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h. F NMR analysis (standard CgH;CF3) showed that cycloadduct
15 was formed in 63% yield (cis,trans-15/trans,trans-15 ratio of
83/17). The reaction mixture was submitted to methanolysis in
a manner similar to that for the desilylation of 14.

Treatment of the reaction mixture with MeOH-TsOH at 0 °C
for 2 h gave 17 in 89% yield (**F NMR analysis). Compound 17
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was isolated by a column chromatography on silica gel (eluent
CHCl,); mp 82-83 °C (from benzene—hexane). Desilylation by
treating with MeOH-NaHCO; at 50 °C for 3 h afforded 19 in 91%
yield (**F NMR analysis; cis,trans-19/trans,trans-19 ratio of
83/17). Both cis,trans-19 and trans,trans-19 were isolated by
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a column chromatography on silica gel (eluent CHCly): cis,-
trans-19, mp 127-131 °C; trans,trans-19, mp 117.5-118.5 °C.

17: 'H{**F} NMR (CDCl,) § 2.48-3.26 (m, 3 H), 4.08 (d of t,
JHuHc = ij—H" =25 HZ, JH“—Hd =8 HZ, 1 H), 6.30 (dd, JH'-Hb =
10 HZ, JHh_Hc =25 HZ, 1 H), 6.76 (dd, JHLHb =10 HZ, JHA_HG =
2.5 Hz, 1 H), 7.46 (d, J = 8 Hz, 2 H), 8.28 (d, J = 8 Hz, 2 H); F
NMR (CDCl,, CFCly) § ~70.35 (d, J = 7.5 Hz); IR (KBr) 1690
(vcm0), 1600 (vc—c) cm™l; mass spectrum, m/e 285 (M*). Anal
Calcd for CysH,F303N: C, 54.74; H, 3.53; N, 4.91. Found: C,
54.78; H, 3.63; N, 4.88.

cis,trans-19;: 'H{**F} NMR (CDCly) § 2.46 (dd, Jyt_ye = 15 Hz,
JHe_Hf =105 HZ, 1 H), 2.53 (dd, JH‘—H" =15 HZ, JHLHC =25 HZ,
1 H), 2.82 (ddd, JHf_Hi =15 HZ, JHLHe =5 HZ, JHLHb =1.8 HZ,
1 H), 2.96 (ddd, Jyesp = 15 Hz, Jygn.ze = 3.6 Hz, Jugoze = 1.8 Hz,
1 H), 3.26 (dd, JHd—H‘ =11 HZ, JHd_Hc =15 HZ, 1 H), 3.45 (ddd,
JHe_Hf =105 HZ, JH‘—H' =5 HZ, JH‘—Hd =11 HZ, 1 H), 3.73 (ddd,
JHc_HA =25 HZ, JHc_Hb = 3.6 HZ, JHc_Hd =15 HZ, 1 H), 7.59 (d,
J =8Hz, 2 H),8.18 (d, J = 8 Hz, 2 H); 15F NMR (CDCl;, CFCly)
6-70.2 (d, J = 7.5 Hz); IR (KBr) 1720 (vc—o) cm™'; mass spectrum,
m/e 231 (M*). Anal. Caled for C, H,F3O0,N: C, 53.00; H, 4.45;
N, 4.41. Found: C, 52.94; H, 4.37; N, 4.43.

trans,trans-19: 'H{*F} NMR (CDCly) 6 2.50 (dd, Jyayp = 14
Hz, Juwye = 9.5 Hz, 1 H), 2.55 (dd, Jyeps = 14 Hz, Jyige = 12
HZ, 1 H), 2.75 (ddd, JH‘—Hf =14 HZ, JH‘—H' =45 HZ, JH(_Hb =12
HZ, 1 H), 2.83 (ddd, JHe_Hd =10 HZ, JH’—Hf =12 HZ, JH’—H‘ =45
HZ, 1 H), 2.95 (ddd, JHb_Hl =14 HZ, JHb—Hc = 4 Hz, JHb_Hx =1.2
HZ, 1 H), 3.12 (S, 3 H), 3.22 (dd, JHd_Hc =9 HZ, JHLHe =10 HZ,
1 H), 3.58 (ddd, JHC_HI =95 HZ, JHc_Hb =4 HZ, JHc_Hd =9 HZ, 1
H), 7.38 (d, J = 9 Hz, 2 H), 8.20 (d, J = 9 Hz, 2 H); F NMR
(CDCl;, CECl,) 6 -69.5 (d, J = 7 Hz); IR (KBr) 1730 (yo—g) cm™;
mass spectrum, m/e 231 (M*). Anal. Caled for C,H;,F3O,N:
C, 53.00; H, 4.45; N, 4.41. Found: C, 53.05; H, 4.46; N, 4.36.

Registry No. 1, 677-21-4; 2, 38053-91-7; 3a, 81206-63-5; 3b,
81206-64-6; 4, 70901-64-3; 5a, 81206-65-7; 5b, 81206-66-8; 6, 59414~
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Chau and Kice! have shown that the cyclic thio-
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In aqueous dioxane the cyclic thiosulfonate dibenzo[c,e]-1,2-dithiin 1,1-dioxide (1) reacts rapidly with thiolate
ions and undergoes opening of the thiosulfonate ring (eq 2), forming disulfide 3a. Acidification of solutions of
3a with carboxylic acid buffers of appropriate pH leads to facile reversal of the ring-opening reaction and the
quantitative regeneration of 1. Since this reversal of ring opening is not acid-catalyzed, it must take place via
a simple intramolecular displacement of RS~ by the sulfinate (SO,7) group present in 3a and is therefore the
microscopic reverse of the ring-opening reaction. Rate constants have been determined for both ring opening
(kgs) and reversal of ring opening (k_gg) for a series of alkanethiolates of varying pK,. From these data one may
also calculate the equilibrium constant, K, (= kgg/k_gg), for reaction of each thiolate with 1. From comparison
of the log K,'s with previously determined equilibrium constants for reaction of cyanide and sulfite ions with
1 one obtains quantitative information on the thermodynamics of reactions of the type ArSSR + CN-= ArSCN
+ RS~ and ArSSR + SOg* = ArSSO;™ + RS~ that should be of considerable value for predicting the magnitude
of equilibrium constants for cyanide—disulfide and sulfite-disulfide equilibria. Plots of log K, log kgg, and log
k_ps vs. the pK, of RSH reveal that 8,, = 1.25, g = 0.26, and 8.gs = —0.99. These 3 values show that the transition
state for eq 2 is quite unsymmetrical, with a structure [RS*™ .8-S0,%>] where the RS-S bond is only ~20%
formed. The Bgg and B_gg values are compared with the 8 values for several other previously studied displacements
involving disulfides. The reaction of naphtho{1,8-cd]-1,2-dithiole 1,1-dioxide (2) with thiolates behaves in a fashion
analogous to that of the reaction of RS™ with 1. Comparison of K, kgg, and k_gg for an equilibrium involving
2 and a thiolate with those for the corresponding thiolate reacting with 1 allows one to assess how a change from
a six- to a five-membered thiosulfonate ring influences Ko, kgs, and k_gs. The major effects are that k_gg is much
larger and K, is considerably smaller.

ion (as shown for 1 in eq 1, step ky,). However, in dra-

sulfonates 1 and 2, like ordinary open-chain aryl thio-
sulfonates, are cleaved readily by excess cyanide or sulfite

(1) Chau, M. M,; Kice, J. L. J. Org. Chem. 1978, 43, 914.

matic contrast to the behavior of open-chain thiosulfonates,
upon acidification of the final reaction solution with buffers
sufficiently acidic to protonate CN- or SO, the reaction
can be reversed (step k_y,) and the cyclic thiosulfonate
rapidly and quantitatively regenerated. The reason that

0022-3263/82/1947-2055801.25/0 © 1982 American Chemical Society
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step k_n, can be readily observed with 3 at appropriate
pH’s, when the analogous reaction of ArSQ,~ with ArSNu
cannot, is because the intramolecular character of the
displacement in the case of 3 makes the reaction many
orders of magnitude faster than the intermolecular reac-
tion of ArSO,” with ArSNu.

The behavior of 1 and 2 with CN~ and SO,% suggested
that ring-opening reactions of these thiosulfonates with
other nucleophiles that would also be protonated upon
acidification on the reaction solution (such as RS") would
also prove to be reversible and that suitable study of such
systems could provide information about the character-
istics of reactions such as ArSO,” + ArSSR — ArSO,SAr
+ RS™ not otherwise likely to be accessible to study.

The present paper reports the results of the study of the
reaction of thiolate ions with dibenzo[c,e]-1,2-dithiin and
naptho{1,8-cd]-1,2-dithiole 1,1-dioxides (1 and 2, respec-
tively) and of the reversal of these reactions upon acidi-
fication of the reaction solution. The data it affords on
Enw B-nuw 8nd Koy (Nu = RS) are of interest not only in
their own right but also in relation to the data for certain
nucleophilic displacements on aryl disulfides that have
been studied by Hupe,2 Overman,® and others.?®

Results

When equal volumes of 60% dioxane (v/v) solutions of
1 (1.0 X 10* M) and a 6:1 K,HPO,~KH,PO, buffer (pH
10)* containing excess alkanethiol (0.002-0.02 M) are
mixed, there is a very rapid disappearance of 1 that can
be followed by monitoring the disappearance of the ab-
sorption maximum for 1 at 296 nm with stopped-flow
spectrophotometry. Reaction of 2 with a thiol can be
followed in a similar fashion at 304 nm. The disappearance
of 1 (or 2) under such conditions follows good first-order
kinetics. The experimental first-order rate constants, k;,
for the various runs using different thiols and thiol con-
centrations are tabulated in Table I. One sees that for
a given thiol and cyclic thiosulfonate k,/Crgy is a constant.
Since the pH of the phosphate buffer is known* and the
pK,’s for the various thiols in 60% dioxane are either
known or can be estimated sufficiently accurately,’ one can

(2) (a) Hupe, D. J.; Wu, D. J. Org. Chem. 1980, 45, 3100. (b) Freter,
R.; Pohl, E. R.; Wilson, J. M.; Hupe, D. J. Ibid. 1979, 44, 1771. (c) Wilson,
J. M.; Bayer, R. J.; Hupe, D. J. J. Am. Chem. Soc., 1977, 99, 7922.

(3) (a) Overman, L. E.; Matzinger, D.; O’Connor, E. M.; Overman, J.
D. J. Am. Chem. Soc. 1974, 96, 6081. (b) Harper, D. A. R.; Mitchell, J.
W.; Wright, G. J. Aust. J. Chem. 1973, 26, 121.

(4) Kice, J. L.; Lee, T. W. S. J. Am. Chem. Soc. 1978, 100, 5094.

(5) the pK,’s of thiophenol (9.48)% and ¢-BuSH (13.72)%® in 80% di-
oxane have been determined experimentally. Since ApK, for these two
thiols in 60% dloxane (4.24 pK units) is closely similar to their ApK, (4.5
pK units) in water,’ it seems reasonable to assume that for the other thiols
in Table I pK, (t-BuSH) - pK, (RSH) in 60% dioxane =~ pK,(¢t-BuSH)
- pK,(RSH) in water. We have assumed that pK,(¢t-BuSH) - pK,(RSH)
in 60% dioxane will be equal to 0.95[pK,(¢-BuSH) - pK,(RSH)] in water.
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calculate from these values of k;/Cgrgy the second-order
rate constants kgg (eq 2 and 3) for the reaction of different
thiolate ions with 1 and 2.8 These values of kgg are shown
in Table III.

5—50,

Measurements of k_gg can be achieved as follows. The
thiosulfonate (1 X 10™* M) is treated with a sufficient
amount [total thiol, Crgy = (2.1-8.4) X 10™* M] of a 1:1
mixture of RS~ and RSH to cause it to be converted com-
pletely to 3a (or 4a, in the case of 2). Acidification of this
solution by addition of either a formic acid—sodium for-
mate or a chloroacetic acid—sodium chloroacetate buffer
leads to the essentially quantitative reversion of 3a to 1
(or 4a to 2), and the rate of this process may be followed
by monitoring the increase in the optical density of the
solution with time at 296 nm (or 304 nm in the case of 2).
Plots of log (A. — A) vs. time show excellent linearity in
every case; their slopes give the experimental first-order
rate constant, k_;, for the reversion of 3a to 1 (or 4a to
2) under the various conditions. The results for 3a are
given in Table II. Reversion of 4a to 2 was studied only
for the case where R = t-Bu. In a 1:1 chloroacetic acid—
sodium chloroacetate buffer (pH 5.48)% the results are as
follows (Cgrgy, k-1): 3.8 X 10* M, 0.057 57, 7.6 X 10™* M,
0.057 s7.. For a 1:1 formic acid-sodium formate buffer (pH
6.10)% one finds the following (Cggy, k-;; 3.8 X 10 M,
0.069 871, 7.6 X 10 M, 0.070 s71,

The first three entries in Table II, which show that k_;
does not increase with an increase in buffer concentration,
demonstrate that general-acid catalysis by buffer is not
important in the reversion of 3a to 1. The fact that k_;
does not increase with decreasing buffer pH shows that
specific hydrogen ion catalysis is not important either.?

As measured, k_; is not always exactly equal to k_gg.
First, previous work! has indicated that in 60% dioxane
the pK, of the SO, group in 3a should be about 4.5 and
that SO,H is unreactive as nucleophile compared to SO,".
Therefore, the measured rate of reversion of 3a to 1 will
be equal to k_gg(K,®/K,* + ay+), rather than to k_gg.
Second, the equilibrium constants for eq 2 are such that
in certain cases (R = ¢t-Bu especially) the reversion of 3a
to 1 is not quite complete at equilibrium. In those cases
k_, as measured will be equal to the sum of the rates of

(6) (a) Kice, J. L.; Rogers, T. E. J. Am. Chem. Soc. 1974, 96, 8015. (b)
Ju, T.-L., M. 8. Thesis, Texas Tech University, 1979.

(7) Kreevoy, M. M,; Harper, E. T.; Duvall, R. E.; Wilgus, H. S.; Ditsch,
L. T.J. Am. Chem. Soc. 1960, 82, 4899.

(8) Kinetic data with other phosphate buffers of different pH show
that reaction of undissociated thiol with 1 or 2 is of absolutely no im-
portance kinetically in this pH range. The observed rate is entirely due
to the reaction of thiolate ion. This was expected from what had been
found previously® regarding the relative reactivity of RSH vs. RS~ toward
phenyl benzenethiosulfonate.

(9) Were acid catalysis to play a role, it would be expected to be most
prominent for the reaction of 3a when R = ¢-Bu, since t-BuS~ is the most
basic thiolate. The fact that acid catalysis is not detectable for the case
where R = t-Bu indicates that it is almost certainly unimportant for the
other cases as well.
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Table I. Kinetics of the Reaction of Thiols with Cyclic Thiosulfonates 1 and 2ina 6:1
K,HPO,-KH,PO, Buffer in 60% Dioxane at 25 °C

thiosulfonate? thiol ].OZCRSH, M k,, st kl/CRSHi M s!

1 t-BuSH 0.60 2.7 4.5 x10?
1.20 5.1 4.3 X102

1.95 8.1 4.1 x 102

n-BuSH 0.60 20 3.4x10°

1.07 38 3.5 X10°

1.70 54 3.2xX10°

HOCH,CH,SH 0.29 59 2.0 X 10*

0.57 1.14 x 10? 2.0 X 10*

1.69 3.3 X 10? 2.0x10*

PhCH,SH 0.195 47 2.4 x 10°%

0.395 85 2.2 X 10%

0.7565 1.6 x 102 2.2 x 104

EtOOCCH,SH 0.086 1.9 x 10? 2.2 X108

0.12 2.0 x 10? 2.4 X 10°

0.17 4,7 X 10* 2.7x10°

2 t-BuSH 0.60 21 3.5x10°
1.20 39 3.2x10°

1.95 63 3.3 x10°

% At a concentration of 5 X 1075 M.

Table I1. Kinetics of the Reversion of 3a to 1 upon Acidification of an
Alkaline Solution of Thio plus 3a with Carboxylic Acid Buffers?

CrcooH: 10*CrsH.,
M M

Rin 3a buffer (pH) 10% _,,s™!
t-Bu 1:1 CICH,COOH-CICH,COO " (5.48) 0.01 4.5 0.0147
0.02 4.5 0.0138
0.04 4.5 0.0131
0.01 7.8 0.0157
16.1 0.0173
1:1 HCOOH-HCOO " (6.10) 0.01 4.5 0.0170
7.8 0.0185
16.1 0.0208
n-Bu 1:1 CICH,COOH-CICH,COO " (5.48) 0.01 2.2 0.216
4.2 0.216
8.4 0.219
1:1 HCOOH-HCOO" (6.10) 0.01 2.1 0.258
4.2 0.265
8.4 0.269
HOCH,CH, 1:1 CICH,COOH-CICH,COO" (5.48) 0.01 2.1 2.65°
1:1 HCOOH-HCOO " (6.10) 0.01 2.1 2.75°
PhCH, 1:1 CICH,COOH-CICH,COO " (5.48) 0.01 2.1 0.97
4.2 0.96
1:1 HCOOH-HCOO " (6.10) 0.01 2.1 1.2
EtOOCCH, 1:1 CICH,COOH-CICH,CO0 " (5.48) 0.01 2.2 80b
1:1 HCOOH-HCOO" (6.10) 0.01 2.2 920

¢ All runs in 60% dioxane at 25 °C; 1 (1 x 10°* M) was first treated with a 1:1 mixture of RS~ and RSH, (total thiol =
[CRSH]) and then acidified with the indicated buffer to initiate the reversion of 3ato 1. ? Average of three runs.

Table III. Rate and Equilibrium Constants for the Reaction of Thiolate Ions with
Cyclic Thiolsulfonates 1 and 2 at 25 °C in 60% Dioxane

pKa for kRS’ k_Rs, Keq (=kRS/k _Rs), AGO,
thiolsulfonate RS- RSH? M-t ! s! M-! keal/mol®

1 t-BuS- 13.72 2.3 X 10° 0.00016 1.4 x 10" -13.8
n-BuS- 13.34 7.4 x10¢ 0.0025 3.0 x 10° -12.9

HOCH,CH,S" 12.17 3.0 x 10° 0.029 1.0 x 108 -10.9

PhCH,S- 12.17 3.3 x 10¢ 0.012 2.7 x 108 -11.4

EtO,CCH,S" 10.75 1.6 X 10¢ 0.97 1.6 X 10°¢ -8.5

2 t-BuS- 13.72 1.8 x 107 0.071 2.5 X 108 -11.4

@ See ref 5 for the method of estimation of pK,’s of thiols in 60% dioxane. ¢ Standard free-energy change for reaction of

RS~ with thiolsulfonate; AG® = —RT In K,q.

the forward [kgs(K,F*H/ay+)Crgu] and reverse [k_pgs-
(K,22/K 2 + ay+)] steps of eq 2 under the particular re-
action conditions. Therefore, the general expression for
k_, is as shown in eq 4a,b.

KaSa KaRSH
k. = k.gs K+ o + kgs - Crsn (4a)

k—l = k_lo + k,CRSH (4b)

For those cases where the second term in eq 4a makes
a detectable contribution, a plot of k_; vs. Cgrgy gives
k_gs(K 38 /K,% + ay-) as the intercept (k_;°) at Crgy = 0.
The fact that in all cases k_,° is only about 10% smaller
in the chloroacetate (pH 5.48) than in the formate (pH
6.10) buffer is in accord with the pK, for 3a being 4.5 and
not significantly influenced by the nature of the R group,
and we have used this pK, for 3a throughout to convert
values of k_,° to k_gs. The values of k_gg are shown in
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Figure 1. Plot of log K, for the reaction of thiolate ions (RS")
with 1 (eq 2) vs. pK, oFkSH. Slope of correlation line, B, is
1.25,

Table III, as are also the equilibrium constants, K, (=
krs/k-gs), and the free-energy changes, AG’, associated
with the various equilibria.

Discussion

Figure 1 is a plot of log K, for eq 2 (K., = kgs/R_gs) vs.
the pK, of RSH. The fact that the point for RS = t-BuS
falls on the correlation line shows that the steric bulk of
the R group in RS has no significant effect on the mag-
nitude of the equilibrium constant for eq 2. The correla-
tion line has a slope, 84, of 1.25. On the basis of a cali-
brating scale where the effective charge on sulfur in RSH
is taken as 0.0 and that in RS~ as 1.0, this gives the ef-
fective charge on the RS sulfur in 3a as +0.25. Since the
effective charge on the sulfur atom in a thiolacetate
RSC(0)CHj; is only +0.38,%0 it is interesting, and perhaps
a bit unexpected, that the ArS fragment attached to the
RS sulfur in 3a has this large an effect on the electron
density on that atom.

The standard free-energy change, AGrs” = -RT In K,
for the 1 + RS~ = 3a equilibrium ranges, depending on
the nature of RS™, from —8.5 to —13.8 kcal/mol (Table III).
Standard free energies, AGey® (5.5 keal/mol) and AGsp,”
(-7.1 kcal/mol), for the reactions of 1 with cyanide (eq I,
Nu~ = CN") and sulfite ions (Nu™ = 80,%), respectively,
are available from previous work.! The difference AG¢y’
- AGgg’ will be AG” for the equilibrium shown as eq 5,

50, 50,”
K
QD = QD=
5SR 5CN

AG: = AGCN° - AGRSO

50, S0,”
e
+ 5087 = + Rs™(6)
5SR

5505”

AGGO = AG503° - AGRS°

while AGgp,” — AGRs® is equal to AG” for the equilibrium
shown as eq 6. Estimated values of AG;5° (and K at 25
°C) for several RS groups are as follows: n-BuS, 7.4 (3.8
% 107%); HOCH,CH,S, 5.4 kcal (1.1 X 107%); EtO,CCH,S,

(10) Hupe, D. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 451.
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Figure 2. Plot of log kgg (right ordinate) and log k_gg (left
ordinate) for various thiolate ions (RS") reacting in eq 2 vs. pK,
of RSH. Slopes of correlation lines: Bgg = 0.26; B_rg = —0.99 (the
points for RS™ = t-BuS~ deviate from the correlation lines for
the other thiolates because of a steric effect).

3.0 keal (6.3 X 107%). Values of AG,° (and K) for the same
RS groups are as follows: n-BuS, 5.8 kcal (5.6 X 1075);
HOCH,CH,S, 3.8 kcal (1.6 X 107%); EtO,CCH,S, 1.4 kcal
(0.094).

While there have been some previous qualitative and
semiquantitative observations!!'? regarding equilibrium
constants for processes of the type ArSSR + CN~ =
ArSCN + RS~ and ArSSR + SO,* = ArSSO;™ + RS-, the
data above represent, to our knowledge, the first quanti-
tative measurements of the thermodynamics associated
with such equilibria. Since we doubt that the particular
aryl group in eq 5 and 6 has much effect on AG", we feel
that AG;° and AG4°® should be representative of the
free-energy changes that may normally be expected for
such equilibria for alkyl aryl disulfides and should be
generally useful in predicting the magnitude of equilibrium
constants for cyanide—disulfide and sulfite-disulfide
equilibria.

Two indications that this is true are the following. First,
the pK, of thiophenol is ~1.3 pK units less than that of
EtO,CCH,SH.” From the variation in K5 with RS, our
data would predict that when the pK, of RSH is 1.3 pK
units smaller than that for ethyl thioglycolate, AG5° = 0.69
kcal and K, = 0.3. This is consistent with the report!? that
treatment of PhSSPh with a 10-fold molar excess of
cyanide ion results in the conversion of a sizeable fraction
of the disulfide to PASCN. Second, Stricks and Kolthoff!?
have determined AG’ (4.5 kcal) and K, (4.7 X 107 at 25
°C) for the equilibrium ("0,CCH,S), + S0;* =
“0,CCH,S80;™ + “0,CCH,S". The pK, of "0,CCH,SH*
is about 0.4 pK units larger than that of HOCH,CH,SH.
With that pK, difference, our estimates for eq 6 with RS~
="0,CH,S™ are AG° = 4.5 kcal and K = 5 X 107, values
in striking agreement with those actually found for the
sulfite—dithiodiglycolate equilibrium by Stricks and Kol-
thoff.13

Figure 2 shows plots for both log kgg and log &g in eq
2 vs. the pK, of RSH. For all thiolates except t-BuS™ there
is an excellent correlation between log kgg and the pK, of
RSH, with the slope, 8gs, of the correlation line being 0.26.
Since we have seen (Figure 1) that the point for ¢t-BuS~

(11) Parker, A. J.; Kharasch, N. Chem. Rev. 1959, 59, 582.

(12) Parker, A. J.; Kharasch, N. J. Am. Chem. Soc. 1960, 82, 3071.

(13) Stricks, W.; Kolthoff, I. M. J. Am. Chem. Soc. 1951, 73, 4569.

(14) Sekin, T.; Kato, K. A.; Takamori, K.; Machida, M.; Kanoaka, Y.
Biochem. Biophys. Acta 1974, 354, 139.
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does not deviate from the correlation line for log K, vs.
pK,, the point for t-BuS~ on the log &_gg vs. pK, plot in
Figure 2 should also deviate in a negative direction from
the correlation line for the other thiolates by an amount
equal to the deviation of the t-BuS~ point in the log kgg
vs. pK, plot, and the correlation line for log %_gg in Figure
2 has been drawn accordingly; its slope, 8_gg, is —0.99.

The fact that |8gg| < |8-rs| indicates that the transition
state for eq 2 is quite unsymmetrical with a structure of
the type shown in 5. That this should be the case is not
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surprising since thiolate ions are much stronger nucleo-
philes than an arenesulfinate ion, and one might therefore
expect that in going from 1 to 3a the transition state would
be reached rather early along the reaction coordinate. The
ratio Brg/Beq, if interpreted literally, would suggest that
at the transmon state the RS-S bond is only ~20%
formed.

As noted earlier, the fact that the point for t-BuS™ does
not deviate from the correlation line for log K, shows that
the particular steric requirements of a tert-butyl group
have no effect on the free energy of 3a. They do, however,
exert some effect on the free energy of the transition state
for eq 2 as evidenced by the negative deviation of the
t-BuS™ point from the correlation line for log krg (and log
k_gs). This steric effect is not a large one, though, the rates
being slower than expected by only about a factor of 4. For
that reason it is hardly surprising that the exact nature
of the origin of this steric effect is not unambiguously
apparent upon examination of a reasonable molecular
model of the transition state for eq 2.

Hupe and co-workers® have determined that Sgg for the
reaction (eq 7) of a series of alkanethiolates with Ellman’s

RS™ + ow—@— ‘@7
‘_@75&? + —34@—%2 (7)

reagent, 5,5-dithiobis(2-nitrobenzoic acid), is 0.50.1° The
value of Bgg for eq 7 is approximately twice as large as the
one (0.26) for eq 2. This indicates that in the transition
state for eq 7 RS-S bond formation is much further ad-
vanced than it is in the transition state for eq 2. This is
quite reasonable since ArSQ, is presumably a considerably
better leaving group than the Ar'S™ group in eq 7, and one
would expect that the transition state for eq 2 would be
reached at an earlier point along the reaction coordinate
for RS-S bond formation than in the displacement in eq
7.

(15) A similar value of g (+0.57) was also found?® for the reaction
of RS- with the mixed disulfidle HOCH,CH,CH,SSAr" (Ar' = 3-
carboxy-4-nitrophenyl). The lower value of Srg (+0.36) reported by
Whitesides!® for eq 7 is not correct since that correlation line was es-
tablished by using data for both alkyl and aryl thiols, and Hupe® has
shown that the data for aryl thiols actually fall on a separate correlation
line displaced upward from that for the alkyl thiols by about 0.8 log unit.
If one attempts to draw a single correlation line through both sets of data
the apparent slope will be much lower than the correct 8 value.

(16) Whitesides, G. G.; Lilburn, J. E.; Szajewski, R. P. J. Org. Chem.
1977, 42, 3265.
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The k_gg step in eq 2 is a displacement of an alkane-
thiolate by an arenesulfinate ion. For the displacement
of a series of ArS™ groups by cyanide ion in the reaction
shown in eq 8 the data of Harper, Mitchell, and Wright®®

N+ HZN—<: :)—SSAr —
HEN—@—SCN + ArS™ (8)

Ph;P + ArSSAr — ArS-PPh;* + ArS- )]

indicate that 8 = —0.76. While the g for the leaving group
in the reaction of tnphenylphosphlne with symmetrical
aryl disulfides (eq 9) is not known, the overall p value (3.0)
for the reaction, as compared with that (4.2) for the re-
action of cyanide ion with symmetrical aryl disulfides®
(CN~ + ArSSAr — ArSCN + ArS") suggests that 8, for
eq 9 is probably in the range —0.5 to —0.6. The §,;’s for both
eq 8 and 9 are therefore signiﬁcantly smaller in magnitude
than the 8, (—0 99) for step k_psin eq 2. That this should
be the case is not surprising. An arenesulfinate is un-
doubtedly a much weaker nucleophile toward dicoordinate
sulfur than either CN~ or Ph;P, as evidenced by the fact
that the intermolecular displacement Ar'SO,” + ArSSAr
— Ar'SO,SAr + ArS- has never been observed. That being
s0, one would expect that the transition state for step k_gg
in eq 2 would occur at a point on the reaction coordinate
where the S-S bond of the disulfide has been cleaved to
a significantly greater extent than in the transition state
for eq 8 or 9.

In the reactions of 1 and 2 with cyanide and sulfite ions!
comparison of rate and equilibriuim constants for the
five-membered cyclic thiolsulfonate 2 with those for the
six-membered cyclic thiolsulfonate 1 shows the following:
Enu?/ kg = 10; ko 2/ Ry = 200; K2/ Koy > 0.05. Thus
the equilibrium constant for opening of the ring in 2 is
about 20 times smaller than that for the opening of the
ring in 1 by the same nucleophile. This results from the
fact that even though ky, for 2 is 10 times larger than ky,
for 1, k_y, for 2 is about 200 times larger than k_y, for 1.
The probable reason that k_y, for 2 is so much larger than
that for 1 has been discussed.!

One might anticipate that roughly similar behavior for
2 vs. 1 should also be observed in their reaction with
thiolate ions. The data in Table III for the reaction of
t-BuS~ with the two thlolsulfonates indicate that this is
the case: kpg?/kgs! = 8; k_ps?/k-ps' = 440; K, 2/ K, ! =
0.02. The only slight dlfference from the earlxer da‘r,ail for
cyanide and sulfite is that the ratio (k_x,%/k_n,!) is about
a factor of 2 larger in the reaction involving the thiolate.

Experimental Section

Purification of Materials. Dibenzo[c,e]-1,2-dithiin 1,1-di-
oxide!” (1, mp 132-133 °C) was purified by recrystallization from
chloroform-hexane. Naphtho[1,8-cd]-1,2-dithiole 1,1-dioxide'®
(2, mp 150-151 °C) was purified by recrystallization from isopropy!
alcohol. Commercial samples (Aldrich) of the various thiols were
purified by fractional distillation and were stored under either
nitrogen or argon. Dioxane was purified by the procedure de-
scribed by Fieser and Fieser,'® and the freshly fractionally distilled
solvent was then frozen and stored at —20 °C to prevent formation
of peroxides prior to use. All water used was doubly distilled from
glass. The formic and chloroacetic acids used to prepare buffers

(17) Chau, M. M.; Kice, J. L. J. Org. Chem. 1977, 42, 3265.

(18) Zweig, A.; Hoffman, A. K. J. Org. Chem. 1965, 30, 3997.

(19) Fieser, L. F.; Fieser, M. “Reagents for Organic Synthesis”; Wiley:
New York, 1967; Vol. 1, p 333.
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were of the highest degree of purity commercially available.
Procedure for Kinetic Runs. Measurement of kg, A 1.0
X 10™* M solution of 1 (or 2) in 60% dioxane was placed in one
of the reservoir syringes of a Durrum-Gibson stopped-flow
spectrophotometer. In the other reservoir syringe was placed in
a solution of the thiol (0.002-0.02 M) in 60% dioxane also con-
taining 0.03 M K,;HPO, and 0.005 M KH,PO,. The reaction was
initiated by mixing the two solutions by using the stopped-flow
device, and the decrease in the absorbance at 296 nm (304 nm
for 2) with time was recorded on a storage oscilloscope.
Measurement of k_ps. A concentrated solution containing
equal amounts of an alkanethiol (RSH) and the corresponding
alkanethiolate (RS™) was prepared by adding the calculated
amount of 1 N standard sodium hydroxide to a solution of the
thiol in 60% dioxane. A measured volume of this solution,
containing an amount of thiolate at least sufficient to convert the
thiolsulfonate completely to 3a (or 4a), was then added toa 1 X
10™* M solution of 1 (or 2) in 60% dioxane. For certain thiols,
mercaptoethanol and ethyl mercaptoacetate, it was important to
use no more than the minimum amount (1 X 10~ M) of thiolate
ion needed to convert 1 quantitatively to 3a. If significantly larger
amounts of thiolate were added, the further reaction of 3a with
the thiolate (eq 10) began to create problems, particularly if the

v QHD) 0o
5-

solution was allowed to stand for any length of time before being
acidified with a carboxylic acid buffer. With ¢-BuS-, where re-
action 10 is extremely slow due to the steric hindrance to attack
on the sulfur adjacent to the tert-butyl group in 3a, a large excess

of thiolate ion over the minimum required to convert 1 to 3a could
be used. With n-BuS™ and PhCH,S™ up to a 2-fold excess of
thiolate could be used, provided care was taken to perform the
subsequent acidification of the solution promptly.

For the runs with 1 and all thiols except ethyl mercaptoacetate
a 3.5-mL aliquot of the solution resulting from the addition of
the 1:1 RS™/RSH solution to the solution of 1 was placed in a 1-cm
spectrophotometer cell in the thermostated cell compartment of
a Cary Model 17 UV spectrometer. To this was then added from
35-140 uL of a concentrated (1 M in each buffer component) 1:1
RCOOH/RCOO" buffer, using either chloroacetic or formic acid
as the buffer acid, and the increase in the optical density of the
solution at 296 nm was then monitored with time.

With ethyl mercaptoacetate the return of 3a to 1 upon acid-
ification was too rapid to be followed by conventional spectro-
photometry, and the following stopped-flow procedure was em-
ployed. The solution resulting from the addition of the 1:1
RS~/RSH solution to the solution of 1 was placed in one reservoir
syringe of the stopped-flow spectrophotometer, a 1:1 RCOOH/
RCOO~ buffer ((RCOOH] = 0.02 M) in 60% dioxane was placed
in the other syringe, and the reversion of 3a to 1 was then initiated
upon mixing the two solutions together in the stopped-flow ap-
paratus. The reaction was followed at 296 nm. The same type
of stopped-flow procedure was also used to follow the reversion
of 4a to 2. In this case a wavelength of 304 nm was used to follow
the reaction.
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The photochemistry of two vinylcyclopropenes and one cyclopentadiene was investigated. Thus, 3-phenyl-
3-(1-phenylvinyl)cyclopropene, 3-phenyl-3-(2,2-diphenylvinyl)cyclopropene, and 2,5,5-triphenylcyclopentadiene
were studied. The vinylcyclopropenes were designed with the vinyl moieties being the low-energy chromophores
in contrast to previously studied examples where the cyclopropene = bond is lower in energy. As with previous
vinylcyclopropenes, irradiation led to cyclopentadienes and indenes. 2,5,5-Triphenylcyclopentadiene was the
main photoproduct of the irradiation of the (diphenylvinyl)cyclopropene. 3-(2,2-Diphenylvinyl)indene was a
lesser product that was encountered. 1,2-Diphenylcyclopentadiene, 3-(1-phenylvinyl)indene, and 3,4-di-
phenyl-1,2,4-pentatriene were formed from direct photolysis of the styryl cyclopropene. Interestingly, the
corresponding sensitized irradiation led exclusively to 1,2-diphenylcyclopentadiene. Quantum efficiencies were
determined for these reactions. Direct irradiation of 2,5,5-triphenylcyclopentadiene led to a novel ring contraction
to afford the (diphenylvinyl)cyclopropene. Additionally, phenyl migration was observed, leading to formation
of 1,4,5-triphenylcyclopentadiene. Sensitized reaction of 2,5,5-triphenylcyclopentadiene led only to the phenyl
migration product. Again, quantum yields were determined. The (diphenylvinyl)cyclopropene was labeled in
order to ascertain the skeletal change in the rearrangement. Similarly, labeling studies were carried out with
2,5,5-triphenylcyclopentadiene, thus allowing delineation of the fate of each carbon. Additionally, studies were
carried out independently to generate the 3,5,5-triphenylpentadienyl carbene. The (diphenylvinyl)cyclopropene
was the major product along with 2,5,5-triphenyleyclopentadiene and 3-(2,2-diphenylvinyl)indene.

A major function of organic photochemistry is the search
for new reactions. Once a new reaction has been uncov-

(1) This is paper 133 of our “Mechanistic and Exploratory Organic
Photochemistry” series.

(2) For paper 132 of the series, see Zimmerman, H. E. Top. Curr.
Chem. 1982, 100, 45-73. Paper 131: Zimmerman, H. E.; Penn, J. H,;
Carpenter, C. W, Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 2128-2132.
Paper 130: Zimmerman, H. E. In “Rearrangements in Ground and Ex-
cited States”; DeMayo, P., Ed.; Academic Press: New York, 1980.

ered, there is need for exploration of the generality, lim-
itations, and mechanisms of the reaction. One type of
reaction which has been of interest to us®? is the photo-

(3) (a) Zimmerman, H. E.; Aasen, S. M. J. Am. Chem. Soc. 1977, 99,
2342-2344. (b) Zimmerman, H. E.; Aasen, S. M. J. Org. Chem. 1978, 43,
1493-1506.

(4) Zimmerman, H. E.; Hovey, M. C. J. Org. Chem. 1979, 44,
2331-2345.
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