90 Russian Chemical Bulletin, Vol. 46, No. 1, January, 1997

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 10 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!—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 formation of products of trans-
annular rearrangement! along with the product of nor-
mal trans-addition, while the Wagner—Meerwein rear-
rangement occurs with such reagents as norbornene,?
3,6-dimethoxynorbornadiene,? and tetrafluorobenzo-
barrelene.3 It is important that the formation of prod-
ucts of addition to the double bond in formic acid occurs
to a considerable extent with the participation of a
solvent. In particular, the reaction of cyclohexene with
2,4-dinitrobenzenesulfenyl chloride (DNBSC) in
HCOOH results in the formation of the product of
solvo-addition, formate 2 (50%),! along with chloro-
sulfide 1 (40%), uniike the reaction in acetic acid, where
solvo-addition does not occur.4

Q . oI _HCOOH

—_— ; HCI

RS Cl RS OCHO

1 2
R = 2,4-(NQ,),CsHy

It was supposed!™3 that in such a strongly ionizing
and dissociating solvent’ as formic acid the reaction can

involve a free episulfonium ion, which is in equilibrium
with the solvate-separated ion pair. The ion pair is
transformed to chlorosuifides, and the episulfonium ion
is transformed to the products of solvo-addition.

In light of these concepts, the substantial effect of
addition of a common ion on the product distribution
should be expected. in fact, addition of lithium chloride
for a ratio of LiC! : DNBSC =5 : 1 and concentration
of LiCl of 1—3 mol L™ results in the almost complete
suppression of solvo-addition.!-* However, for such high
concentrations of the additive and taking into account
the low nucleophilicity of formic acid,® this result can
be due to the reaction of lithium chloride directly with
the ion pair.

Taking into account the facts presented above, we
studied the reaction of DNBSC with cyclohexene under
kinetically controlled conditions and at lower concen-
trations of LiCJ, as well as the reaction of DNBSC with
allylbenzene (3). As in the case of cyclohexene, the
reaction of DNBSC with allylbenzene in formic acid
gives the solvo-adduct (Scheme [). The products of
addition of the reagent form against (4a) and according
to the Markovnikov rule (4b) in the ratio of | : I, while
solvo-adduct 5 only forms according to the Markovnikov
rule. It is noteworthy that the similar reaction in acetic
acid results only in adducts 4a,b.7

Experimental

'H NMR spectra were recorded on a Tesla B3-487C
instrument with a working frequency of 80 MHz using HMDS
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R = 2,4-(NO,),CeH,

as the internal standard. [R spectra were recorded on a Perkin-
Eimer 180 instrument.

Anhydrous acctic acid and LiCiO4 were prepared as de-
scribed previously. 3 Commercial formic acid was dried for
several days over B,0O,, distilled over anhydrous CuS0Oy, and
fractionally recrystailized three times.? The purity of reagents
was controlled by GLC on a Tsvet-330 instrument (column
3 m long, katharometer as the detector, He as the carrier-gas,
{0% SKTF-50 on Chromaton as the stationary phase,
T = 103 °C). 2,4-Dinitrobenzenesuifenyl chloride was pre-
pared by a procedure described previously.!?

The kinetic measurements were carried out at 25 °C with
initial concentrations of reagents equal to 0.02—0.04 mol L™
The reaction rate was monitored by the consumption of
DNBSC, and the ratio of products was determined from the
evolution of HCI.

Since the reaction with cyclohexene lasts for 5—10 min,
the kinetic experiments were carried out in a 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 10 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 Af solution of Na,S$;0;.

‘Vhen the reaction with allylbenzene was studied, solutions
of suifenyl halide and allylbenzene of specified concentrations
in the acid were prepared in volumetric 50-mL flasks. Addi-
tives of LiCl or LiClO4 were placed in the flask containing a
solution of olefin. The solutions prepared were thermostated
for 10—15 min at 25 °C, 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 conient of
DNBSC and HCI evolved. For analysis of HCl, 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/AgCl electrodes. The error of the analysis for [HCl] =

0.10—0.01 mo! L~!was S—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 miL) was mixed with a solution of
allylbenzene (25 ml) of the same concentration, and the
resulting solution was left for 2 h at 25 °C. The reaction
mixture was poured in water and extracted with chloroform.
The organic layer was separated and dried over MgSO,. The
solvent was removed under low pressure, and a mixture of
products (0.73 g, 71%) was obtained. TLC showed a spot with
Re 0.27 assigned to compound 5§ and two spots of equal
intensities with R; 0.73 and 0.78 assigned to adducts 4a,b,
which were isolated as a mixture (0.36 g, 49%). The 'H NMR
spectra of compounds 4a,b are identical to those described
previously.” 1-(2,4-Dinitropheaylthio)-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 °C was obtained. Found (%): N, 7.69,
S, 8.78. CgH3N;0OsS. Calculated (%): N, 7.76; S, 8.86.
IR (CCly), v/em™: 1725 (C=0). 'H NMR (CDCly), 8: 3.2~
33(m, 4 H, 2 CHy; 53 (m, | H, CH).

Results and Discussion

We established that in the reaction of DNBSC
(0.015—0.300 mol L™!) with a two-threefold excess of
cyclohexene, for 100% conversion of the reagent the
yield of formate is equal to 51—53%. The addition of
LiCl (0.02—0.04 mol L™!) exerts a very slight effect on
the ratio of the products (47—50% yield of 2).

The following facts should be taken into account in
the study of the kinetics and composition of the prod-
ucts of the reaction of DN BSC with aikenes. in formic
acid. It was repeatedly mentioned that sulfeny! halides
decompose in formic acid. }—3:11 Nevertheless, this sol-
vent can be used for sulfenylhalogenation of alkenes,
because the rate of decomposition of the reagent is
substantially lower than the rate of its reaction with
unsaturated compounds.!—3 This circumstance becomes
important for quantitative studies. The statistical data on
the results of 100 experiments showed that when DNBSC
is dissolved (during 15—20 min) in a calculated concen-
tration equal to 0.02—0.04 mol L~!, its content de-
creases to 90-—-93% of the initial content. After holding
the solution for 2 h at 25 °C, the concentration of
DNBSC decreases approximately to 80% of the initial
concentration (Fig. 1). Therefore, all experiments were
carried out immediately after dissolution of DNBSC
with simuitaneous control of its content, which was
taken as the initial concentration,

It was also necessary to reveal whether HCI is formed
in decomposition of DNBSC. Potentiometric titration
of the products of decomposition of DNBSC (at initial
concentrations from 0.02 to 0.10 mol L) in formic
acid with potassium biphthalate showed a smooth, with-
out jumps, change ia the potential, and the titration
curve had the same shape as in the absence of these
products. It follows that HC1 is not a product of decom-
position of DNBSC in formic acid, and its content in
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Fig. 1. Curves of the change in the concentration of DNBSC
in HCOCH (/) and in the reaction with allylbenzene (2) at the
initial concentration of 3 equal to 0.046 moi L™},

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

The rate of the reaction of DNBSC 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 mol™! s7!. The addition of
LiClO, or LiCl does not change the reaction rate con-
stant within the experimental error: & = 1.06+£0.13 and
1.03£0.12 L mol™! s, 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 acid®12), 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.!+2

A question arises; what is a reason for the absence of
a noticeable effect of LiCl on the relative yields of
products 1 and 27 We supposed that the reason for this
is the more pronounced effect of the HCl evolved on the
ratio of products. In formic acid, HCl is a strong acid
with pK 0.89 3 (in water pKyc 0.80 3). When the
concentration is equal to 0.01 mol L7T, 97% of the
hydrogen chloride in formic acid is dissociated. There-
fore. the CI™ anions formed by the reaction of formation
of the solvo-adduct can already have the common ion
effect for low degrees of conversion of the reagents, and
this effect should increase as conversion of the latter
increases. Since the reaction of cyclohexene with DNBSC
occurs very rapidly even for concentrations of the re-
agent equal to 0.005—0.01 mol L, we checked this
assumption using the reaction of DNBSC with
allylbenzene 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 3) decreases (Table 1).

Table 1. Dependence of the concentration of HCI and relative
yield of formate 5 on conversion of reagents in the reaction of
allylbenzene with DNBSC in formic acid

Co* = 0.02 mol L™} Co* = 0.04 mol L"!

Con- [HCI] - 10? Yield of Con- [HCl}-10? Yield of
version  /mol L™t HCland vesion /mol L™! HCl and
(%) 5 (mol.%) (%) 5 (mol. %)
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
3.3 7.0 66 36.8 8.6 58
593 8.6 72 47 4 7.7 41
67.7 8.3 61 39.9 11.0 46
78.6 10.2 65 65.8 98 37
978 12.2 62 75.0 13.5 45
100.0 13.0 63 81.0 9.9 3
100.0 12.4 3

* Initial concentrations of reagents.

Yield of 5 (%)
100

S0
80
70
60

50

Conversion of DNBSC (%)

Fig. 2. Dependence of the vield of formate 5 on conversion of
DNBSC in the reaction with allylbenzene in HCOOH at
different initial concentrations of reagents: {DNBSCly = {3}y =
0.02 (/) and 0.04 mol L™! (2).

It can also be seen from the data in Table | that for
high degrees of conversion, the relative content of for-
mate § formed depends on the initial concentrations of
the reagents. For example, for 100% conversion, the
content of formate is equal to 3! and 65% for initial
concentrations of the reagents equal to 0.04 and
0.02 mol L7V, respectively. This fact is additional evi-
dence of a decrease in the rate of formation of formate 5
due to the HC! evolved. The dependence of the yield of
products of solvo-addition on the initial concentrations
of the reagents in sulfenylhalogenation of alkenes in
formic acid was observed previously.!—3

The curves of the change in the yield of solvo-adduct
5§ at different degrees of conversion of the reagents for
initial concentrations equal to .02 and 0.04 mol L™!
are presented in Fig. 2. When the conversion decreases,
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Table 2. Kinetics of consumption of DNBSC and second-
order rate constant in the reaction with allylbenzene
(IDNBSCJy = 0.018 moi L™, [3]; = 0.021 mol L")

t/s {[DNBSC} - 102 k- 102
/mol L™t /L mol™! 57!
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: ky, = (1.4410.02) - 1072 L mol™! 571,

the curves converge, and their extrapolation to zero
gives compound 5 in a ~97% yicld. Thus, the assump-
tion that the HCI evolved has an effect on the ratio of
the products of the reaction of DNBSC with allylbenzene
is experimentally confirmed.

The rate of the reaction of DNBSC with allylbenzene
obeys a second-order equation and a first-order equa-
tion with respect to each reagent. The results of a typical
experiment, which show that the observed rate constant
is unchanged during the experiment, are presented in
Table 2. This is also seen in the experiments performed
for different ratios of reagents (Table 3), aithough de-
composition of DNBSC should make the kinetics of the
process more complicated. The kinetic curve of con-

sumption of DNBSC in the reaction with allylbenzene is
also presented in Fig. | for comparison. The rate of
decomposition of DNBSC s approximately the same,
and its contribution to the overall rate of consumption
of DNBSC is low. Probably, this circumstance intro-
duces an error only in the determination of the numeri-
cal value of the reaction rate constant but exerts almost
no effect on the character of the kinetic regularity.

As in the reaction with cyclohexene, addition of LiCl
or LiClOy has no effect on the overall rate of the process
(see Table 3). Thus, in this case, replacement of the
substrate does not change the kinetic regularities of the
reaction.

Additional evidence of the irreversibility of the first,
limiting, stage is the rctention of second-order kinetics
up to high degrees of conversion of the reagents under
the conditions of accumulation of CI™. Thus, the com-
mon ion effect occurs in fast stages that determine the
distribution of the products. Taking into account the
strongly ionizing properties of the solvent, which favor
dissociation, it can be assumed that the reaction pro-
ceeds through formation of episulfonium ion 8, which is
in equilibrium with ion pairs 6 and 7 (Scheme 2). As a
result, the ion pairs are transformed to chlorosulfides,
and episulfonium ion 8 is transformed to the products of
solvo-addition.

The kinetic analysis of Scheme 2 under the steady-
state approximation leads to Eq. (1), according to which
the ratio of the yield of chlorosulfides ({C1-S]) to the
yield of formates ([Form]) linearly depends on the con-
centration of CI™ ions.

Table 3. Kinetic data for the reaction of allylbenzene with DNBSC in formiic acid

(DNBSCJy- 102 [3[p- 102 [3] [LiCl| (LICIO4] k- 102
mot L7 {DNBSCl, mol LI /L omol™! 57!
1.80 2.08 1.16 - — 1.50
1.51 347 2.30 - - 1.57
0.87 2.10 2.4} — — 1.47
1.9 4.57 2.30 — 0.1 1.62
1.72 405 2.35 — 0.2 1.64
1.79 395 2.2! 0.1 — 1.61
1.82 4.21 2,34 02 — 1.42

Nore: ky, = (1.55£0.04)- 1072 L. mol™! 571,
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[CI-Sf/IForm] = a{Cl™) + &, (n

g =Koy Keky r Kaks + ksky) o kalhy vk p)+ks(ky + ky)
ky  kgky[HCOOH] kyky

Coeflicients @ and b in Eq. (1) are a rather compli-
cated combination of the constants of the elementary
stages. The interpretation of the parameters of the linear
dependence becomes simpler and more evident if ion
pairs 6 and 7 are replaced by common intermediate (A),
which leads to the formation of chlorosulfides
(Scheme 3). This method is standard for the kinetic
analysis of schemes involving different ion pairs.14

Scheme 3
\/
C i k?
i + RSCl —tm A == + + CI-
C ky SR
/ \
lk3 8
. k
Chlorosuifides l M
Formates

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

d[Cl-S] _ k[RSCI[alk] ky(k_5{CI| + k{HCOOH])
df (K [HCOOHIk, + k3(k_,[CI} + kol HCOOH})} "

(2)

d[Form] _ k [RSCl|{alk] &,k [HCOOH]
dr (k[HCOOHK, +k,(k_[CI| + £ [HCOOH])} ()

where [alk] is the concentration of alkene,

[C]'Sl = k} _ B
(Form] = Kok [HCOOH] k-dC1 1 + k[HCOOHD =
ksk H{C] K ()

" kkHCOOR] ~ &,

Let us analyze the experimental data on the ratio of
products of the reaction of DNBSC with allytbenzene
using Eq. (4). The main complication is that the con-
centration of Cl7 lons is unknown for each ratio
(4a + 4b)/5 determined during the reaction. The con-
centration of HC! determined at a given moment is the
final result of participation of the C1™ 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 (da + 4b)/5 on [HCi] by

the equation for a straight line y = ax + b gave the
following results:

i

a = kyk_y/Uk2k JHCOOH]) = 63, S, = 16:

i

b = kyk; = 0034, S, =014 (n = 18).

Using this dependence, we established that when the
concentration of HCI is equal to 0.03 mol L7}, the
(4a + 4b)/5 ratio should be equal to ~2 and ~10 for
[HCH} = 0.1 mol L™'. In the experiments with
IDNBSC]y = 0.02 mol L™!, when 0.03 mol L™! HCI
is added, the yield of formate 5 for 100% conversion of
the reagent decreased to 30%, and when [HCl] =
0.1 mot L™}, according to the TLC data, a negligible
amount of compound 3 forms. The results of the analy-
sis performed make it possible to conciude that Scheme 3
corresponds to the experimental data observed.

In this connection, let us analyze the parameters of
the linear dependence obtained. T aking into account the
above, high values of §, and S, are expected. However,
the value of the b = ky/k, parameter is remarkable. Even
taking into account a high error of determination, it
indicates that the rate of transforrmation of intermediate
A into the episulfonium ion is considerably higher than
that of its transformation into the adduct. At the same
time, it follows from the value of parameter a that the
k_y/ (ks HCOOH]) ratio is equal to 1853, i.e, the rate of
the reverse reaction inthe A == 8 stage is much higher
than the rate of transformation of ion 8 into the solvo-
adduct. Thus, the ratio of procdducts in the reactions
studied is determined by the equilibrium constant of the
stage that is not rate-limiting, and the shift of this
equilibrium is due to the HCI evolved. It is likely that
the absence of the effect of LiCl additives, unlike addi-
tives of HCI, at concentrations of 0.02—0.04 mol L™}
on the ratio of products at 100% conversion of the
reagents is related to the fact that LiCl dissociates in
formic acid to a smaller extent than HCI. This follows
from the comparison of the total free energy of solvation
of these compounds in HCOOH, which is equal to
323.55 kecal g-ion™! for HCl and 194 kcal g-ion~! for
LiCl (see Ref. 13).

The kinetic results obtained can also be explained in
terms of simpler Scheme 4, according to which a free
episulfonium ion is formed in the limiting stage.

Scheme 4
N/

c x
8 + RSCI i -+ ouco * [olha
/\. SR

a8
HC(y \
k?
k'\

Chlorosuitides 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 1on even at very low concentrations
(~0.005 mol L', see Table {). 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 of allylbenzene 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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