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There has recently been much attention focused on the 
behavior of chemical reactions in synthetic surfactant 
vesicles.2 Studies of reactions of fully functionalized thiol 
vesicles3 and of organic thiols noncovalently bound to 
“inert” surfactant vesicles4 have been particularly inter- 
esting. Large rate enhancements have been observed in 
the thiolyses of activated and the diastereo- 
selectivity of peptide ester cleavages was lower in thiol- 
functionalized vesicles than in comparable micelles.3b 
Perhaps the most interesting were observations of kinet- 
ically distinct exovesicular, endovesicular, and transvesi- 
cular r e a ~ t i o n s . ~ ~ , ~ , ~ ~  This very interesting and unusual 
pattern of reactivity was a direct result of the vesicle 

Ellman’s reagent: 5,5’-dithiobis(2-nitrobenzoic acid) (l), 
reacts with a variety of thiols and is widely used in their 
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Scheme I 
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R = (t?-C,,H,,),N’(CH,)CHzCH2 ; 
HOOC\ 

Ells = c & k  

analysis.6 Several groups have carefully examined the 
thiol-disulfide interchange reactions of l .7 Other inves- 

HOOC 

02N * s - s +JO2 

1 
(n-C,,H,,),N+(CH,)X,Y- 

2, X = CH,CH,SH; Y = C1 
3, X = CH, ; Y = Br 

tigations have characterized the reactivity of 1 toward 
other nucleophiles such as aqueous hydroxide ion: cyanide 
ion,g and organic amines.’O More recently, the reaction 
of 1 with poly(ethylenimine),” the reaction of cyanide ion 
and 1 in polysoaps,’2 and the hydroxide ion cleavage of 1 
in micellar13 and vesicular’3b solutions have been studied. 
This paper describes the thiol-disulfide interchange re- 

(6) Habeeb, A. F. s. A. Methods Enzymol. 1972,25,457. 
(7) (a) Whitesides, G. M.; Lilbum, J. E.; Szajewski, R. P. J.  Org. Chem. 

1977,42, 332. (b) Wilson, J. M.; Bayer, R. J.; Hupe, D. J. J .  Am. Chem. 
SOC. 1977,99,7922. (c) Ozawa, T.; Haraki, A. Chem. Pharm. Bull. 1981, 
29,1101. (d) Snyder, G. H.; Cennerazzo, M. J.; Karalis, A. J.; Field, D. 
Biochemistry 1981, 20, 6509. 

(8) (a) Danehy, J. P.; Parameswaran, K. N. J. Org. Chem. 1968, 33, 
568. (b) Donovan, J. W.; White, T. M. Biochemistry 1971, 10, 32. (c) 
Danehy, J. P. Int. J. Sulfur Chem., Part B 1971,6, 17. (d) Danehy, J. 
P.; Elia, V. J.; Lavelle, C. J. J. Org. Chem. 1971, 36, 1003. (e) Riddles, 
P. W.; Blakeley, R. L.; Zerner, B. Anal. Biochem. 1979, 94, 75. 

(9) Humphrey, R. E.; Hinze, W. L. Talanta 1974, 6, 326. 
(10) Al-Raivi, H.; Stacey, K. A.; Weatherhead, R. H.; Williams, A. J. 

Chem. SOC., Perkin Trans. 2, 1978, 663. 
(11) Weatherhead, R. H.; Stacey, K. A.; Williams, A. J. Chem. Soc., 

Perkin Trans. 2 1978, 802. 
(12) Ueda, T.; Haroda, S.; Ise, N. Polym. J. 1974, 6, 326. 
(13) (a) Hiramatsu, K. Biochim. Biophys. Acta 1977, 490, 209. (b) 

Fendler, J. H.; Hinze, W. L. J .  Am. Chem. Soc. 1981, 103, 5439. 

0022-3263/83/1948-2598$01.50/0 0 1983 American Chemical Society 



Notes J. Org. Chem., Vol. 48, No. 15, 1983 2599 

From these results, several conclusions can be drawn. 
The two surfactants used to form the vesicles differ only 
slightly in structure; 2 has a 2-thioethyl group where 3 has 
a methyl group. In the event that these two surfactants 
form "domains" on the surface of the mixed vesicles, and 
the individual surfactant molecules move only slowly be- 
tween "domains", we would expect a nonlinear dependence 
of k,, on the thiol concentration. We believe that the 
observed linearity of the pseudo-first-order rate constants 
for the second step indicates either that the two surfac- 
tants in the mixed vesicles are uniformly distributed over 
the vesicle surface or that movement of the individual 
surfactant molecules over the surface is relatively rapid. 

More importantly, the second step in Scheme I occurs 
a t  least 700 times more slowly than the first step of the 
vesicular reactions. In previous investigations of thiol- 
disulfide interchange reactions between 1 and a variety or 
organic thiols in homogeneous aqueous solution, the largest 
observed ratio between kl and kz was 86, as found for 
2-thioacetic acid;I0 most thiols afforded considerably 
smaller ratios.' Our measured kl value is "normal", because 
it conforms very well to the Bransted correlation found 
for many thiol-disulfide interchange reactions of 1;'' we 
therefore conclude that the second step of this vesicular 
reaction is unusually retarded. This observation and the 
large ratio between kl and kz are very interesting, because 
the two reactants in the slower second step are both in- 
tegral parts of the vesicular structure. Rate retardation 
in such an event is consistent with a previous observation 
that the reactions of two molecules tightly bound to a 
vesicle surface are unusually S ~ O W . ' ~  In the present case, 
moreover, the mixed disulfide is surrounded by vesicular 
thiol groups; there is no need for a second reactant to 
diffuse to the site of the mixed disulfide. Our result thus 
suggests that restricted diffusional mobility is not the only 
cause of such rate retardations. Conformational restric- 
tions of the surfactant head groupsz0 may perhaps play a 
role in determining the rates of vesicular reactions. 

Experimental Section 
Materials. Compound 1 was obtained from Aldrich Chemical 

Co. and was used without further purification; 3 was a gift from 
Professor T. Kunitake. The preparation of 2 has been summa- 
r i ~ e d ~ ~  and will be described in detail in a forthcoming paper. 
Buffer solutions were prepared from ACS reagent grade materials 
and steam-distilled water and purged with nitrogen immediately 
prior to use. 

Vesicle Preparation. Vesicles were prepared by the alcohol 
injection te~hnique.'~ Soft glass capillary tubing (0.86-mm outside 
diameter) was pulled on an automatic micropipet puller to give 
tips with a very gentle taper; the inside diameter of the tips 
increased from 50 to 2000 nm. The tips were broken along this 
portion so that the exit aperture was on the order of 100 nm.*l 
The capillaries were connected by a 2-cm length of polyethylene 
tubing (0.86-mm inside diameter) to a 20-cm3 syringe equipped 
with a plastic Luer stub adapter. 

In a typical vesicle preparation, 0.150 mL of an ethanolic so- 
lution which contained 0.0241 M 2 and 0.0240 M 3 was placed 

Table I. Rate Constants and Maximum Product 
Concentrations for the Vesicular Reaction of 1 and 2" 

M k h ,  ,' s-' Pmax d kbzre' e 
io4 [ 2 3 ,* 

10.0 36k 3 0.099 1.00 
5.02 17  k 3 0.062 0.56 
3.33 6.0 f 0.6 0.036 0.30 
2.01 2.6 i 0.1 <0.025 <0.20 
1.00 1.56 f 0.03 <0.025 <0.20 

0.2, 0.01 M Tris buffer, p = 0.01 k 0.003 (KCl), 
a Conditions: 0.001 M total vesicular surfactant, pH 

7 . 5  
2 5 " C , [ l ] , = l . O X  l O - ' M .  b [ 3 ] = 0 . 0 0 1 M - [ 2 ] r  

Pseudo-first-order rate constant for the first step in 
Scheme I. dpmax = ([EllS-],, - 1 x M)/1  X 

the second step in Scheme I, calculated from Pmax values. 

action between 1 and functionalized thiol vesicles prepared 
from thiol surfactant 2 and "inert" surfactant 3. This work 
represents the first attempt at observing the thiol-disulfide 
interchange reaction in ~esic1es.l~ 

Thiol-functionalized vesicles were prepared by the al- 
cohol injection technique.15 In all cases, the reacting 
solution had a total surfactant concentration of 0.001 M, 
a thiol concentration between and M, and an 
initial concentration of 1 of 1 X loV5 M. The reaction 
between 1 and 2 proceeded in two steps as outlined in 
Scheme 1,16 and was followed spectroscopically by moni- 
toring the appearance of 5-thio-2-nitrobenzoate anion 
(Ells-) a t  445 nm. In these experiments, a third process 
which slowly consumed the product Ells- was observed in 
addition to those shown in Scheme I. This process, which 
was assumed to be oxidation of Ells- back to 1, occuring 
despite the use of nitrogen-purged solvents and a nitrogen 
atmosphere for the injection, complicated the interpreta- 
tion of the reaction kinetics. Pseudo-first-order rate con- 
stants for the first step in Scheme I were obtained directly 
from the initial portion of each absorption vs. time reaction 
trace. The second step of Scheme I was slower; this process 
occured at a rate comparable to that of product oxidation. 
As a result, the concentration of the product Ells- passed 
through a maximum, which was measured in several of the 
experiments. From these maximum concentration values, 
relative pseudo-first-order rate constants were calculated 
for the second step. Maximum relative product concen- 
trations and pseudo-first-order rate constants for both 
steps of Scheme I are given in Table I. 

From the k,, data, it was calculated that in 0.001 M 
vesicular surfactant solution, the second-order rate con- 
stant for the first step in Scheme I (k,) was 23 000 f 2000 
L mol-' s-l. On the assumption that the rate of product 
oxidation is constant in all of our experiments, the pseu- 
do-first-order rate constanta for the second step (k,,,2"9 were 
linearly related to the thiol concentration; kz was therefore 
a constant value. Additionally, it was observed that in the 
reaction of 0.001 M fully functionalized 2 the maximum 
product concentration occurs a t  least 10 s after the initi- 
ation of the reaction. This value allows us to estimate 
conservatively that the second step of Scheme I occurs at 
least 700 times more slowly than the first; e.g., k2 < 32 L 
mol-' s-l. 

M. e Relative pseudo-first-order rate constants for 
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in the syringe and injected into 3.00 mL of an aqueous solution 
containing 0.0091 N HCl and 0.017 M KCl. The temperature of 
the solution was maintained a t  60 “C by using a water bath, and 
the procedure was performed inside an enclosure containing a 
nitrogen atmosphere. Another aqueous solution was prepared 
which contained 0.02 M Tris in the free base form, and 2 X 
M 1. After equal volumes of these two solutions were mixed in 
the stopped-flow spectrophotometer, the final pH was measured 
as 7.50. After correction for a 0.025-mL holdup in the injection 
syringe, the final concentration of 2 was calculated to be 5.02 x 
lo4 M and that of 3 to be 5.00 X lo4 M. In all experiments, the 
ionic strength of the mixed solution was calculated to be 0.01 f 
0.003, disregarding the contribution of the surfactant to the ionic 
strength. 

Kinetic Studies. Reactions were monitored with a Durrum 
Model D-130 stopped-flow spectrophotometer equipped with a 
Beckmann Model DU-2 monochromater and a Tektronix Model 
5103N/D15 storage oscilloscope. The oscilloscope readout was 
photographed by using a Polaroid camera. A constant-temper- 
ature circulating bath maintained the temperature at 25 * 0.2 
“C. The appearance of the Ells- product was followed a t  445 
nm.13b All reactions were monitored with two oscilloscope time 
bases, one appropriate to the faster reactions and one appropriate 
to the slower reactions. Rate constants were calculated from the 
appropriate traces. First-order kinetic behavior was observed for 
the fastest reaction, with correlation coefficients greater than 0.999 
for computer-generated correlations of log (Al- - At) with time. 
The fastest reaction was rapid enough so that product oxidation 
could be ignored. 

The rate of the second reaction in Scheme I was in all cases 
comparable to the rate of product oxidation. The relative rate 
constants for the second reaction were therefore calculated from 
the maximum product concentrations observed. The relative 
maximum concentration from the second step, B,, was obtained 
by subtracting from the maximum observed concentration that 
amount of product that was due to the first step (1 X 10” M) and 
then dividing the result by the theoretical total product yield from 
the second step (also 1 X M). If k, is the pseudo-first-order 
rate constant for the second step in Scheme I and k,, is the 
pseudo-first-order rate constant for product oxidation, then 8, 
can be approximated by (k,,/k,,) raised to the power kOx/(k , ,  - 

The ratio between k,, and k, was then calculated for 0- 
in each case. On the assumption that k,, was the same in each 
case, the “ratio of ratios” thus gave the relative rate constants 
for the second step at different thiol  concentration^.^^ 

The estimate of k, was obtained from measurement of the time 
at which 8, was observed, T ,  in the experiment with 0.001 M 
2. By use of the above rate constants, T- can be approximated 
by (l/(ko, - k,&) In (kox/k+2).22 The nature of the absorption vs. 
time reaction trace was such that a precise T~~ value was not 
obtained; nevertheless T, lay between 10 and 100 s. Using these 
two boundary values and the relation k,, = 0.138 k,, (from 
the 8, value), we calculated that 0.0032 8-l < k,, < 0.032 s-l; 
we thus estimate that 12, < 32 L mol-l 5-l. 

The occurrence of the oxidation reaction, which forces us to 
resort to the foregoing analysis, cannot be easily prevented. The 
vesicles were prepared in a nitrogen atmosphere, but oxygen is 
apparently introduced during the transfer of the solutions to the 
stopped-flow spectrophotometer. We suspect that only be en- 
closing that instrument in a nitrogen atmosphere, and thus 
performing the entire experiment under an inert atmosphere, 
could we completely eliminate the complication of product oxi- 
dation. 
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Diels-Alder reactions of cyclopentadiene represent a 
simple access to the bicyclo[2.2.1] skeleton.la While 
electron-deficient alkenes react readily with cyclo- 
pentadiene,lblc cycloadditions to triple bonds appear to be 
problematic. 

While alkenoyl chlorides are among the most reactive 
dienophiles,’bpc phenylpropynoyl chloride has been reported 
“not to undergo appreciable reaction with cyclopentadiene 
at  room temperature even after 24 hSe2 Therefore, Baum 
and Viehe used a route via acetylenic iminium salts for 
synthesizing compounds of type 4.3 In earlier papers, 
however, Diels-Alder reactions of la with cyclopentadiene 
have been r e p ~ r t e d . ~ ~ ~  Forty-one percent of cycloadduct 
was obtained when a solution of la and 2 in toluene was 
heated at  reflux for 48 h.4 Other workers describe a 
spontaneous reaction of la with 2 at room temperature in 
the presence of a “few crystals of picric acidne5 The in- 
consistency of these reporta prompted us to reexamine the 
reactions of alkynoyl chlorides with cyclopentadiene. 

When la and 2 were mixed at 0 “C, warmed up to room 
temperature, and poured into a suspension of sodium 
bicarbonate in methanol, 84% of ester 4a was obtained. 
Combining these cycloaddends without external cooling 
resulted in a rapid exothermic cycloaddition reaction ac- 
companied by partial polymerization of cyclopentadiene. 
Alkynoyl chlorides lb and IC reacted with cyclopentadiene 
at room temperature to give good yields of norbornadienes 
4b and 4c, respectively. Because of the mild reaction 

\ 

2 COCl  COZCHJ l a ,  R = Ph 
b, R = CH, 3 4a, 84% 
c, R = C(CH,), b, 78% 

c, 82% 

conditions employed for these cycloadditions6 and the 
versatile reactivity of acid chlorides 3, we consider the title 
reaction as the method of choice for the synthesis of any 

~~~ 
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