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detail by Kice and Legan® for following the kinetics of the reactions
of nucleophiles with phenyl a-disulfone. Reactions of 8 were followed
at 313 nm, while those of 7 were followed at whatever wavelength in
the 320-335-nm range had been shown by preliminary experiments
to lead to the largest change in absorbance. The reactions of phenyl
a-disulfone with the cyclic tertiary amines were followed at 255 nm
in the case of both Dabco and quinuclidine and at 245 nm in the case
of 3-quinuclidinol. The spontaneous hydrolysis of 7 at elevated
temperatures was followed using the same type of procedure em-
ployed to follow the spontaneous hydrolysis of phenyl a-disul-
fone.

Thermochemistry of the Alkaline Hydrolysis of 7. The exper-
imental procedures used for the calorimetric measurements on the
heat of alkaline hydrolysis of 7 were the same as those previously
described? for studying the heat of alkaline hydrolysis of phenyl «-
disulfone.
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Reaction of Cyanide and Sulfite Ions with Oxidized Derivatives of
Dibenzo[ ce]-1,2-dithiin and Naphtho[1,8-cd]-1,2-dithiole
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The cyclic thiolsulfonates dibenzo[ce]-1,2-dithiin 1,1-dioxide (1) and naphtho{1,8-cd]-1,2-dithiole 1,1-dioxide
(4) react rapidly in aqueous dioxane with excess cyanide or sulfite to undergo opening of the thiolsulfonate ring with
formation (from reaction with CN™) of thiocyanates (8 and 10, respectively) and (from sulfite) Bunte salts (7 and
9). Acidification of the final reaction solutions with carboxylic acid buffers of appropriate pH leads to rapid reversal
of the ring-opening reactions and quantitative regeneration of 1 or 4 (Schemes I-IV). Surprisingly, in the regenera-
tion of the cyclic thiolsulfonates from the thiocyanates or Bunte salts the CN group in each thiocyanate is displaced
by -80;~ about 30 times faster than the -SO3™ group in the analogous Bunte salt, thereby showing that in certain
circumstances thiocyanates can be better sulfenylating agents than the analogous Bunte salt. Kinetic and equilibri-
um measurements on the various reactions show that the equilibrium constants for opening of the six-membered
thiolsulfonate ring in 1 are about 20 times larger than those for opening the five-membered thiclsulfonate ring in
4, even though the rates of ring opening for 4 are faster in each case by a factor of about 10. While the analogous cy-
clic a-disulfones 3 and 6 react with sulfite and cyanide to undergo opening of the a-disulfone ring, acidification of
the final reaction solution does not lead to regeneration of the «-disulfone. Reasons for this difference in behavior
from that found with thiolsulfonates 1 and 4 are presented. Cyclic sulfinyl sulfone 2, dibenzo[ce]-1,2-dithiin 1,1,2-
trioxide, reacts rapidly and quantitatively with sulfite ion to give a Bunte salt S-oxide (16). In acetate or chloroace-
tate buffers 16 decomposes to regenerate 2, which then undergoes rapid hydrolysis to diphenyl-2,2’-disulfinate (17).
In more acid buffers 16 undergoes an extremely rapid acid-catalyzed decomposition that leads to cyclic thiolsulfo-

nate 1 via the mechanism shown in Scheme V.

As part of a general study of the reaction of nucleophiles
toward oxidized derivatives of dibenzo|ce]-1,2-dithiin (com-
pounds 1-3) and naphtho|[1,8-¢d]-1,2-dithiole (compounds
4-6) we have examined the reaction of cyanide ion and sulfite
ion with the majority of these substrates. We find that the
reaction of these two nucleophiles with the various substrates
exhibits interesting, informative, and, in some cases, rather
unexpected variations in behavior with both substrate and
nucleophile. For example, with certain of the substrates, but
not with others, opening of the ring by cleavage of the sul-
fur-sulfur bond through nucleophilic attack of sulfite or cy-
anide on one of the sulfurs can be readily and quantitatively

0022-3263/78/1943-0914$01.00/0

O QP 9P

S—S0, S —80, 0,8—80,
1 O 3
i_802 O=i—502 0,5—80,
4 5 6

© 1978 American Chemical Society



5- and 6-Membered Aryl Sulfones

Scheme I. Reaction of Sulfite with Dibenzo[ce]-1,2-dithiin
1,1-Dioxide in 60% Dioxane at 25 °C
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reversed by an appropriate change in the pH of the reaction
solution. Surprisingly, in re-forming thiolsulfonates 1 or 4
from the ring-opened structures we find that CN~ is displaced
considerably more rapidly from an -SCN group by ~SOs~ than
is SO32~ from -SS03™.

Our observations on these and other aspects of the reaction
of cyanide and sulfite with 1-6 form the subject of this
paper.

Results and Discussion

Reaction of Sulfite and Cyanide with Dibenzo[cel-
1,2-dithiin 1,1-Dioxide (1). At 25 °C in 60% dioxane as sol-
vent dibenzo[ce]-1,2-dithiin 1,1-dioxide (1) reacts rapidly with
excess sulfite ion to cleave the sulfur-sulfur bond in 1 and form
Bunte salt 7 (Scheme I). The reaction can be followed by
monitoring the disappearance of the absorption maximum due
to 1 at 296 nm by stopped-flow spectrophotometry. As can be
seen from Table I, the experimental first-order rate constant
for the disappearance of 1 is proportional to sulfite concen-
tration. From k{/[SO32~] the second-order rate constant for
the reaction of SO32~ with 1 (kgp, in Scheme I) is found to be
95X 102M~is"1,

Thiolsulfonate 1 also reacts rapidly with excess cyanide (1:1
CN—/HCN buffer) to undergo ring opening to thiocyanate 8
(Scheme II). The kinetic data for the reaction, which can be
followed in the same way as the 1-sulfite reaction, are also
listed in Table I, and from k;/[CN~] the second-order rate
constant for the reaction of cyanide with 1 (kcn in Scheme II)
is 2.0 X 108 M~1s71,

If either Bunte salt 7 (Scheme I) or thiocyanate 8 (Scheme
II) is treated with a buffer of sufficient acidity to completely
protonate SO32~ to HSO3~ or CN~ to HCN, but not one so
acid as to protonate too extensively the -SOy~ group of either
7 or 8, then both Bunte salt 7 and thiocyanate 8 revert back
readily and quantitatively to 1 (reactions k_go, of Scheme I

Table I. Kinetics of the Reaction of Excess Sulfite or
Cyanide with Dibenzo[ ce]-1,2-dithiin Dioxide in 60%
Dioxane at 25 °C

[CN-)

104[1]o, 103[S0s?7], =[HCN], k1, k1/[SOs?"], k/[CN7],
M M M sl M-1s71 M-lg7l
1.0 4.0 3.7 9.3x102

8.0 7.7 9.6 X 102
0.02 39.4 2.0 X 103
0.01 20.1 2.0 X 102
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Scheme II. Reaction of Cyanide with Dibenzo{ce]-1,2-
dithiin 1,1-Dioxide in 60% Dioxane at 25 °C
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and k_cn of Scheme II) via displacement of, respectively, the
-S03~ group of the Bunte salt and the CN group of the thio-
cyanate, by the sulfinate ion function present in either 7 or 8.
The kinetic behavior of the reversion of 7 or 8 to 1 is outlined
in the following paragraphs.

Thiolsulfonate 1 (1074 M) was treated with excess cyanide
([CN-] = 5 X 10~* M), and after the reaction of 1 with CN~
to give 8 was complete, as evidenced by no further decrease
in the absorbance at 296 nm, the solution was acidified by the
injection of a small amount of a concentrated solution of
chloroacetic acid/sodium chloroacetate buffer sufficient to
give a final chloroacetic concentration in the range 0.01-0.02
M and a chloroacetate concentration of 0.01 M. The increase
in the absorbance of the solution at 296 nm was then followed,
and after a few minutes not only had the absorbance at 296
nm returned to the value expected for a 10~* M solution of 1
but also the complete spectrum was identical with that of
thiolsulfonate 1. A plot of log (429, — A29) vs, time for each
run showed excellent linearity; the slopes of these plots gave
k-1 (the experimental first-order rate constant for the re-
version of 8 to 1).

In 60% dioxane a 1:1 CICH,COO~/CICH,;COOH buffer has
pH 5.48.1 Unpublished work in this laboratory? indicates the
pK, for benzenesulfinic acid in 60% dioxane is between 4.2 and
4.3. The observed k_;’s for the reversion of 8 to 1 as a function
of buffer pH are [(pH of buffer), k1] (5.48) 0.17 and (5.18)
0.155s.71 An experiment in which the solution was acidified
with 0.1 M HCIOy, rather than a chloroacetate buffer, showed
that regeneration of 1 from the thiocyanate, while eventually
complete, was orders of magnitude slower than in the chlo-
roacetate buffer. This shows that the -SO2H group in 8-H is
very unreactive relative to the -SOy~ group in 8 insofar as
performing the displacement of the CN group from the thio-
cyanate function. The actual value of k_cn in Scheme II is
therefore related to the measured k—1’s by eq 1, where K, is

K, ]
—_— 1
K, +au+ M

the acid dissociation constant for 8-H in 60% dioxane. As-
suming that the pK, for 8-H is essentially the same as that?
for PhSO-H (4.3) gives a calculated k_cn which is independent
of pH and has a value of 0.18 s~1. From this value and that for
kcn determined earlier, Koq = (kcn/k-on) is equal to 1.1 X 104
ML

To check on the correctness of this value of K.q we also
carried out an experiment in which small increments of cya-
nide (as a 1:1 CN~/HCN buffer) were added to a 10~ M so-
lution of 1 in 60% dioxane and the final equilibrium absorb-
ance at 296 nm after the addition of each increment was
measured. From these data, the absorbance at 296 nm in the

hoon = k-l[
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Table II. Kinetics of the Reaction of Excess Sulfite or
Cyanide with Naphtho[1,8-cd]-1,2-dithiole 1,1-Dioxide in
60% Dioxane at 25 °C

10%[4lo,  103[SO327), [CN-] = [HCN], Rexptl,
M M M st
2.0 2.0 24

4.0 51
0.5 0.0025 76¢

a Average of several runs; rates reproducible to +£3%.

absence of added cyanide and the absorbance at this wave-
length when sufficient excess CN~ has been added to convert
1 completely to 8, one can calculate values of Keq. We obtained
1.05 £ 0.08 X 10¢ M~1, in excellent agreement with the value
estimated from the rates of the forward and reverse reac-
tions.

The reversion of Bunte salt 7 to 1 was studied kinetically
in the same way as the reversion of 8 to 1, i.e., after the reaction
of 1 (107* M) with 5 X 10~* M sodium sulfite, the solution was
acidified by addition of a small amount of concentrated
chloroacetate buffer and the increase in optical density at 296
nm was followed. Regeneration of 1 from 7 was quantitative
and followed excellent first-order kinetics. The observed k_;’s
for the reversion of 7 to 1 as a function of buffer pH were [{(pH
of buffer), k] (5.78) 0.00426, (5.48) 0.00324, and (5.17)
0.00234 s~1. One sees that there is much more dependence of
k_; on the buffer pH than in the experiments with 8. Appar-
ently the -SSO3~ group exerts a very significant acid-weak-
ening effect on the -SO5H group in 7-H such that its pK, is
about 1.0-pK, unit larger than that of 8-H, and therefore a
considerable fraction of 7 is protonated to 7-H in the more
acidic of the chloroacetate buffers. Using a value of 5.3 for the
pK, of 7-H and the measured k_y’s, the relation k_go, =
k_1(Ka/K, + ay+) gives a value for k_go, which is independent
of pH and equal to 5.5 + 0.1 X 1073 s~1. From this and kgg,,
Keq = (kgoy/k-g0,) for the SO32~ + 1 = 7 equilibrium is 1.7
X 105 M~1,

The fact that k_cn for 8 (intramolecular displacement of
CN~ from -SCN by -S04 ™) is about 30 times faster than k_go,
for 7 (intramolecular displacement of SO32~ from —-SSO3;~ by
-80,7) is surprising, interesting, and unexpected since the
impression gained from the literature34 is that Bunte salts are
generally considered to be more reactive sulfenylating agents
than thiocyanates. To make sure that the greater ease of dis-
placement of CN~ from —SCN in 8 as compared to SO32~ from
-SSO3~ in 7 was not due to some peculiarity unique to the
dibenzo[ce]-1,2-dithiin system, we therefore felt it was im-
portant to investigate the rates of the forward and reverse
reactions associated with the analogous equilibria involving
sulfite and cyanide and the cyclic 5-membered thiolsulfonate,
naphtho(1,8-cd]-1,2-dithiole 1,1-dioxide (4). Such studies
would have the additional bonus of indicating to what extent
the equilibrium constants for ring opening were influenced
by the change from 1 to 4. Based on the behavior!3 of the
equilibria involving the hydrolysis of the two cyclic sulfinyl
sulfones 2 and 5 to their respective disulfinic acids, the change
from 1 to 4 might be expected to lead to a sizeable decrease in
K q for ring opening.

Reaction of Sulfite and Cyanide with Naphtho[1,8-
ed]-1,2-dithiole 1,1-Dioxide (4). The reaction of 4 with ei-
ther excess sulfite or excess cyanide (1:1 CN~/HCN buffer)
can be followed by stopped-flow spectrophotometry at 304
nm. The experimental first-order rate constants for the var-
ious runs are given in Table II. Because, as will become evident
shortly, the rates of reverse reactions (k’_go, in Scheme III and
k’_cn in Scheme IV) are much faster relative to the rates of
the forward reactions than in the case of 1, it turns out that
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Scheme III. Reaction of Sulfite with Naphtho[1,8-¢d]-
1,2-dithiole 1,1-Dioxide in 60% Dioxane at 25 °C
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under the conditions in Table II, particularly for cyanide, the
reactions do not go entirely to completion, and so kexpu for
each run is actually equal to (k/nu[Nu~] + &’_ny) rather than
to just &'nu[Nu~].5 We will therefore defer calculation of &'so,
and k’cy for 4 until after we have outlined the determination
of ’_gp, and k’_cn from the experiments outlined in the next
several paragraphs.

To determine the rate (k’_cn) at which thiocyanate 10
(Scheme IV) reverts to 4 a solution prepared from 4 (2 X 10—4
M) and a 1:1 CN~/HCN buffer containing [CN~] = 0.002 M
was placed in one of the reservoir syringes of a stopped-flow
spectrophotometer and a chloroacetate buffer of appropriate
pH was placed in the other syringe. The two solutions were
then mixed, and the increase in the absorbance of the solution
at 304 nm as 4 was regenerated from 10 was monitored. Good
first-order kinetics were observed, and the experimental
first-order rate constants were [(pH of buffer), k—,] (5.48) 27.1
and (5.18) 25.4 s~L, These measured k_; values and an as-
sumed pK, for 10-H of 4.3 (the same value as used for 8-H)
give a value of k’_cn which is independent of pH and equal to
28.8 + 0.1 571, The value of &’y for the reaction of CN~ with
4 can then be calculated from this value of &’_cn and kexpy for
cyanide in Table IT: k‘cn = (kexptt — B'-cn)/[CN™] = 1.9 X 104
M~1s~1 From the values of 2’cx and &'_cN, Keq for the 4 +
CN~ = 10 equilibrium is equal to 6.6 X 102 M~1,

Rate constant k’_go, for reversion of Bunte salt 9 (Scheme
ITI) to 4 was determined from similar experiments in which
a solution prepared from 2 X 10~4 M 4 plus 4 X 1073 M sodium
sulfite was mixed with chloroacetate buffers of varying pH in

Scheme IV. Reaction of Cyanide with Naphtho[1,8-¢d |-
1,2-dithiole 1,1-Dioxide in 60% Dioxane at 25 °C
S—-80, NC—S 80,
Eon=19X10°M"s™!
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a stopped-flow spectrophotometer, and the regeneration of
4 from 9 followed. The experimental first-order rate constants
were [(pH of buffer), k_;] (5.78) 0.85, (5.48) 0.62, and (5.17)
0.39 s71. The sizeable decline in k-; with decreasing pH shows,
as was true earlier for Bunte salt 7, that a considerable fraction
of 9 is protonated to 9-H in the more acidic chloroacetate
buffers. If one assumes that the pK, of the -SO.H group in
9-H is 5.5 (or 0.2-pK, unit larger than that for 7-H), then
k’_so, as calculated from k_1(K,/K, + ay+) is independent
of pH and has a value of 1.25 £ 0.02 s~1. Using this value of
k’_s0; and the values of keyp for the reaction of sulfite with
4 in Table I, k’s0, = (Rexpts — £'-50,)/[S0527] = 1.18 + 0.04
X 10* M~1s~L This gives Keq = (k’s0,/R'_s05) =9 X 108 M1
for the 4 + SO32~ = 9 equilibrium.

Comparison of the rate and equilibrium constants for the
equilibria involving 4 (Schemes 11T and IV) with those for the
equilibria involving 1 (Schemes I and II) reveals the following
points of significance. First, as we had suspected might be the
case, the equilibrium constants (K’,) for opening of the
thiolsulfonate ring in 4 are about 20 times smaller in each in-
stance than the equilibrium constants for the analogous
ring-opening reactions involving 1. Notice that this occurs
even though the rate constants for the opening of the thiol-
sulfonate ring in 4 (k’so, and £’cn) are about 10 times faster
for each nuclecophile than for their analogous reaction (kso,
or kcn) with 1. The reason that both equilibrium constants
for 4 are smaller than the analogous K4’s for 1 is that re-for-
mation of the thiolsulfonate ring from 9 and 10 (k’_gg, and
k’_cn, respectively) is in each instance about 200 times faster
than the corresponding reaction of 7 (k_gp,) or 8 (k_cn). That
both (k’_s0./k_so,) and (k’'_cn/k-on) should be of this large
magnitude is not surprising. To go from 7 or 8 to the transi-
tion-state geometry necessary for the displacement reactions
leading to 1 undoubtedly involves a significantly larger loss
of rotational freedom (and therefore less favorable AG¥) than
to go from 9 or 10 to the transition-state geometry for the re-
actions leading to 4.

The second point of particular significance is that, just as
was true for 7 and 8, we also find here that k’_cn for 10 is about
25 times larger than k’_gq, for 9. In other words, in this system,
just as in the one derived from 1, one again finds that -SOy~
can displace CN~ from ~SCN considerably more readily than
it can displace SOs2~ from —SSO3™. These results clearly
demonstrate that a thiocyanate group can be more reactive
as a sulfenylating agent than a Bunte salt under appropriate
reaction conditions, a fact that does not seem to have been
recognized previously. Notice that the present reaction con-
ditions are such that, as soon as either SO32~ or CN~ is dis-
placed, it is removed from further participation by protona-
tion to either nonnucleophilic (HCN, HySO3) or weakly nu-
cleophilic (HSO3™) species.

At the same time one should recognize that the intramo-
lecular character of the displacements involving -SOs~ and
-SCN in 8 and 10 makes these reactions many orders of
magnitude faster than, for example, the corresponding in-
termolecular displacement by PhSO;~ on PhSCN, i.e.,
PhSO;~ + PhSCN — PhS0O,SPh + CN~. Thus we found that,
although some thiolsulfonate was formed on heating a solution
containing 0.1 M PhSOyNa and 0.1 M PhSCN in a (1:1)
chloroacetate buffer in 60% dioxane at 60 °C for 90 h, the yield
was much too low to make the process of any synthetic value,
and about 60% of the phenyl thiocyanate was recovered un-
reacted.

One other point regarding the reaction of cyanide with 4 is
worth discussion. According to Tamagaki, Hirota, and Oae,’
thiolsulfonate 4 when treated with 2 mol of cyanide in meth-
anol at room temperature for 2 days gives the corresponding
cyclic disulfide, naphtho[1,8-cd]-1,2-dithiole (11), in 72% yield,
plus an undetermined amount of sodium cyanate. To deter-
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mine to what extent and how rapidly thiocyanate 10, proposed
by Oae and co-workers’ as the initial intermediate in their
reaction, goes to disulfide 11 under our reaction conditions,
60% dioxane and a 1:1 CN=/HCN buffer, we treated 4 (10~4
M) with a large excess of cyanide ([CN~] = [HCN] = 0.016 M)
and observed the ultraviolet spectrum of the solution over a
period of 1 week at room temperature. While we did see the
gradual appearance of measurable absorption at 368 nm,
where disulfide 11 has a strong maximum (e 13 200), its rate
of appearance was very slow, and even after 7 days the amount
of 11 formed corresponded to only about 25% of the amount
of 4 originally present. To measure the amount of 10 re-
maining at that point, the reaction solution was acidified by
the addition of excess chloroacetate buffer. Although some
4 was thereby regenerated, the amount was small enough to
show that most of the thiocyanate had indeed reacted further
by the end of 7 days, even though only about 25% had been
transformed to disulfide. The spectrum suggested that a
considerable amount of thiolsulfinate 12 was present after
acidification of the reaction solution.

It is clear that under our reaction conditions the transfor-
mation of 10 to 11 is much slower than reported by Oae.” This
may have its origin in the fact that our reaction medium is a
1:1 CN—/HCN buffer rather than the considerably more basic
solution of sodium cyanide in methanol used by Oae and co-
workers. We hope to explore the slow transformation of 10 to
11 more carefully in the future. In any event, one should, of
course, realize that it is orders of magnitude slower than the
very rapid forward and reverse steps of the 4 + CN~ = 10
equilibrium that have been the principal object of our atten-
tion in the present work.

Tamagaki, Hirota, and Oae” also suggested that the rate
constant for opening of the thiolsulfonate ring in 4 by cyanide
{(k’cN) was probably much slower than the rate of reaction of
cyanide with phenyl benzenethiolsulfonate (eq 2). The rate
constant for eq 2 has been measured by Kice, Rogers, and
Warheit8 at 25 °C in 60% dioxane, and one sees that it is ac-
tually about two times slower than k’cy for 4 and not many
times faster as suggested by Oae.”

ko = 7.8 X 103 M~1 g~}
—

CN~ + PhS-SOsPh PhSCN + PhSO;~

(2)

Reaction of Sulfite and Cyanide with Dibenzo[ce]-
1,2-dithiin 1,1,2,2-Tetraoxide (3) and Naphtho[1,8-cd]-
1,2-dithiole 1,1,2,2-Tetraoxide (6), Having found that the
opening of the thiolsulfonate ring in either 1 or 4 by either
sulfite or cyanide ion can be readily and quantitatively re-
versed by acidifying the reaction solution with a buffer of
appropriate pH, we were naturally curious as to whether or
not similar reversal of the opening of the ring would be pos-
sible with more highly oxidized derivatives of dibenzo[ce]-
1,2-dithiin and naphtho[1,8-cd]-1,2-dithiole.

Cyclic a-disulfones 3 and 6 react quite readily with excess
cyanide, and the course of the reactions can be conveniently
followed spectrophotometrically. The reaction of 3 with excess
sulfite can be followed similarly. The disappearance of the
a-disulfones in all cases follows good first-order kinetics. Both
the experimental first-order rate constants, &, and the sec-
ond-order rate constants, as calculated from either k/[CN—}
or k1/[S0327], are tabulated in Table I1I. The second-order
rate constants are not too greatly different from those found
for the reaction of phenyl a-disulfone, PhS0Q.SO-sPh, with the
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Table III. Kinetics of the Reaction of Excess Cyanide or
Sulfite with Cyclic a-Disulfones 3 and 6 in 60% Dioxane

Chau and Kice

Table IV. Kinetics of the Reaction of Excess Sulfite Ion
with Dibenzo{ ce]-1,2-dithiin 1,1,2-Trioxide in 60%

at 25 °C Dioxane at 25 °C
a-Disulfone, [CN_] ki1 X ki/ ki/ 104[210, 103[8032_], k1, kl/[SO32_],
concen- =[HCN], [SO0s27], 102, [CN-], [SOs27], M M g1 M-1g-1
tration (M) M M __s77 M7sT! M7l 0.75 0.75 2.4 X 102 3 X 10°
3,1.4%x104 0.04 14.0 3.5 1.5 4.8 X102 3 X 105
0.02 6.8 34
1.0 X 107 0.001 031 31 a-disulfone 6 (eq 5) it is possible to state unequivocally that
6,1.0 X 107 0.008 6.24 1.8 it is the second alternative which is the correct one.
4 0.004 3.24 81 The initial reaction of 6 with cyanide to yield intermediate
3,1.0X10 88(1)5 82}) 82(1) 15 is accompanied by a decrease in absorbance at 322 nm. This

same nucleophiles under the same conditions (CN—,% 0.45
M-1g-1: 80529 1.0 M~1s~1),

In marked contrast to the type of behavior observed with
the systems derived from thiolsulfonates 1 and 4, acidification
with a chloroacetate buffer of the final reaction solution from
the reaction of either 3 or 6 with cyanide or sulfite does not
lead to any regeneration of 3 or 6.

The failure to re-form any a-disulfone on acidification of
the reaction solutions could be due to either of two causes. The
first possibility is that the intermediates (13, 14, and 15)
formed on the reaction of the cyclic a-disulfones with cyanide
(eq 3 and 5) or sulfite (eq 4) are all quite unstable and break

S0,
CN~
Q=0 ©
k,=3.3M st

S0,CN
13

0,8—S80,
3 S0,”
S0,%
L OO
k,=0.51 M™'s™!
S0,80,~

14

NCS0, SO,”

15

khyd (or ky)
——— (5)
much slower

than first

step

down or hydrolyze so rapidly that there is effectively none of
the intermediate left by the time the initial reaction between
the a-disulfone and the nucleophile is complete and the so-
lution is acidified with the chloroacetate buffer. The alter-
native is that the intermediate is sufficiently stable to still be
present in significant concentration when the solution is
acidified but that the conversion of the intermediate back to
the cyclic a-disulfone (step k. in eq 5, for example) simply has
too slow a rate to be able to compete with even a relatively slow
decomposition (or hydrolysis) of the intermediate. In the case
of the reactions involving 3, the spectral behavior of the re-
action sclutions does not provide any clue as to which expla-
nation is right, but in the case of the reaction of cyanide with

is then followed by a kinetically much slower second process
that leads to a further significant decrease in the absorbance
of the solution at 322 nm and which is associated with the
decomposition {or hydrolysis) of 15. In this case, then, the
sequence of spectral changes definitely shows that the rate of
disappearance of the intermediate is much slower than its rate
of formation. The intermediate (15) is therefore present at a
concentration comparable to the initial concentration of 6
when the reaction solution is acidified with the chloroacetate
buffer. If upon acidification 15 were to revert to 6 at an ap-
preciable rate (step &, in eq 5), one would see an increase in
the absorbance of the solution at 322 nm. However, what is
actually observed is only the slow further decline in absorb-
ance associated with the hydrolysis (or decomposition) of 15.
The first-order rate constant for the disappearance of 15 in
the chloroacetate buffer is ~5 X 10~4s™1, Since k, for 15 must
be considerably slower than this, it cannot have a value larger
than ~5 X 10-5 s~! and, for the reasons outlined in a foot-
note, !0 is actually probably much smaller than this. Based on
the behavior of 8 vs. 10, one would expect &, for 13 to be con-
siderably slower than that for 15. For this reason it seems
reasonable to believe that in that system cyclization of 13 to
3 would have too slow a rate to be able to compete with other
routes for the disappearance of 13 in the chloroacetate buf-
fer.

Reaction of Sulfite Ion with Dibenzo[ cel-1,2-dithiin
1,1,2-Trioxide (2).12 Cyclic sulfinyl sulfone 2 reacts extremely
rapidly with sulfite ion in 60% dioxane. The reaction is ac-
companied by the disappearance of the maximum at 310 nm
associated with 2 and the appearance of a new maximum at
280 nm (e 6400) associated with the reaction product. Isolation
of the reaction product and examination of its infrared spec-
trum show unequivocally that the product possesses a Bunte
salt S-oxide functional group, -S(0)S03~, and has structure
16 (eq 6). The kinetics of the reaction of 2 with excess sulfite
are summarized in Table IV.

80,
,_ k2= 3X10° M s
Q<D= OO
S—80, P U
O/ O/ (6)
2 16

Upon acidification, solutions of Bunte salt S-oxide 16 ex-
hibit behavior which varies in a striking manner with pH, as
regards both the rate of disappearance of 16 and the reaction
products. The rate and product data for the disappearance
of 16 are given in Table V. Note that in each case where the
rate has been determined in a buffer there is no dependence
of rate on total buffer concentration. This shows that catalysis
of the decomposition of 16 by either carboxylate ions or car-
boxylic acids is not a factor under our reaction conditions.

Examination of Table V reveals the following points: (1)
although the rate of disappearance of 16 changes only very
little on going from 1:1 acetate buffers (pH 7.44) to 1:1 chlo-
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Table V. Kinetics of the Disappearance of Bunte Salt S-
Oxide 16 in 60% Dioxane at 25 °C as a Function of pH

[RCOOH]

104[16]g, Reaction = {RCOO~], k; X 10, Major
M conditions  pH M sl 2 product
1.0 1.1 AcO~/ 7.44 0.02 0.0022 17

AcOH 0.01 0.0024
buffer

0.005 0.0022

1:1 chloroace- 5.48  0.02 0.004 17¢

tate buffer 0.01 0.003
1:1 4.0 0.005 0.38 1
dichloroace-

tate buffer 0.0025 0.37
1:1 2.8 0.006 3.3 1
trifluoroace-

tate buffer
0.01 M HC104 2.0 12 1

¢ In cases where the major reaction product is 1, rates were
followed by measuring the increase in absorbance at 296 nm (Amax
for 1). In other cases, rates were followed by measuring the de-
crease in absorbance at 280 nm (Apax for 16). b Final spectrum
suggests some 1 is also formed.

roacetate buffers (pH 5.48), it increases dramatically with
further decreases in pH; (2) in those acid solutions in which
it decomposes rapidly 16 yields cyclic thiolsulfonate 1 as the
only important organic product; (3) on the other hand, in the
acetate buffers no significant amount of 1 is formed, and from
the spectrum of the solution at the end of the reaction (and
the change that occurs if it is then acidified with perchloric
acid) it appears that the major organic product is diphenyl-
2,2’-disulfinate (17);13 (4) in the chloroacetate buffer 17 is also
an important product, but the final spectrum of the solution
suggests that some 1 is formed too.

Before presenting the mechanistic scheme that will satis-
factorily accommodate all of these various observations, it is
important to mention that in separate experiments we found
that cyclic sulfinyl sulfone 2 is hydrolyzed to 17 in a 1:1 acetate
buffer ([AcO~| = 0.005 M) about 100 times faster (0.02 s~1)
than the rate of disappearance of 16 in the same medium.

Scheme V outlines what we believe are the mechanisms for
the decomposition of Bunte salt S-oxide 16 under the different
reaction conditions. Let us first consider the slow decompo-
sition that occurs in the acetate buffers. We believe that this
has as its rate-determining step the relatively slow reversion
(kr = 2.2 X 107*s5~1) of 16 to sulfite ion and cyclic sulfinyl
sulfone 2. Since the hydrolysis of 2 to 17 in these buffers is
much faster than k., the presence of 2 as an intermediate is
not detectable spectrophotometrically. Sulfite ion is, of course,
protonated to bisulfite as soon as it is formed, and this, plus
the rather rapid rate of hydrolysis of 2 under these conditions,
keeps the reverse of step k. from becoming of any kinetic
importance, even in the final stages of the reaction.4 Earlier
studies,!®16 which have shown that aromatic sulfinates will
react with reactive sulfinyl derivatives to form sulfinyl sul-
fones under conditions where they do not react with the
analogous sulfonyl derivatives to give an «-disulfone, are
consistent with the idea that 16 should be able to revert to 2
at a reasonable rate (just as 7 reverts to 1) even though the
equivalent intermediate 14 from the reaction of «-disulfone
3 with sulfite does not revert to 3 on acidification with a car-
boxylate buffer of appropriate pH.

Taking k for the disappearance of 16 in a 1:1 acetate buffer
as equal to k., one obtains a value of K for the 2 + SO3%~ =
16 equilibrium of 1.4 X 10° M1, i.e., Koq = [k2 (for eq 6)/E,].
This is 10* times larger than the equilibrium constant for the
1 4+ S03%~ = 7 equilibrium. On a free energy basis this means
that the opening of the sulfinyl sulfone ring in 2 by sulfite ion
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Scheme V. Mechanism of Decomposition of Bunte Salt
8-Oxide 16 in 60% Dioxane

S0,~
ky=2.2X10"s™! .
OO s
$—80,” l H s—<0,
. 3 T /b SO
0 Hso,~ O
16 2
pK H* khy
B Tl (x?l?ltcih faster
SO,H than k)

OO 0"

ﬁ—so{ @ @
0 S—s0, N —
16-H 80

17

1
cyclization T —H,0

PK,, Il H'

SO.H O.H
kg
r—
OO0 = OO
+
§—80,” SOH

HO 18
16-H,

is 5.5 keal/mol more favorable than the opening of the analo-
gous thiolsulfonate ring in 1 by the same reagent.

Based on the behavior of the 1 + SO3%2~ = 7 equilibrium,
one would expect that the rate of reversion of 16 to 2 plus
sulfite ion would be independent of pH in carboxylic acid
buffers until one reaches buffers of sufficient acidity to begin
protonating 16 to its conjugate acid 16-H. At that point the
rate would begin to decrease with decreasing pH because the
-SO5H group in 16-H should be quite unreactive relative to
the —SOy~ group in 16 insofar as performing the displacement
of SO32~ from the Bunte salt S-oxide function.

Examination of Table V shows that, although the rate of
disappearance of 16 is effectively independent of pH as the
pH of the buffer is changed from 7.44 to 5.48, further decreases
in pH lead not to a decrease but rather to a dramatic increase
in rate. Clearly, then, a completely different mechanism for
the disappearance of 16 becomes important as the acidity of
the reaction medium is increased sufficiently, and this new
mechanism leads to 1, rather than 17, as the organic prod-
uct.

Given the pK, of Bunte salt 7, it seems reasonable to believe
that the pK, of the sulfinate group in 16 should be no less than
about 5.0. Protonation of 16 to 16-H should therefore be vir-
tually complete at pH 4.0. The fact that the rate of disap-
pearance of the Bunte salt S-oxide continues to increase
markedly as the pH is lowered beyond this point shows that
the rapid decomposition to 1 in acid solutions involves the
addition of more than just one proton to 16.

A straightforward and reasonable mechanism of this type
for the acid-catalyzed decomposition of 16 is shown in Scheme
V. It involves (a) the reversible protonation of the sulfinyl
group in 16-H to give 16-Hs, (b) decomposition of 16-Hs by
loss of sulfur trioxide to afford 18, and (c) cyclization of this
mixed sulfenic—sulfinic acid to give thiolsulfonate 1. Forma-
tion of a thiolsulfonate by the reaction of an aromatic sulfenic
acid with a sulfinic acid has been observed before.2!7 The
intramolecular nature of this reaction in the case of the con-
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version of 18 to 1 should allow it to occur particularly readi-
ly.

The pK, of 16-Hs, although unknown, is presumably less
than 0. Given that, and assuming k4 to be rate determining,
the mechanism for the acid-catalyzed decomposition of 16
shown in Scheme V predicts that the acid-catalyzed rate
constant, ky+, under our reaction conditions will be given by
eq 7. The mechanism therefore predicts that until ay+ > K,

2
kys = [ﬂ] [__QH_+_._] @)
Kq, 1 LK, +au+
the reaction should exhibit a greater than first-power de-
pendence on ay+. That this is indeed the case is suggested by
the fact that changing from a chloroacetate buffer of pH 5.48
to a dichloroacetate buffer of pH 4.00, an increase of a factor
of 30 in ay+, leads to a greater than 100-fold increase in ky+
(remember that the main contributor to the rate of decom-
position of 16 in the chloroacetate buffer is still the reaction
that leads to 17 rather than the acid-catalyzed decomposition
to 1).

Once ay+ > K,, the mechanism predicts that £y+ should
increase linearly with ay+. Inspection of the data for the pH
range 2.0-4.0 in Table V shows that the actual increase in ky+
is somewhat smaller than predicted from eq 7 and that the
effect becomes more pronounced the lower the pH. We believe
this is due to the fact that at higher acidities the cyclization
of 18 to 1 becomes slower than ky+, with the result that the
measured rate of formation of 1 becomes slower than pre-
dicted from eq 7.18

The mechanism in Scheme V for the acid-catalyzed de-
composition of the Bunte salt S-oxide has considerable
analogy to the mechanism!® of the acid-catalyzed decompo-
sition of an ordinary Bunte salt (eq 8). In eq 8 zwitterion 19,
rather 16-Hs, undergoes loss of sulfur trioxide. When one
compares the rates of the two acid-catalyzed decompositions
under a given set of reaction conditions (0.01 M HCIO, in 60%
dioxane at 25 °C), one finds that the rate of decomposition of
Bunte salt S-oxide 16 is a staggering 3 X 108 times faster than
the rate of decomposition of the Bunte salt PhSSO3;~. The
Bunte salt S-oxide is thus over 108 times less stable in acid
solution than an analogous Bunte salt. Presumably one of the
major factors responsible for this is the much greater basicity
of the sulfinyl group in the S-oxide as compared to the sulfide
sulfur in the Bunte salt, i.e., K,, in Scheme V&K K';in eq 8;

K, +

CH,—S8—=S0,” + Ht —= CsHs—?—SO[
H
19

y
=% CH—SH + S0, (8)

sulfinyl groups are known generally to be much more basic
than equivalently substituted sulfide functionalities.2

We had also hoped to be able to study the reaction of cya-
nide ion with 2. However, experimental difficulties, which are
outlined in detail in the Experimental Section, precluded our
obtaining any informative or meaningful data on this partic-
ular system (and also the reaction of 5 with CN™), other than
apparently to provide some indication of the rate of hydrolysis
of the sulfinyl cyanide function, —-S{O)CN, produced on
opening of the sulfinyl sulfone ring by cyanide ion.

Experimental Section

Synthesis of Cyclic Thiolsulfonates, Sulfinyl Sulfones, and
a-Disulfones. Dibenzo[ce]-1,2-dithiin 1,1-dioxide (1) and 1,1,2-
trioxide (2) were prepared as described in a previous paper,13 as was
also naphthol1,8-¢d]-1,2-dithiole 1,1,2-trioxide (5). Naphthof{1,8-
cd]-1,2-dithiole 1,1-dioxide (4) was prepared following the procedure
of Zweig and Hoffman.22
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Dibenzo[ ce]-1,2-dithiin 1,1,2,2-Tetroxide (3). Thiolsulfonate
1 (1.0 g, 4.0 mmol) was dissolved in 25 mL of chloroform, a solution
of 1.8 g (8.9 mmol) of 85% m-chloroperbenzoic acid in 3.0 mL of the
same solvent was added to it at room temperature, and the solution
was stirred for 4 days. The white precipitate of 3 was removed by fil-
tration. The filtrate was then extracted three times with 5% sodium
bicarbonate to remove m-chlorobenzoic acid. It was then washed with
water and dried over anhydrous magnesium sulfate. Concentration
of the chloroform solution led to the precipitation of additional crops
of 8. The combined crops of 3 were recrystallized from chloroform/
hexane to afford pure 3, mp 244-245 °C dec, in 73% yield (0.83 g); IR
(KBr) SOs absorptions at 1343 s, 1329 5, 1167 s, 1147 cm™! ms; UV
(60% dioxane) Amax 313 nm (¢ 6450).

Anal. Caled for C1oHgS:04: C, 51.42; H, 2.88; S, 22.87. Found: C,
51.30; H, 2.99; S, 22.87.

Naphtho[1,8-cd]-1,2-dithiole 1,1,2,2-Tetroxide (6). A solution
of 0.284 g of 4 in 10 mL of chloroform was mixed with a solution of 0.53
g of 85% m-chloroperbenzoic acid in 10 mL of the same solvent, and
the mixture was stirred for 1 day at room temperature. The chloro-
form solution was then extracted three times with 5% sodium bicar-
bonate, washed once with water, and dried over MgSOy, most of the
chloroform removed under reduced pressure, and hexane added to
precipitate a-disulfone 6. The precipitate was recrystallized from
chloroform/hexane, giving 0.15 g (46%) of pure 6. The compound has
no melting point but decomposes slowly on heating above 200 °C; IR
(KBr) SO, absorptions at 1350, 1180, 1120 cm™!; UV (60% dioxane)
Amax 302 nm (e 6500).23

Anal. Caled for C10HgS204: C, 47.23; H, 2.38. Found: C, 46.91; H,
2.65.

Purification of Reagents. Reagent grade sodium sulfite, potas-
sium cyanide, acetic acid, chloroacetic acid, dichloroacetic acid, tri-
fluoroacetic acid, and sodium acetate were used without further pu-
rification. 1,4-Dioxane was purified by the procedure of Hess and
Frahm,25 and the freshly distilled dioxane was then frozen and stored
at —20 °C to prevent the formation of peroxides prior to use. Doubly
distilled water was used in all kinetic runs.

Procedure for Kinetic Runs. Reaction of Excess Sulfite or
Cyanide with Substrates. In the runs using cyanide, 1:1 CN=/HCN
buffers were prepared by adding 1 mol of perchloric acid (as a dilute
standardized solution in aqueous dioxane) to an aqueous dioxane
solution containing 2 mol of cyanide. The resulting concentrated stock
1:1 buffer solution was then diluted further to achieve the cyanide
concentration desired for a particular run.

The reactions of 1 and 4 were followed by stopped-flow spectro-
photometry by mixing an equal volume of a 60% dioxane solution of
either 1 or 4 with a solution of either sodium sulfite or 1:1 CN~/HCN
buffer in the same solvent. The reactions of 1 were followed at 296 nm
and those with 4 at 304 nm.

Because of the rapid hydrolysis of 2 in aqueous dioxane, the
stopped-flow procedure for following its reaction with sulfite involved
mixing an equal volume of a solution of 2 in anhydrous dioxane with
one of a solution of sodium sulfite in 20% dioxane. This procedure has
been shown by Kice and Mullan?® to be valid for following the kinetics
of rapid nucleophilic substitution reactions of sulfinyl sulfones. The
reaction was followed at 310 nm.

The much slower reactions of a-disulfones 3 and 6 were followed
by conventional spectrophotometry. A known volume (3.6 mL) of
either a solution of sodium sulfite or a 1:1 CN~/HCN buffer in 60%
dioxane was placed in a spectrophotometer cell in the thermostatted
cell compartment of a Cary Model 17 spectrophotometer, and, once
thermal equilibration was achieved, the reaction was initiated by
injecting 36 uL of a 10~2 M solution of either 3 or 6 in anhydrous di-
oxane into the other solution with immediate mixing. The reactions
involving 3 were followed at 313 nm and those involving 6 at 322
nm,

Regeneration of 1 from 7 and 8. Solutions of 7 (or 8) were pre-
pared by reacting 1 (10~* M) with either 5 X 10~* M CN— (1:1
CN-/HCN buffer) or 5 X 10~* M sodium sulfite in 0% dioxane. To
3.6 mL of these solutions in a thermostatted spectrophotometer cell
was then added 36 uL. of a concentrated chloroacetic acid/sodium
chloroacetate buffer (these buffers contained 1 M sodium chloroa-
cetate and either 0.5, 1.0, or 2.0 M chloroacetic acid), and the increase
in the absorbance of the solution with time at 296 nm was then fol-
lowed. The final absorbance at 296 nm corresponded in each case to
the complete regeneration of 1, and the final complete spectrum in
the ultraviolet region corresponded to that expected for a 10-¢ M
solution of 1,

Regeneration of 4 from 9 and 10. To study the regeneration of
4 from 9 a solution of 9 was prepared by dissolving 1.1 mg of 4 and 12.6
mg of sodium sulfite in 25 mL of 60% dioxane. This solution was
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placed in one of the reservoir syringes of a stopped-flow spectropho-
tometer, while chloroacetate buffers of varying pH were placed in the
other reservoir syringe. Upon mixing of the two solutions the change
in the optical density of the solution with time at 304 nm was fol-
lowed.

The procedure for following the regeneration of 4 from 10 was
similar except that in this case a solution of an equilibrium mixture
of 4 and 10 was prepared by dissolving 2.2 mg of 4 in 50 mL of a 1:1
CN~/HCN buffer in 60% dioxane having [CN~] = 0.002 M. This was
then placed in one of the reservoir syringes of the stopped-flow
spectrophotometer and mixed with different chloroacetate buffers.

Slow Further Reaction of 10 to Give 11. To 3.6 mL of a 60% di-
oxane solution containing [CN~] = [HCN] = 0.016 M was added 36
ulL of a 1072 M solution of 4 in pure dioxane, and the absorbance of
the solution at 368 nm (Agax for 11) was monitored periodically during
the course of a week. At the end of that time the absorbance at 368 nm
corresponded to only 0.27 of that expected for complete conversion
of 10 to disulfide 11. The solution was then treated with sufficient
concentrated chloroacetic acid buffer to convert all of the cyanide ion
to HCN (and allow any 10 still present to revert to 4), and the com-
plete spectrum of the solution was examined. While there was evi-
dence for the regeneration of some 4, the amount was modest; com-
parison with known spectra of 4, 11, and 12 suggested that a consid-
erable amount of thiolsulfinate 12 was present.

Failure to Regenerate 3 or 6 on Acidification of Final Reaction
Solutions from Reaction of 3 or 6 with Sulfite and Cyanide. The
final reaction solutions from the reaction of 3 (10~* M) with either 1
X 10~3 M cyanide ion in a 1:1 CN~/HCN buffer or 5 X 10~3 M sulfite
ion were acidified by the addition of 36 L of a chloroacetate buffer
containing 1 M CICH,COO0~ and 2 M CICH;COOH. The absorbance
of the solution in the region around 313 nm, where 3 has its absorbance
maximum, was then monitored with time. There was no increase in
optical density at 313 nm; regeneration of 3 under these conditions
therefore does not occur.

a-Disulfone 6 (10~4 M) was reacted at 25 °C with a 1:1 CN-/HCN
buffer containing [CN~] = 0.004 M, and as soon as the rather rapid
reaction was complete (¢ = 3.5 min for 10 half-lives) the 3.6 mL of
reaction solution was acidified by the addition of 36 uL of 1:1 chlo-
roacetate buffer, 1.0 M in chloroacetic acid. Acidification led to no
increase with time in the optical density at 322 nm, as would have
occurred if 6 had been regenerated. Instead, there was a slow further
decrease in the absorbance at 322 nm (k; = 5 X 10~4s~1), presumably
due to the slow hydrolysis (or decomposition) of the intermediate (15)
that had been formed in the initial rapid reaction.

Preparation of Bunte Salt S-Oxide 16. A solution of 6.3 mg (0.05
mmol) of sodium sulfite in 1 mL of water was added quickly at room
temperature with good stirring to a solution of 13.2 mg (0.05 mmol)
of 2in 1 mL of anhydrous dioxane. As soon as the addition was com-
plete the clear solution was frozen, and the solvents were removed by
lyophilization. The white crystalline residue of 16 so obtained was
used without further purification. In the 900-1300-cm™! region the
infrared spectrum of 16 (KBr) showed a strong peak centered at 1220
¢m™1, a peak of moderate intensity at 1115 cm™1, and a strong, broad
band consisting of a series of overlapping absorptions between
940-1070 cm ™1, The ultraviolet spectrum (60% dioxane) had a Apay
at 280 nm (e 6400). When heated slowly in a sealed capillary tube 16
began to decompose slowly above 40 °C with substantial contraction
of the sample in volume and apparent evolution of a gas. The de-
composition was rapid at 70 °C. Exposure of this gas to a solution of
barium chloride caused the solution to become turbid, suggesting the
gas is probably sulfur trioxide. The solid remaining after the de-
composition of 16 did not melt below 300 °C.

Kinetics and Products of the Decomposition of Bunte Salt
§-Oxide 16. A 1.2 X 1074 M solution of 16 in 60% dioxane was pre-
pared, and 3.6 mL of the solution was placed in a thermostatted, 1-cm
spectrophotometer cell in the Cary 17. A 36-ul. amount of 1 M HCIO,4
solution was then added to this solution. One observed the immediate
disappearance of the 280-nm peak associated with 16 and the ap-
pearance of the spectrum characteristic of cyelic thiolsulfonate 1 with
peaks at 296 and 262 nm. Based on the optical density at 296 nm and
the initial concentration of 16, the yield of 1 under these conditions
is essentially quantitative.

In a second similar experiment 3.6 mL of the 1.2 X 1074 M solution
of 16 was treated with 72 L of a 1:1 acetate/acetic acid buffer ([AcO~}]
= [AcOH] = 1 M). The disappearance of the peak for 16 at 280 nm was
now relatively slow and could be followed by conventional spectro-
photometry. A scan of the spectrum of the final solution at the end
of the reaction showed no evidence of a peak at 296 nm. The ultravi-
olet spectrum of the final solution was very similar to that for disul-
finate 17. The final reaction solution was then acidified with sufficient
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concentrated perchloric acid to neutralize the buffer and give [H*]
= 1072 M, and the spectrum was then rescanned. The change in the
spectrum was essentially the same as that observed!3 when a solution
of 17 is acidified. Of particular importance, there was a small decrease
in absorbance at 296 nm, Were 16 decomposing in the acetate buffer
to yield some other species than 17 that was capable of yielding 1
readily upon acidification to pH 2, acidification of the final reaction
solution would have led to the appearance of the 296-nm peak asso-
ciated with 1. One should also note that other work in this laboratory?
has indicated that the reaction of a sulfenic acid with a sulfinic acid
to give a thiolsulfonate will take place sufficiently readily in 60% di-
oxane in a 1:1 acetate buffer, so that if decomposition of 16 in that
buffer led to 18 (presumably as its monoanion, given the pK,'s of the
-S0¢H and more weakly acidic —-SOH groups) it would go over to 1
in the buffer.

Additional kinetic experiments on the decomposition of 16 were
carried out by adding varying amounts of the concentrated acetate
buffer to 3.6 mL of the solution of 16 and following the change in ab-
sorbance with time at 280 nm.

In 1:1 chloroacetate buffers, the kinetics were followed in the same
way as in acetate buffers. The behavior of 16 was slightly different
than in acetate buffers in that the final reaction solution had a slight
absorption peak at 296 nm, indicating some 1 had been formed.
However, the fact that upon acidification with excess perchloric acid
the absorbance of the final reaction solution again decreased at 296
nm shows that 17 is still the more important product.

In 1:1 dichloroacetate buffers the rate, although fast, was still slow
enough to be followed by conventional spectrophotometry. However,
since under these conditions, as in more acid solutions, the essentially
exclusive organic product is 1, the kinetics were studied by following
the increase in optical density at 296 nm rather than the change at 280
nm.

The rate of decomposition of 16 in either 1072 M HC1O4 or a 1:1
trifluoroacetate buffer was too fast to be followed by conventional
spectrophotometry. Rates in these media were therefore measured
by stopped-flow spectrophotometry by mixing a solution of 16 with
the acidic solution and then following the change in absorbance at 296
nm.

Reaction of Cyanide Ion with Cyclic Sulfinyl Sulfones 2 and
5. When a solution of 2 (2 X 10~* M) in pure dioxane was mixed in the
stopped-flow spectrophotometer with an equal volume of a series of
CN-/HCN buffers in 20% dioxane, [CN~] = 0.002-0.008 M, and the
change in the absorbance with time at 310 nm (Apay for 2) was moni-
tored, the following results were obtained. For [CN~] = 0.002 M after
mixing, plots of log (A — A.) vs. time were nicely linear, but the ex-
perimental first-order rate constant (k; = 6.6 s~! for 1:1 CN-/HCN
buffer) was independent of [CN~]. For [CN~] = 0.001 M, plots of log
(A — A) vs. time showed some curvature; the initial slopes were about
75% those for the higher cyanide concentrations, while the slopes of
the final portions of each run were about half those for the higher
cyanide concentrations. Although independent of cyanide concen-
tration, the rates for [CN~] = 0.002 M were dependent on the
CN-/HCN buffer ratio, being approximately twice as large in a series
of 2:1 CN=/HCN buffers as they were in the series of 1:1 CN-/HCN
buffers. Obviously, what is being measured is not the rate of reaction
of CN~ with 2 since this would show a first-order dependence on
[CN-] throughout. On the other hand, the dependence of the rate on
buffer ratio indicates that the process being measured is one whose
rate depends on the concentration of [OH~]. Since cyanide ion is re-
active enough compared to hydroxide ion toward acyclic aromatic
sulfinyl sulfones so that reaction with cyanide is the only process of
kinetic importance in CN~/HCN buffers,26 it is hard to believe that
what we are following here is the alkaline hydrolysis of 2 itself.
Therefore we are inclined to believe that the explanation for the pe-
culiar kinetic behavior observed with 2 and CN~ is that the opening
of the sulfiny! sulfone ring in 2 by cyanide is more rapid at [CN~]| =
0.002 M than the process we are following but does not lead to much
of a change in absorbance at 310 nm. Hydrolysis of the intermediate
resulting from this reaction, presumably a sulfinyl cyanide, -S(O)CN,
does involve a sizeable decrease in absorbance at 310 nm, and it is this
process that is what one follows via stopped-flow studies. The rate
of hydrolysis of the sulfinyl cyanide might be expected to depend on
[OH™] but be independent of [CN~}. Due to the rate of spontaneous
hydrolysis of sulfinyl sulfones, all kinetic studies using stopped-flow
spectrophotometry with these substrates in 60% dioxane have to be
done by mixing a solution of the sulfinyl sulfone in anhydrous dioxane
with a 20% dioxane solution of the nucleophilic reactant,?® with a
resultant period immediately after mixing where small changes in
absorbance cannot be measured reliably. Because of this, it is not
possible in the present system to ascertain whether or not there is a
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small, rapid initial absorbance change with the rate proportional to
[CN-] preceding the process associated with the large ahsorbance
change which is easy to measure. We tried to see if the situation could
be improved by using a different wavelength to follow the reaction
but without success.

In the case of the reaction of 5 with cyanide the situation is no better
because here the total overall absorbance change associated with the
transformation of 3 to the final reaction products is so small as to make
any reliable kinetic studies impossible, given the special type of mixing
that has to be employed in stopped-flow kinetic work with sulfinyl
sulfones.
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Diaziridinones (2,3-Diazacyclopropanones). Structure (X Ray).!2 Thermal

Decomposition via a Nitrenoid Fragment!?
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The structure of a diazacyclopropanone, bis(p-bromo-«a,a-dimethylbenzyl)diaziridinone (3), has been deter-
mined by x-ray analysis. The substituents attached to the nitrogen atoms are 56° above and below the plane de-
fined by the ring atoms; the bond lengths in the ring are 1.60 (N~N) and 1.325 A (N-CO). Thermal decomposition
of the diaziridinone affords the following (in moles of product per mole of reactant): p-bromo-c,a-dimethylbenzyl
isocyanate (9) (0.35), p-bromo-N-(1-methylethylidene)benzenamine (10) (0.24), N-(1-p-bromophenylethylidene)-
methanamine (11) (<0.01), p-bromo-a-methylstyrene (12) (0.15), and p-bromocumene (13) (0.01). The major path
of decomposition is fragmentation to the isocyanate 9 and a nitrenoid species which rearranges (aryl migration) to

imine 10.

Diaziridinones (2,3-diazacyclopropanones) pose several
problems of interest in structure and reactivity.2 NMR and
IR data for N,N’-di-tert-alkyldiaziridinones are suggestive
of the nonplanar trans structure 1.22 Physical data and reac-
tions of a bicyclic diaziridinone 2 are in accord with structure
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2, although the NMR shows a single methy! signal (and a
single methylene signal) even down to —150 °C.2¢

Here we report the structure of the diaziridinone 3, deter-
mined by x-ray analysis, and a study of the thermal decom-
position of this diaziridinone.
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