. A known amount of silver fluoroborate (0.0755 g, 3.88 X 
1O-4 mol) was added into the nmr tube in a glove bag. After the 
volume of the solution had been adjusted with methylene chloride, 
the' nmr tube was sealed. The 19F nmr spectrum of this sample so
lution showed a multiplet for the sulfide at 2885 Hz as well as a 
singlet for fluoroborate at 712 Hz downfield from the internal 
standard. 

Water Quenching of Reaction Mixture of the Sulfide and Chlo
rine. After bis(/?-fluorophenyl) sulfide (0.1 1 g, 5.00 X 10 -4 mol) 
was treated over 30 min in 20 ml of methylene chloride with 0.11 g 
(1.53 X 10~3 mol) of chlorine below 0°, water, 10 ml, was added 
to the mixture with resultant formation of a yellowish precipitate. 
The precipitate was collected by filtration, washed with water, fil
tered, and dried. The infrared spectrum of the white solid showed a 
strong band at 1040 cm -1, which was identical with that of bis(p-

fluorophenyl) sulfoxide. 
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