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A kinetic study was made to determine the ease of oxidation and the alkylation reactivity of polymers containing sulf-
hydryl groups and their low molecular weight analogs of similarly constituted environment. The relative rates of oxidation
were compared on the basis of the spectrophotometrically observed rate of reduction of a dye, sodium 2,6-dichlorobenzene-
oneindophenol, occurring on reaction with these thiol groups. The alkylation reactivity of these thiols was compared by
following the decrease in sulfhydryl concentration occurring on reaction with w-bromoundecanoic acid in aqueous pH 10
buffer. p-Thiocresol, 2,4-di-(p-mercaptophenyl)-pentane and thioglycolic acid were examined as monomeric sulihydryl
groups and the polymeric sulthydryl groups were those which resulted from the hydrolysis of a homopolymer of p-vinyl-
pheny! thioacetate and a copolymer of p-vinylpheuyl thioacetate and methyl methacrylate. A suggestion based o1 intro-
molecular disulfide bond formation is offered for the relatively fast rate of oxidation observed for the sulfhydryl groups of
the hydrolyzed homopolymer and 2,4-di-(p-mercaptophenyl)-pentane. For the reaction with w-bromoundecanoic acid,
second-order kinetics were observed in the cases of the monomeric thiol compouuds. Second-order kinetics were not obeyed
by the polynteric sulfhydryl compounds; the reaction rate decreased rapidly with time, most probably because of steric

hindrance to continued alkylation of adjacent sulfhydryl groups.

The activity of many enzymes has been shown to
depend on the presence of sulfhydryl groups,® not
all of which are of equal reactivity nor of equal im-
portance for the proper functioning of the enzyme.
Three types of sulfhydryl groups are recognized de-
pending on the reactivity with sulfhydryl reagents.
These have been classified loosely as freely react-
ing, sluggishly reacting and ‘“masked.”* The
“masked” groups become freely reactive when the
protein is denatured. This is believed due to the
unfolding of the peptide chains, thus making these
hitherto inaccessible sulfhydryl groups freely avail-
able.’ Resistance to oxidation of some of the sulf-
hydryl groups of the enzymes is thought to be due
to the distance between sulfhydryl groups in the
native protein, which prevents the formation of a
disulfide bond. Barron has shown that for a series
of dithiols, the greater the distance between the
thiol groups the slower will be the oxidation.t
The presence of electronegative groups in a mole-
cule also was found to influence the ease of oxida-
tion of a series of dithiols,® the effect being a de-
crease in the degree of dissociation of the SH bond
resulting in a decrease in the rate of oxidation. The
influence of pH on the rate of oxidation of thiol
groups is also in the same direction, oxidation being
most rapid at higher pH’s where dissociation of the
SH bond is more nearly complete.”

Synthetic sulfhydryl polymers recently have
been prepared by the hydrolysis of the polymer of
p-vinylphenyl thioacetate and also the copolymer
of p-vinylphenyl thicacetate with methyl methac-
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rylate.® The ability of the hydrolyzed copolymer
to reactivate urease, a natural sulfhydryl enzyme,
which had been inactivated by oxidation with io-
dine suggested its possible use as a radiation pro-
phylactic.? In particular, we had hoped that the
polymer might be immobilized and not eliminated
by cross-linking through disulfide linkages allow-
ing some isolation of free sulfhydryl groups for
more permanent protection. The damaging ef-
fect of X-ray radiation is believed due to the oxidiz-
ing action of ‘O,H and -OH radicals and hydrogen
peroxide known to be produced by irradiation of
water containing dissolved oxygen.® Sulfhydryl
compounds such as cysteine and glutathione in
relatively large amounts counteract this effect by
detoxifying these radicals, most probably by a rapid
reaction of these radicals with the thiol groups, a
reaction of relatively low activation energy. Thus
the efficiency of a sulfhydryl radiation prophylac-
tic has been shown to be related to its ease of oxida-
tion,!!

It was of interest, therefore, to determine the
rate of oxidation and alkylation reactivity of the
sulfhydryl groups of these hydrolyzed polymers of
p-vinylphenyl thioacetate which may be considered
as models for proteolytic sulfhydryl enzymes.
Specifically the extent to which the oxidation of
the sulfhydryl group is affected by the restraints of
a polymeric chain in preventing the formation of a
disulfide bond was one purpose of this investiga-
tion. For comparison purposes, 2,4-di-(p-mercap-
tophenyl)-pentane was prepared! as a model com-
pound representing the repeating segment of the
hydrolyzed homopolymer. Other monomeric sulf-
hydryl compounds which were compared were p-
thiocresol and thioglycolic acid. Alkylation reac-
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Fig. 1.—Rate of disappearance of 605 mp peak of 2,6-di-
chlorobenzeneoneindopheno! on reaction with the hydro-
lyzed homopolymer at various ratios of thiol to dye: A,
1.84; B, 3.67; C, 5.50.

tivities also were examined to observe whether the
decreased mobility and diffusibility of a mercaptide
anion attached to a polymeric chain significantly
diminished its nucleophilicity.

Experimental

Oxidation Reactivity.—~The method was tlie one de-
vised by Basford and Huennekens!? based on the spectro-
photometric reduction of a dye, sodium 2,6-dichloroben-
zeneoneindophenol. A sample of the dye (Eastman Kodak
Co.) purified to 99+, purity by chromatography!® was de-
termined to have a 1nolar extinction coefficient at 605 mu of
1.82 X 10% at pH 10. Basford and Huennekens gave atl «
value at 600 mp of 1.91 X 10*at pH 7.0. The rates of oxida-
tion for all the tliiols investigated were carried out at a buf-
fered pH of 10 since the hydrolyzed homopolymer of p-
vinylpheny! thioacetate was insoluble below pH 10. The
water used to prepare the buffer was boiled for 15 minutes
and cooled under nitrogen in order to remove traces of oxygen
since at the dilute solution concentration of thiols used and
the relatively high pH of 10, auto-oxidation of thiols is very
facile.s The hydrolyzed homopolymer of p-vinylphenyl
thioacetate and the copolymer of p-vinylphenyl thioacetate
and methyl methacrylate were prepared according to the
procedure of Overberger and Lebovits.® The concentratiots
of sulfhydryl groups in solutions of these hydrolyzed poly-
mers were determined by the p-mercurichlorobenzoic acid
method of Boyer,!4 a method which in control experiinents
was found to be accurate within 19,. All the spectrophoto-
netric work was done with a Beckman model DU spectro-
photometer.

Procedure.—In general, 1 mil. of the dye solution, whose
concentration was known from the optical density at 605
my, was placed in the spectrophotometric cuvette, and 2 ml.
of the appropriate thiol solution, both buffered at pH 10,
was injected from a hypodermic syringe as rapidly as possible
into the cuvette. The optical density at 605 mu was fol-

(12) R. E. Basford and F. M. Huennekens, THIS JOURNAL, 77, 3873
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Fig. 2.-—Relation between iuitial reaction velocity of
reduction V; of indophenol to the ratio of thiol to dye for the
hydrolyzed polyier.

lowed at approxitnately 20-second intervals. The amount of
thiol oxidized was assunied to be equal to the amount of dye
reduced and was obtained by subtracting tlie optical density
at 605 ni at any time front the initial value of tlie optical
density and dividing by tlie molar extinction coefficient.
Tlie blank was the pH 10 borate buffer. The initial velocity,
1%, was determined from the value of the optical density at
605 mu at 20 seconds and was expressed as micromoles of in-
dophenol reduced per ml. per minute. The reduced initial
velocity Vo’ by converting to a ratio of thiol to dye of 1.1
was used for comparison purposes. The validity of this pro-
cedure is illustrated in Figs. 1 and 2 which show the propor-
tionality wlich exists between thiol to dye ratio and Vo.

Alkylation Reactivity.~—w-Bromoundecanoic acid was
prepared by tlie method of Jones.!s Its ultraviolet absorp-
tion at pH 10 in the range 250-280 iny was found to be insig-
nificant. The sulfide reaction prodict of p-thiocresol and
2,4-di-(p-inercaptophenyl)-pentane was prepared by the re-
action of tlie potassiiun mlercaptide in refluxing alcohol for 5
Lours witlt an equivalent amount of «-bromoundecatoic
acid followed by dilution with water and acidification. The
product was recrystallized three times from Skellysolve B
(b.p. 40-60°) and its molar extinction coefficient determtiuned
at 265 mpu and pH 10.

From 6.2 g. (0.05 mole) of p-thiocresol, 9.24 g. (0.11 mole)
of potassiuin etlioxide in 200 ml. of alcoliol and 13.5 g. (0.05
mnle) of w-bromoundecanoic acid was obtained 10 g. of
product, m.p. 73-75°. Recrystallization gave an analytical
satnple, nt.p. 77° (cor.). The molar extinction coefficient,
e, at 285 myu and pH 10 was found to be 5.24 X 103, tlie e
value of p-thiocresol at 265 mu and pH 10 was 1.485 X
108 Analls Caled. for CizHy0:8: S, 10.43. Found: §,
10.69.

From 1.00 g. (0.00346 mole) of 2,4-di-(p-mercaptophenyl)-
pentane and 1.2 g. (0.015 mole) of potassium ethoxide in 30
ml. of alcohol aud 1.853 g. (0.0070 wmole) of w-bromounde-
canoic acid was obtained 1.55 g. (68%) of the disulfide re-
action prodmet, m.p. 77-79°. Recrystallization gave an
analytical sample, ni1.p. 81° (cor.). The e-value at 265 mp
was 1.428 X 10% the e value of 2,4-di-(p-mercaptophenyl)-
pentatle at 265 mu was 3.072 X 10%  Anal. Caled. for
CaeHe00:8:: 8, 9.76. Found: S, 9.97.

(13) R. G. Jones, ibid., 69, 2350 (1947).
(163 Analyses by Dr. F. Schwarzkop{, Woodside, New York, N. Y.
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Method.—Two methods were used to follow the decrease
in sulfhydry! concentrations when the appropriate thiol was
treated with w-bromoundecanoic acid.

For p-thiocresol and 2,4-di-(p-mercaptophenyt)-pentaie
the sulfide reaction product was prepared and its ultraviolet
spectrum determined. Since tlie absorption peak for both
free mercaptans occurs at 265 mu, by following the decrease
in absorbance at 265 mu when the mercaptan is mixed with
w-bromoundecanoic acid solution the concentration of sulf-
hydryl groups at any time, ¢, is given by the relation

ODign — OD
[SH]t = [1 - ODrshh— ODr:r] [SH]O

where ODqqh is the initial optical density of the solution at
265 mu due to the mercaptan alone and ODq. is the optical
density of the solution at {« or complete reaction when only
the sulfide product is present (the w-bromoundecanoic acid
always was used in at least a threefold excess of that needed
to react with all the sulfhydryl groups).

The second method employed for following the decrease
in sulfhydryl concentrations of the hydrolyzed polymers in
the alkylation reaction was the p-mercurichlorobenzoic acid
method of Boyer.l* The concentration of sulfthydry! groups
in a solution of the hydrolyzed polymer was determined and
this stock solution buffered at pH 10 was mixed with a
freshly prepared solution of w-bromoundecanoic acid also
buffered at pH 10 to give 100 ml. of a solution containing at
the start a sulfhydryl group concentration of 10 to 15 X
10-5 mole/l. and an w-bromoundecanoic acid concentration
of 40 X 1075 mole/l. At 1-hour intervals for 5 hours,
samples were withdrawn and treated with ten 3-ml. portions
of p-mercurichlorobenzoic acid. A linear increase in ab-
sorbance at a wave length of 250 mu (due to mercaptide for-
mation) is found with increasing amounts of a sulfhydryl
solution added to a fixed amount of p-mercurichlorobenzoic
acid solution up to the equivalence point. A graphical plot
of increase in absorbance at 250 my versus ml. of sulfhydryl
solution added was sufficient to fix the unique sulfhydryl
group concentration at hourly intervals for a total reaction
time of five hours.

Results and Discussion

Oxidation of Thiols by Indophenol.—The mecha-
nism for the oxidation of thiols by indophenol pro-
posed by Basford and Huennekens involves a two-
electron loss to give a sulfenic acid state from the
mlercaptan

RSH —> RS* +4 H* 4 2e-

If this reaction is slow, then reaction with another
RSH will produce a disulfide.

RS* 4+ RSH —> RSSR + H*

In the reaction of the various thiols with indo-
phenol carried out at pH 10, larger than stoichiomet-
ric ratios of thiol to dye were necessary to get meas-
urable decoloration rates. This is not unex-
pected since the oxidation potential of the dye is
dependent on the pH, becoming more negative at
higher pHY; its resistance to reduction at pH 10,
therefore, would be much greater than at pH 7.
The initial reaction rates observed for these thiols
at pH 10 was of the order of one-tenth as fast as
those observed at pH 7 by Basford and Huenne-
kens. This result is in line with their conclusion
that the reactive form of the thiol is RSH and not
RS

The indicated uncertainties in the initial reac-
tion velocities are indeterminate errors estimated!8
from relative errors in the experimental measure-
ments. The largest error originated in the deter-
mination of the optical density at the end of the
first 20 seconds when reduction was most rapid.

(17) J. B. Conant, Chem. Revs., 8, 9 (1926).

(18) A. A. Benedetti-Pichler, Ind. Eng. Chem., Anal. Ed., 8, 376
(1236).
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This value was generally obtained from a reverse
extrapolation of the smooth curve obtainad on
continued reduction.

TABLE 1

REDUCED INITIAL RATE oF REDUCTION OF INDOPHENOL, V'
BY VARIOUS THIOLS

Vo’ (um./ral.-
Compound Conen, of indophenol, m  min. X 1073)

p-Thiocresol 2.61 X 1075 1.17 &= 0.10
Copolymer 2.66 X 107% 3.89 = .20
Thioglycolic acid 2.64 X 107® 4.26 = .20
2,4-Di-( p-mercapto-

phenyl)-pentane 2.61 X 1075 7.51 = .30
Homopolymer 2.76 X 107 8.88 = .30

In the original work on this reaction, it was noted
that 2,3-dimercaptopropanol showed a relatively
fast rate of oxidation with a final ratio of dye re-
duced to thiol added of 1:2. The presence of two
adjacent thiol groups was considered to facilitate
the secondary reaction of a mercaptan group with
an initially formed sulfenic acid state to procuce a
cyclic disulfide.

Molecular models show that in the case of 1,3-
di-(p-mercaptophenyl)-alkanes, a cyclic disulfide
is somewhat strainless since the two phenyl groups
can liein a parallel plane. As yet, we have not been
able to isolate a pure monomeric disulfids, al-
though it is clear that the suggestion is not unrea-
sonable, even if part of the product is polymeric and
part monomeric as we have found. The relatively
fast rate of oxidation of 2,4-di-(p-mercaptophenyl)-
pentane and the homopolymer therefore can thus
be explained by this suggestion. Complete verifi-
cation of this point must await the completion of a
study of the cyclization of this and related dimer-
captans currently in progress. p-Thiocresol, on
the other hand, which oxidizes at a rate only about
159, as fast requires an intermolecular reaction to
form a disulfide bond. The nearest sulfhydryl
group to an initially formed sulfenic acid oxidation
state evidently will be at a much greater distance in
a dilute solution for p-thiocresol than if it were part
of the same molecule as in the homopolymer and
2,4-di-(p-mercaptophenyl)-pentane. The equiva-
lence of the sulfhydryl groups in p-thiocresol and
in 2,4-di-(p-mercaptophenyl)-pentane in all other
respects is shown in Fig. 3 where the final equi-
librium concentration ratio of dye to thiol is rezched
by both at equivalent concentrations. Steric fac-
tors affecting the ease of oxidation of the sulfhydryl
groups of the hydrolyzed copolymer are probably
in an intermediate state. The positions of sulfhy-
dryl groups along the polymer chain are no doubt
closer than the distance at an equivalent concentra-
tion of p-thiocresol in a dilute solution; accordingly,
the rate of oxidation found was intermediate. It
is interesting that the rate for the copolymer was
quite close to the oxidation rate found for thingly-
colic acid, but a comparison on the basis of both
containing free carboxyl groups does not seem jus-
tified at this time.

Alkylation Reactivity.—All reactions were run in
pH 10 borate buffer at an initial concentration of
w-bromoundecanoic acid of 40 X 10—° mole/l.
Second-order plots for the reaction of p-thiocresol
and 2,4-di-(p-mercaptophenyl)-pentane are shown
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Fig. 3.—Rate of disappearance of 605 mu peak of sodiuin
9,6-dichlorobenzeneoneindopheol at 3.46 ratio of SH/dye:
A, p-thiocresol; B, 2,4-di-(p-inercaptophenyl)-pentane.

in Fig. 4. From the slope, m, of these plots the
value of k; can be calculated.

The uncertainty in the values of &, was estimated
from the fact that duplicate experiments agreed
within 5%. Weighting of the sulfhydryl concen-
trations determined was made toward the first 3
hours of a 5-hour reaction period since the sulfhy-
dryl concentration of a control solution at pH 10,
in spite of all precautions to exclude traces of oxy-
gen, fell off fairly rapidly after 5 hours to approxi-
mately 839, of its initial value. At 3 hours its
value was 9579

TABLE 11

DECREASE IN OSULFHYDRYL CONCENTRATION FOR THE
HyDROLYZED HOMOPOLYMER IN REACTION WITH w-BROMO-
uUNDECANOIC Acip® (F1G. 6)

Time, hr. (SH) X 105, m Reaen., %, ks, 1./mole-hr, X 102
0 10.56 [0
1 8.54 19.2 5.56 == 0.20
2 7.75 25.5 3.97 = .20
3 7.40 29.9 3.03 = .20
4 6.85 35.1 2.91 = .20
5] 6.65 37.1 2.48 = .20

aInitial concentration of w-bromoundecanoic acid 40.0 X
10 -5, temperature 30 == 0.5°.

Tasre II1

DECREASE IN SULFHYDRYL CONCENTRATION FOR THE Hy-
DROLYZED COPOLYMER IN REACTION WITH w-BROMOUN-
pecanorc Acmn® (Fia. 6)

Time, hr, (SH) X 105, m Reaen., %, ks, 1./mole-hr, X 10?2
0 13.35 0o
1 11.60 13.0 3.64 = 0.20
2 10.056 24.7 3.65 = .20
3 9.35 30.0 3.17 £ .20
4 8.94 33.0 2.62 = .20
5 8.56 35.8 2.41 % .20

@ Initial concentration of w-bromoundecanoic acid 40.0 X
10-51nole/1. temperature 30 == 0.5°.

Reaction of p-thiocresol at an initial concentra-
tion of 14.60 X 10~ mole/l. with w-bromoundec-
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Fig. 4—@®, secoud-order plot for the reaction of p-thio-
cresol with w-bromoundecanoic acid [RX]: ¢ = [SH] =
14.60 X 10-% mole/l.; b = [RX] = 40.00 X 1075 mole/l.;
O, for reaction of 2,4-di-(p-mercaptopheuyl)-pentane, sauie
conen. for b, same temp., ¢ = [SH] = 14.44 X 10 -5 inole/1.

anoic acid was approximately 639, complete in 5

hours with a ks value of 4.15 = 0.15 X 106%1./mole-
hr. 2,4-Di-(p-mercaptophenyl)-pentane at an ini-
tial sulfhydryl concentration 14.44 X 10~ mole/l.
showed 779, reaction in 5 hours with a %, value for
each sulfhydryl group of 7.52 = 0.30 X 10%1./mole/
hr.

The relatively fast decrease in the velocity of
reaction of the sulfhydryl group of the homopoly-
mer with the long chain w-bromoundecanoic acid
seems to indicate that steric factors become rap-
idly important in the course of the alkylation reac-
tion. The formation of one sulfide group along the
polymer chainwould beexpected to hinder the possi-
bility of collision of an adjacent sulfhydryl group
and another molecule of alkyl halide. For 2,4-di-
(p-mercaptophenyl)-pentane this steric factor is
evidently not important since the rate constant for
its reaction with the w-bromoundecanoicacid did not
decrease as the reaction progressed. For p-thiocre-
sol, which also followed second-order kinetics, the
second-order rate constant was, unexpectedly,
lower than that of 2,4-di-(p-mercaptophenyl)-pen-
tane although still faster than the average value
found for the hydrolyzed polymer and copolymer.
Further work is in progress with model compounds.

The decrease in the reaction rate constant on
continued alkylation of the sulfhydryl groups of the
hydrolyzed copolymer was not as pronounced as
for the sulfhydryl groups of the hydrolyzed homo-
polymer. This would be expected since the dis-
tance between adjacent sulfhydryl groups is much
greater and steric interaction between an initially
formed sulfide group and the next sulfhydryl group
would not be as important as in the homopolymer.
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