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The common ion effect in sulfenylhalogenation of alkenes in formic acid 
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The reactions of 2,4-dinitrobenzenesulfenyl chloride with cyclohexene and allylbenzene 
in formic acid were studied. In this solvent, the reaction yields solvo-adducts and the 
products of addition of the reagent to the double bond. The reaction follows kinetics of  the 
second order, first order with respect to each reagent. The hydrogen chloride evolved in the 
reaction has no effect on the overall rate of the process but sharply decreases the rate of  
accumulation of solvo-adducts due to the common ion effect. In the reaction with 
allylbenzene, the yield of the solvo-adduct can vary under the action of HCI from 88,~ at low 
degrees of reagent conversion to 30% when the reaction is complete. 
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It was shown previously t - 3  that the use of formic 
acid as the solvent in reactions with alkenes favors an 
increase in the effective electrophilicity of sulfenyl ha- 
lide. For example, the reactions of  sulfenyl halides with 
cyclooctene result in the format ion of products of trans- 
annular rearrangement I a long with the product of nor- 
mal trans-addition, while the  Wagner--Meerwein rear- 
rangement occurs with such reagents as norbomene, z 
3 ,6-dimethoxynorbornadiene,  3 and tetrafluorobenzo- 
barrelene. 3 It is important that  the formation of prod- 
uets of addition to the double bond in formic acid occurs 
to a considerable extent with the participation of a 
solvent. In particular, the react ion of cyclohexene with 
2 ,4 -d in i t robenzenesu l feny l  chloride (DNBSC)  in 
HCOOH results in the format ion of the product of  
solvo-addition, formate 2 (50%), ! along with chloro- 
sulfide 1 (40%), unlike the react ion in acetic acid, where 
solvo-addition does not occur .  4 

RSCl HCOOH 

( ~  + ~ + HCI 

RS CI RS OCHO 
1 2 

R = 2,4-(NO~)2CsH 3 

it was supposed I-3 tha t  in such a strongly ionizing 
and dissociating solvent 5 as formic acid the reaction can 

involve a free episulfonium ion, w h i c h  is in equilibrium 
with the solvate-separated ion pair .  T h e ' i o n  pair is 
transformed to ehlorosulfides, and  the episulfonium ion 
is transformed to the products o f  solvo-addit ion.  

In light of  these concepts, t h e  substantial effect o f  
addition of a common ion on t h e  product  distribution 
should be expected. In fact, addi t ion  o f  lithium chlor ide 
for a ratio of  LiCI : DNBSC = 5 : 1 and concentrat ion 
of LiCI of 1--3 tool L -I results i n  the almost comple te  
suppression of  solvo-addition, i,z H o w e v e r ,  for such high 
concentrations of the additive a n d  taking into account  
the low nucleophilicity of formic acid, 6 this result c an  
be due to the reaction of lithium chloride directly wi th  
the ion pair. 

Taking into account the facts  presented above, we 
studied the reaction of DNBSC w i t h  cyclohexene unde r  
kinetically controlled conditions and at lower c o n c e n -  
trations of LiCI, as well as the r e a c t i o n  of DNBSC wi th  
allylbenzene (3). As in the c a s e  of  cyclohexene, the 
reaction of DNBSC with a l ly lbenzene  in formic acid 
gives the sotvo-adduct (Scheme 1). The products of  
addition of the reagent form agaitast (4a) and according 
to the Markovnikov rule (4b) in t h e  ratio of I : 1, whi le  
solvo-adduct 5 only forms accordi  ng to the Markovnikov 
rule. It is noteworthy that the s i m i l a r  reaction in ace t ic  
acid results only in adducts 4a ,b .7  

Experimental 

IH NMR spectra were recorded on a Tesla B3-487C 
instrt,ment with a working frequency of SO MHzusing HMDS 
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Scheme I 

CH2CH:CH 2 CH2CHCH- CH^CHCH^ 
I I z '~ I 

RS CI (~I SR 
3 4a 41) 

CH^CHCH_ 
Z l  I z 

OHCO SR 

5 
R = 2,4.-(NO2)2C6H3 

HCI 

as the internal standard. 1R spectra were recorded on a Perkin- 
Elmer 180 instrument. 

Anhydrous acetic acid and LiCIO 4 were prepared as de- 
scribed previously. ~l Commercial  formic acid was dried for 
several days over B203, distilled over anhydrous CuSO4, and 
fractionally recrystatlized three times. ~ The purity of  reagents 
was controlled by GLC on a Tsvet-530 instrument (column 
3 m long, kathammeter  as the detector, He as the carrier-gas, 
10% SKTF-50 on C h r o m a t o n  as the stationary phase, 
T = 105 ~ 2,4-Dinitrobenzenesulfenyl chloride was pre- 
pared by a procedure described previously, t0 

The kinetic measurements were carried out at 25 ~ with 
initial concentrations of  reagents equal to 0.02--0.04 tool L - l .  
The reaction rate was monitored by the consumption of 
DNBSC, and the ratio o f  products was determined from the 
evolution of HCI. 

Since the reaction with cyclohexene lasts for 5--10 rain, 
the kinetic experiments were carried out in a ~.-like reactor. 
Thermostatted 0.04 M solutions of olefin and DNBSC (2 mL 
of each solution) were placed in different bends of the reactor, 
the bends were closed with a ground plug, and the solutions 
were mixed by vigorous shaking. This method ensured mixing 
of the reagents for 1--2 s. After the necessary time (from 30 s 
to I0 min), a 5--10% solution (10 mL) of KI was added to 
the reaction mixture, the solution obtained was quantitatively 
transferred to a titration flask, and the content of DNBSC was 
determined by titration with a 0.005 M solution of Na~_S203. 

When the reaction with allylbenzene was studied, sohttions 
of sulfenyl halide and allylbenzene of specified concentrations 
in the acid were prepared in volumetcic 50-mL flasks. Addi- 
tives of LiCI or LiCIO 4 were placed in the flask containing a 
solution of olefin. The solutions prepared were thermostated 
for 10--15 rain at 25 ~ then a sample (2 mL) was taken 
from a solution of DNBSC,  the initial concentration of DNBSC 
was determined, the remaining portion was mixed rapidly with 
a solution of olefin in the thermostated reactor, and some later 
the samples were taken for determination of the content of 
DNBSC and HCI evolved. For analysis of HCI, an aliquot 
(5--10 mL] was added to anhydrous AcOH (20--25 mL), and 
the solution was titrated with a 0.01 M solution of potassium 
biphthalate in anhydrous AcOH. The equivalence point was 
determined on an EV-74 universal ionometer using glass and 
Ag/AgCI electrodes. The  error of the analysis for [HCI] = 

0.10-0.01 mol L -t was 5--7%. The presence of DNBSC and 
reaction products did not change  the results of the analysis. 

To isolate the reaction products, a 0.12 M solution of 
DNBSC in HCOOH (25 mL) was mixed with a solution of 
allylbenzene (25 mL) of the  same concentration, and the 
resulting solution was left for 2 h at 25 ~ The  reaction 
mixture was poured in water and extracted with chloroform. 
The organic layer was separated and dried over MgSO 4. The 
solvent was removed t, nder low pressure, and a mixture of 
products (0.73 g, 71,%) was obta ined.  TLC showed a spot with 
R r 0.27 assigned to compound 5 and two spots of  equal 
intensities with Rf 0.73 and 0.78 assigned to adducts  4a,b, 
which were isolated as a mixture (0.36 g, 49%). The IH NMR 
spectra of compounds 4a,b are identical to those described 
previously. 7 1- (2,4- Dinitrophenylthio)-2- formyloxy-3-phenyl- 
propane (5) was isolated as an oil (0.14 g, 19%), which was 
crystallized by treatment with cold hexane. The crystals were 
washed on a glass filter with cold chloroform, and a sample 
with m.p. 165.0--166.5 ~ was obtained. Found(%)" N, 7.69; 
S, 8.78. CI6Ht3N206S. Catctt lated (%): N, 7.76; S, 8.86. 
IR (CCI4), v/era-t :  1725(C---O). IH NMR(CDCI3) ,  ~: 3.2-- 
3.3 (m, 4 H, 2 CH2); 5.3 (m,  I H, CH). 

Results a n d  Discuss ion  

We es tabl i shed  that  i n  t h e  react ion o f  D N B S C  
(0 .015- -0 .300  tool L - l )  w i t h  a two- th reefo ld  excess  of  
cyc lohexene ,  for 100% c o n v e r s i o n  of the r e a g e n t  the  
yield of  fo rmate  is equal t o  5 1 - - 5 3 % .  The a d d i t i o n  of  
LiC! (0 .02- -0 .04  tool L - t )  exer t s  a very s l ight  e f fec t  on 
the  rat io o f  the  products ( 4 7 - - 5 0 %  yield of  2) .  

The  fol lowing facts s h o u l d  be  taken into a c c o u n t  in 
the  s tudy of  the  kinetics a n d  c o m p o s i t i o n  o f  t h e  p rod-  
ucts of  the  react ion of D N B S C  with alkenes, in  formic  
acid. It was repeatedly m e n t i o n e d  that  sul fenyl  hal ides  
decompose  in formic acid.  l - - 3 ' l t  Never the less ,  t h i s  sol- 
ven t  can be used for s u l f e n y l h a l o g e n a t i o n  o f  a lkenes ,  
because the  rate of d e c o m p o s i t i o n  of  the  r e a g e n t  is 
substant ia l ly  lower than t h e  ra te  of  its r e a c t i o n  with 
unsa tu ra ted  compounds ,  t - 3  T h i s  c i r c u m s t a n c e  b e c o m e s  
i m p o r t a n t  for quanti tat ive s t u d i e s .  The  s ta t is t ica l  da t a  on  
the  results of  100 expe r imen t s  s h o w e d  that  w h e n  D N B S C  
is dissolved (dur ing 15--20 r n i n )  in a ca lcu la ted  c o n c e n -  
t ra t ion  equal  to 0 . 0 2 - - 0 . 0 4  tool  L -1, its c o n t e n t  de-  
creases to 90 - -93% of the i n i t i a l  content .  Af te r  ho ld ing  
the  solut ion for 2 h at 2 5  ~  the c o n c e n t r a t i o n  of  
D N B S C  decreases  a p p r o x i m a t e l y  to 80% of  t h e  initial 
concen t r a t i on  (Fig. I). T h e r e f o r e ,  all e x p e r i m e n t s  were 
carr ied out  immediately a f t e r  dissolut ion o f  D N B S C  
with s imul t aneous  control  o f  its conten t ,  w h i c h  was 
taken  as the initial c o n c e n t r a t i o n .  

It was also necessary to r e v e a l  whe the r  HCI is fo rmed  
in decompos i t i on  of D N B S C .  Potez~tiometric t i t r a t ion  
of  the products  of d e c o m p o s i t i o n  of D N B S C  ( a t  initial 
concen t r a t i ons  from 0.02 t o  0.10 tool L - t )  in  fo rmic  
acid with potassium b i p h t h a l a t e  showed a s m o o t h ,  wi th-  
ou t  jumps ,  change  ia the  potent ia l ,  and t he  t i t r a t ion  
curve had the same s h a p e  as in the absence  o f  these  
products.  It follows that H C I  is not  a product  o f  d e c o m -  
posi t ion of  D N B S C  iJ~ fo r r ' n i c  acid, and its c o n t e n t  in 
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Fig. 1. Curves of the change in the concentration of DNBSC 
in HCOOH (/) and in the reaction with allylbenzene (2) at the 
initial concentration of 3 equal to 0.046 tool L -I. 

Table !. Dependence of the concentrntion of HCI and relative 
yield of formate 5 on conversion of reagents in the reaction of 
allylbenzene with DNBSC in formic acid 

C 0" = 0.02 tool L -I C o" = 0.04 tool L -i 

Con- [HCI] �9 102 Yield of Con- [HCI]. 102 Yield of 
version /tool L -I HCI and version /tool L -! HCI and 
(%) 5 (tool.%) (%) 5 (tool.%) 

24.5 4.3 88 13.2 4.6 87 
25.0 4.3 86 17.5 5.6 80 
44.1 6.8 77 19.3 5.5 71 
53.3 7.0 66 36.8 8.6 58 
59.3 8.6 72 47.4 7.7 41 
67.7 8.3 61 59.9 II.0 46 
78.6 10.2 65 65.8 9.8 37 
97.8 12.2 62 75.0 13.5 45 
100.0 13.0 65 81.O 9.9 31 

100.O 12.4 31 

* Initial concentrations of reagents. 

the reaction mixture makes it possible to estimate the 
relative yield of the solvo-adduct.  

The rate of  the reaction o f  DN BSC with cyclohexene 
is described by a second-order  equation (by a first-order 
equation with respect to each reagent) with a rate con- 
stant of k = 0.98_+0.11 L tool -I  s -i .  The addition of  
LiCIO 4 or LiCI does not change  the reaction rate con- 
stant within the experimental  error: k = 1.06+_0.13 and 
1.03-+0.12 L tool -I s - l ,  respectively. This indicates, on 
one hand, that salts have no effect like Lewis acids on 
the limiting stage of the reaction (unlike, e.g., the 
reaction in acetic acidS,tz), and on the other hand, the 
common ion added does not slow the reaction rate. The 
latter indicates that the first limiting stage of the reac- 
tion is irreversible and unambiguously rules out the 
mechanism with preliminary dissociation of DNBSC, 
which was suggested previously as highly improbable, t,2 

A question arises: what is a reason for the absence of 
a noticeable effect of LiCI on the relative yields of 
products 1 and 27 We supposed that the reason for this 
is the more pronounced effect  of  the HCI evolved on the 
ratio of products. In formic acid, HCI is a strong acid 
with pK 0.89 13 (in water PKHc I 0.80 13). When the 
concentration is equal to 0.01 tool L -I,  97% of the 
hydrogen chloride in formic acid is dissociated. There- 
fore, the Ct-  anions formed by the reaction of formation 
of the solvo-adduct can a l ready have the common ion 
effect for low degrees of convers ion of the reagents, and 
this effect should increase as conversion of the latter 
increases. Since the reaction of  cyclohexene with DN BSC 
occurs very rapidly even for  concentrations of the re- 
agent equal to 0.005--0.01 tool L -I, we checked this 
assumption using the r e a c t i o n  of DNBSC with 
aliylbenzene as an example.  It was established that the 
concentration of HCI increases  during the reaction, 
however its relative content  in the products (equal to the 
content of formate 5) decreases  (Table 1). 

Yield of (%) 
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0 �9 �9 

80 o .  �9 

70 
l 

60 ~L.... " ~ "  ; 
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~  

i , I I A , I D , J 

0 20 40 60 80 
Conversion of DNBSC (%) 

Fig. 2. Dependence of the yield of formate 5 on conversion of 
DNBSC in the reaction with allylbenzene in HCOOH at 
different initial concentrations of reagents: [DNBSC]0 = [3] 0 = 
0.02 (.I) and 0.04 tool L -I (2). 

It can also be seen from tile d a t a  in Table I that for 
high degrees of conversion, the relat ive content of  for- 
mate 5 formed depends on the itnitial concentrations of 
the reagents. For example, for 100% conversion, the 
content of formate is equal to 31 and 65% for initial 
concentrat ions  of the r eagen t s  equal  to 0.04 and 
0.02 tool L - i ,  respectively. T h i s  fact is additional evi- 
dence of a decrease in the rate of" formation of formate 5 
due to the HCI evolved. The d e p e n d e n c e  of the yield of  
products of solvo-addition on t h e  initial concentrations 
of the reagents in sulfenylhalolgenation of alkenes in 
formic acid was observed p rev ious ly . i -3  

The curves of the change m t h e  yield of solvo-adduct 
5 at different degrees of convers ion  of the reagents for 
initial concentrations equal to 0 .02 and 0.04 tool L -I 
are presented in Fig. 2. When t h e  conversion decreases, 
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Table 2. Kinetics of consumption of DNBSC and second- 
order rate constant in the reaction with allylbenzene 
([DNBSCI0 = 0.018 tool L -I,  [310 = 0.021 tool L -I)  

t/s [DNBSC] �9 102 k" 102 
/mol L -r /L tool -t  s -~ 

490 1.56 1.33 
1308 1.27 1.42 
1920 1.09 1.48 
2250 1.01 1.49 
3195 0.83 1.54 
4254 0.74 1.40 
5400 0.61 1.43 
7200 0.50 1.39 
10800 0.31 1.52 

Note:. kay = (1.444-0.02)" 10 -2 L mol -I s -t.  

the curves converge ,  and their  extrapolation to zero 
gives c o m p o u n d  5 in a - 9 7 %  yield. Thus, the assump- 
tion that the HCI evo lved  has an effect on the ratio of  
the products o f  the reac t ion  of  D N B S C  with allylbenzene 
is exper imenta l ly  con f i rmed .  

The  rate o f  the reac t ion  o f  DN BSC with allylbenzene 
obeys a s e c o n d - o r d e r  equa t ion  and a first-order equa- 
tion with respect  to e a c h  reagent.  The results of a typical 
exper iment ,  which s h o w  that the observed rate constant  
is unchanged during the  exper iment ,  are presented in 
Table 2. This is also s e e n  in the experiments performed 
for different ratios o f  reagents  (Table 3), although de- 
composi t ion  o f  D N B S C  should make the kinetics of  the 
process more compl i ca t ed .  The kinetic curve o f  con- 

sumpt ion o f  DNBSC in the react ion with a l ly lbenzene  is 
also presented in Fig. 1 for compar ison.  T h e  rate of  
decompos i t ion  of  DNBSC is approximately t h e  same, 
and its contribution to the overa l l  rate of c o n s u m p t i o n  
o f  D N B S C  is low. Probably, this c i rcumstance  intro- 
duces an error only in the de t e rmina t i on  of the numer i -  
cal value o f  the reaction rate  cons tan t  but exerts  almost  
no effect on the character o f  t he  kinetic regularity.  

As in the reaction with c y c l o h e x e n e ,  addi t ion o f  LiCI 
o r  LiCIO 4 has no effect on t h e  overal l  rate of t he  process 
(see Table 3). Thus, in th is  case,  replacement  o f  the 
substrate does not change t h e  kinet ic  regularities o f  the 
reaction.  

Addit ional  evidence of  t h e  irreversibility o f  t he  first, 
l imiting,  stage is the re tent ion  o f  second-order  kinetics 
up to high degrees of c o n v e r s i o n  of  the reagents  under  
the condi t ions  of  accumula t ion  o f  CI- .  Thus, t h e  com-  
m o n  ion effect occurs in fast  stages that d e t e r m i n e  the 
distribution of  the products.  Taking  into a c c o u n t  the 
strongly ionizing properties o f  the  solvent, w h i c h  favor 
dissociat ion,  it can be a s s u m e d  that the reac t ion  pro- 
ceeds through formation of  ep i su l fon ium ion 8, wh ich  is 
in equil ibr ium with ion pairs  6 and 7 (Scheme 2). As a 
result, the ion pairs are t r a n s f o r m e d  to chlorosulf ides ,  
and episulfonium ion 8 is t r a n s f o r m e d  to the p roduc t s  of  
solvo-addi t ion.  

The  kinetic analysis of S c h e m e  2 under t he  s teady- 
state approximat ion leads to  Eq. ( I ) ,  according to  which 
the ratio o f  the yield of  ch lo rosu l f ides  ( [CI-S])  to the 
yield of  formates  ([Form]) l i nea r ly  depends on the  con-  
centrat ion of  C I -  ions. 

Table 3. Kinetic data for the reaction of altylbenzene with DNBSC in formic acid 

[DNBSC]o"  102 [310' l02 {31o ILiCl l  [LiCIO4] k "  102 

tool I. -t [DNBSC f) tool L -a /L ,11ot -I s -t 

1.80 2.08 1.16 -- -- 1.50 
1.51 3.47 2.30 -- -- 1.57 
0.87 2.10 2.4! -- -- 1.47 
1.99 4.57 2.30 -- 0.1 1.62 
1.72 4.05 2.35 -- 0.2 1.64 
1.79 3.95 2.21 0.1 - 1.61 
1.82 4.21 2.31 0.2 -- 1.42 

Note: kay = (1.55+0.04)" 10 -2 L tool -I s -I. 
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[Cl-SI/IForm] = alCl-I + b. ( I )  

k_3 (k,k_2 .&ks  § k~k2) k~(k 3 . k_~)+k~(k4 * k  2) a= " b= 
k] /qk2[ HCOOH] k]k2 

Coefficients a and b in Eq. ( ! )  are a rather compli-  
cated combination of  the constants  of the elementary 
stages. The interpretation o f  the parameters of the linear 
dependence becomes s imple r  and more evident if ion 
pairs 6 and 7 are replaced by common  intermediate (A), 
which leads to the f o r m a t i o n  of  chlorosulf ides  
(Scheme 3). This method is standard for the kinetic 
analysis of schemes iqvolving different ion pairs. 14 

Scheme 3 

\ /  
C k~ 
II + RSCI ~ A 
C k_2 / \ SR 

I k 8 

Chlorosulfides ~ k,, 

Formates 

+ CI- 

In this case, the rates o f  accumulation of chloro- 
sulfides and formates are descr ibed by Eqs. (2) and (3), 
respectively, and the ratio o f  their  yields is described by 
Eq. (4). 

d[Cl-Sl kl[RSCll[alkl k](k_2[Cl-I + k4HCOOHI) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (2) 

dt {k4[HCOOH]k~ + k3(k_2[CI- I + k4[HC(X)H])} 

d[Form] 
dt 

k,[RSCll[alkl k~k4[HCOOHI 

= {k,IHCOOH]k z +k3(k_2[Cl-I + k, IHCooHI) }  ,(3) 

where talk] is the concent ra t ion  of  alkene, 

[CI-SI k 3 
[Form] - R:k4[HCCOHI (kz[Cl-] + k~[HCOOHI)= 

k3k_,,[Cl- ] k 3 (4) 

Let us analyze the exper imenta l  data on the ratio of 
products of the reaction o f  DNBSC with allylbenzene 
using Eq. (4). The main compl ica t ion  is that the con- 
centrat ioq of C1- ions is unknown for each ratio 
(4a + 4b)/5 determined dur ing  the reaction. The con- 
centration of HCI de te rmined  at a given moment is the 
final result of part icipation of  the e l -  ion in the revers- 
ible stage A ~ 8 (see Scheme 3). Nevertheless, we 
succeeded in performing this analysis. Statistical pro- 
cessing of the dependence  of  (4a + 4b)/5 on [ H e l l  by 

the equat ion for a straight l i l le y = ax  + b gave the  
fo l lowing results: 

a = k3k_~(k2k4 [HCOOH ]) = 63 .  S,, = 16; 

b = kl,/k 2 = 0.034. S b = 0.14 ( n  = 18). 

Using this dependence, we e s t ab l i shed  that when the  
concentration of HCI is equal t o  0.03 tool L - l ,  the  
(4a + 4b)/5 ratio should be e q u a l  to  -2  and ~10 for  
[HCI]  = 0.1 tool L -1, In t h e  exper imen t s  w i t h  
[DNBSC]0 = 0.02 tool L -I,  w h e n  0.03 tool L -I HCI  
is added,  the yield of formate 5 f o r  100% conversion o f  
the reagent decreased to 30%, and when [HC1] = 
0.1 tool L -}, according to the T L C  data, a negligible 
amount  of compound 5 forms. T h e  results of the ana ly -  
sis performed make it possible to c o n c l u d e  that Scheme 3 
corresponds to the experimental d a t a  observed. 

in this connection, let us a n a l y z e  the parameters o f  
the linear dependence obtained. T a k i n g  into account the  
above, high values of Sa and S b a r e  expected. However, 
the value of the b = k~/k 2 pa rame te r  is remarkable. Even 
taking into account a high e r r o r  o f  determination, it 
indicates that the rate of t ransformat ion  of  intermediate 
A into the episulfonium ion is c o n s i d e r a b l y  higher than  
that of  its transformation into t h e  adduct.  At the s ame  
time, it follows from the value o f  parameter  a that the  
k_z/(k4[HCOOH]) ratio is equal t o  1853, i.e., the rate o f  
the reverse reaction in the A ~ 8 stage is much higher  
than the rate of  transformation o s  ion 8 into the so lvo-  
adduct. Thus, the ratio of p r o d u c t s  in the reactions 
studied is determined by the e q u i l i b r i u m  constant o f  the  
stage that is not rate-limiting, and  the shift of this  
equilibrium is due to the HCI e v o l v e d .  It is likely that  
the absence of the effect of LiCI addit ives,  unlike a d d i -  
tives of HCI, at concentrations o f  0.02--0.04 tool L -~ 
on the ratio of products at IOO% conversion of  the  
reagents is related to the fact t h a t  LiCI dissociates in 
formic acid to a smaller extent t h a n  HCI. This follows 
from the comparison of the total f ree  energy of solvation 
of these compounds in H C O O H ,  which is equal to 
323.55 kcal g-ion -I  for HCI a n d  194 kcal g-ion -I  for 
LiCI (see Ref. 13). 

The kinetic results obtained c a n  also be explained in 
terms of simpler Scheme 4, a c c o r d i n g  to which a free 
episulfonium ion is formed in t h e  limiting stage. 

Scheme 4 
\ /  
C k, 
C HCO 

/ \ .  Sa  

8 

HCOOH~ 

Chlorosultides 

+ C1- 

Formates 
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However, this scheme is less probable due to the 
following reasons. Since in this case chlorosulfides should 
be formed due to the reaction of ion 8 with CI-, it 
should be assumed that CI-  anions are capable of effi- 
cient competition with the solvent for trapping the 
episulfonium ion even at very low concentrations 
(-0.005 mol L -~, see Table 1). The assumption that 
the CI-  anion affects the yields of the products due to 
shifting of the A ~ 8 equilibrium seems to be prefer- 
able also due to the regiochemistry observed in the 
reaction ofal lylbenzene with DNBSC. The formation of 
adducts 4a and 4b against and according to the 
Markovnikov rule can be considered as one more piece 
of evidence in favor of the fact that products 4a,b and 5 
are formed from different intermediate species. 

Independently of the choice of alternative schemes 
discussed, the results obtained, in our opinion, prove the 
participation of the free episulfonium ion in the reaction 
of sulfenylhalogenation of alkenes in formic acid. 
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