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Abstract: The rate constants for representative thiolate-disulfide interchange rcactions are larger in DMSO and DMF than
in water by a factor of approximately 2300 at 24 °C. The log of the rate constant is directly proportional to the mole fraction
of D,O in mixtures of DMSO and D,0, even at small mole fractions of D,O. This linear proportionality suggests that thiolate
anion is not specifically solvated by water and that hydrogen bonding is relatively unimportant in stabilizing this species. The
values of AS* for thiolate—disulfide interchange are approximately —10 cal/(deg mol), presumptively because of loss in the
entropy of the reactants in going from ground to transition state, partially compensated by a gain in entropy from solvent
release. Introduction of a hydroxyl group 8 to the C—S bond slows the reaction by a factor of 2-15; the introduction of methyl
groups 8 to the C-S bond slows the rate by factors of 3-20. A number of substances have been screened as potential catalysts
for thiolate—disulfide interchange in water: none showed useful levels of catalytic activity, although phenylselenol did accelerate

the interchange significantly.

This paper examines the influence of solvent on rate constants
for thiolate—disulfide interchange (eq 1: nuc = nucleophile, ¢ =
central, lg = leaving group). This reaction is one of broad
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importance in biochemistry.!”” Although it is often not catalyzed

enzymatically in vivo,? the formation of certain cystine linkages
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in proteins may be enzyme catalyzed.”'* Many aspects of the
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Figure 1. Experimental and calculated line shapes for 300 MHz 'H
NMR spectra at several temperatures of (A) sodium 2-hydroxyethane-
thiolate (3.8 M) and bis(2-hydroxyethyl) disulfide (1.9 M) in D,0: (B)
potassium 2-hydroxyethanethiolate (66 mM) and bis(2-hydroxyethyl)
disulfide (31 mM) in DMF-d,. The peak assignments are m = (HOC-
H,CH,S)y; n = HOCH,CH,S™; r = (HOCH,CH,S),: s = HOCH,C-
H,S7;u, v = HCON(CH,),.

it is an SN2 reaction in which thiolate anion attacks the disulfide
bond along the S-S axis. The symmetry and structure of the
transition state are not known in detail, although the charge is
concentrated on the terminal sulfur atoms.

The influence of solvent on the rate of reactions has not been
explored and would provide mechanistically useful information
concerning charge distributions and about differences in solvation
of ground and transition states. This work reports comparisons
of rate constants for representative thiolate—disulfide interchange
reactions in water and in the polar aprotic solvents DMSO and
DMF. It had three objectives: to clarify the role of solvation;
to indicatc whether changes in the polarity of the reaction medium
would provide a method of controlling the rate of the reaction;
and to evaluate the possibility that a weakly solvated thiolate
nucleophile might be exceptionally reactive. The observation of
a correlation between reactivity and solvation might provide the
basis for strategies for the design of catalysts for thiolate—disulfide
interchange.
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Figure 2. Effect of changing the mole fraction of D,O on the second-
order rate constant (k) of thiolate-disulfide interchange of potassium

2-hydroxyethanethiolate and its disulfide in mixtures of DMSO-d, and
D,0 at 297 K. The rate constant has units of M~ s7!

Methods

We have investigated self-exchange between RS and RSSR
with use of dynamic 'H NMR spectroscopy*=" for four reasons:
(1) The rates of representative thiolate-disulfide interchange re-
actions in polar, aprotic solvents are too fast to be studied con-
veniently by conventional kinetic techniques. (ii) Thiolate anions
are easily oxidized, and exclusion of atmospheric oxvgen is com-
paratively easy in sealed NMR tubes but more difficult in the
types of apparatus used in classical kinetic techniques. (iii) The
interchange reaction is degenerate and can be examined at
equilibrium.  Determination of rates of reactions by NMR
spectroscopy involved preparation of only 4 single sample of
thiolute and disulfide: it was not necessery to withdraw aliquots
or to prepare muttiple samples. (v 1 The methyiene peaks adjacent
to the thiolate und disulfide mareties wre separated by approxi-
mately 0.33 4 100 Hz «t 300 MH7z): thes separation made the
analysis of the line shapes relatively straightforward.

Representative experimental spectra are shown in Figure 1.
Estimation of rate constants from these experimental spectra was
accomplished by visual comparison of experimental spectra and
spectra simulated with the program pNMR+™  The temperature
dependence of the chemical shifts of the thiolate and disulfide
species could be measured independently: the Experimental
Section contains details. Solutions of thiolates in polar aprotic
solvents were prepared by reaction of thiols with 1 equiv of po-
tassium tert-butoxide. The nature of the counterion had no in-
fluence on the reaction. Further, addition of 18-crown-6 (I
equiv/equiv thiolate) 10 the reaction system involving potassium
2-hydroxyethanethiolate and bis(2-hyvdroxyethyl) disulfide did not
influence the rate of thiolate-disulfide interchange.

Results

Rate Constants and Activation Parameters. Table | summarizes
rate constants obtained in this work and values of relevant
thermodynamic parameters derived from variable-temperature
work.” The most important observation in this table is that the
rate constants for thiolate-disulfide interchange are faster in
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Table I. Rate Constants for Degenerate Thiolate-Disulfide Interchange: RS™ + RSSR = RSSR + "SR

1073kab AG?
(M ts™h (kcal/mol) AH? AS?
RS- M+ solvent (297 K) (297 K) (kcal/mol) (cal/(deg mol))
HOCH,CH,S~ Na* D,O 0.0077 16.2 13 -10
K* D,0 0.0095 16.1 13 -11
K* DMF-d, 20 1.5 8 -13
K* DMSO-d, 21 11.5
CH,;CH,CH,CH,S~ Na* DMF-d, 43 11.1
K* DMSO-d, 54 11.0
CH,C(CH;),CH,S" K* DMF-4, 15 1.7
K* DMSO-dy 16 11.7
HOC(CH;),CH,S™ K* DMSO-d; 1.1 13.2 10 -10
HOCH,C(CH,),CH,S" K* DMSO-d; 0.67 13.5 9 -16

2 Uncertainties are k, £10%; AG?, £0.1 kcal/mol; AH?, £1 kcal/mol; AS?, £2 cal/(deg mol). ®Rate constants were inferred from visual com-
parison of the simulated '"H NMR line shapes with the experimental line shapes; details are given in the Experimental Section.

DMSO and in DMF than in water by a factor of approximately
3 X 10°. The log of the rate constant depends linearly on the
solvent composition in mixtures of D,0O and DMSO-dg (eq 2,
Figure 2). There is no evidence for specific solvation of thiolate

A]Og k= AAG? « XD,0 (2)

anion by water (specific solvation would be reflected in nonlinearity
in this plot, especially at small values of xp.o). This observation
suggests that hydrogen bonding between water and the thiolate
anion is relatively unimportant.

The rate of thiolate—disulfide interchange reaction shows only
modest sensitivity to steric effects and to groups capable of in-
tramolecular hydrogen bonding. Introduction of methyl groups
8 to the C-=S bond slows the reaction only by factors of 3—20. This
insensitivity is expected for an Sy2 reaction involving front-side
attack of RS~ along the S-S axis of the disulfide. Intramolecular
hydrogen bonding between hydroxyl and thiolate does not sig-
nificantly modify the rate of interchange of 2-hydroxyethane-
thiolate: the rate constant for thiolate—disulfide interchange
reaction of potassium 1-butanethiolate is only twice that of po-
tassium 2-hydroxyethanethiolate in DMSO. Introduction of a
hydroxyl group either 3 or 5 to the C=S bond in sterically hindered
alkyl thiolates slows the interchange reaction by approximately
a factor of 15 in polar aprotic solvents. A gem-dimethyl effect®
and weaker solvation of the hydroxyl group in the sterically
hindered case may result in greater intramolecular hydrogen
bonding than in the sterically unhindered 2-hydroxyethanethiolate.
On the basis of these observations, we suggest that differences
in rates with changes in solvent for 2-hydroxyethanethiolate are
representative of differences expected for other alkane thiolates.

Arrhenius plots yielded the thermodynamic parameters sum-
marized in Table I (Figure 3). For HOCH,CH,S", AH* de-
creased in going from D,0 to DMF; ~TAS* is approximately
constant. We rationalize the value of the entropy of activation
in these reactions as a compromise between two factors. The
reaction involves two particles going to one in the transition state
and is thus intrinsically entropically disfavored. The observation
that AS* is ~ —10 cal/(deg mol) suggests a partial compensation
of the unfavorable loss in translational and rotational entropy by
some other factor, presumptively solvent release. Thermodynamic
data for other thiolate—disulfide interchange reactions have been

(29) From the data of Creighton (Creighton, T. E. J. Mol. Biol. 1975, 96,
767-776) we have calculated the rate constant [k = 19 M~ 571 (25 °C)] for
the reaction of dithiothreitol with bis(2-hydroxyethyl) disulfide in water [k
= kobs(] + 10PKaPH); kobs = 4 S M~ s7!; pH = 8.7; pK, (dithiothreitol) = 9.2].
We have to divide Creighton’s rate constant by two (to account for the
presence of two symmetrical thiol groups in dithiothreitol) in order to compare
with our rate constant [9.5 M™' s! (24 °C)] for HOCH,CH,SK*/
(HOCH,CH,S), interchange in D,O. The identity of these two rate constants
is accidental but does indicate that the two independent measurements are
in close agreement. Some representative values of rate constants of thio-
late~disulfide interchange from the literature are k = 57 M™' s7! for the
reaction of mercaptoethanol and oxidized glutathione in water, pH 7, 30 °C"
and k = 2 X 10° M~ 57! for the reaction of mercaptoethanol with Ellman’s
reagent in water, pH 7, 30 °C.'¢

(30) Schleyer, P.v. R. J. Am. Chem. Soc. 1961, 83, 1368-1373. Ingold,
C. K. J. Chem. Soc. 1921, 119, 305-329.
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Figure 3. Plot of log k vs 1/T for the thiolate—disulfide interchange of
sodium 2-hydroxyethanethiolate (3.8 M) and its disulfide (1.9 M) in D,0
(A); potassium 2-hydroxyethanethiolate (66 mM) and its disulfide (31
mM) in DMF-d, (B); potassium 3-hydroxy-2,2-dimethylpropanethiolate
(0.20 M) and its disulfide (0.10 M) in DMSO-dy (®); potassium 2-
hydroxy-2-methylpropanethiolate (0.18 M) and its disulfide (0.09 M) in
DMSO-d, (0). The rate constants have units of M™' 57!,

interpreted similarly ' The determination of AS* and AH* by
the dvnamic N MR method may involve errors, and their values
should be treated with caution.”*!

The Thiolate—Disulfide Interchange Reaction Is Not Easily
Catalyzed. Rates of many thiolate-disulfide reactions in water
follow a Bronsted relation in the values of pK,, of the participating
species (eq 3 is one expression describing this relation).3? We
have surveyed a number of aromatic thiols having values of pK,
centered around pH 7, in the hope that these species might, by
virtue of charge delocalization and possible weak solvation in water,
prove to be more reactive in thiolate—disulfide interchange than
would be predicted on the basis of eq 3.3 These and a range

log k = 6.3 + 0.59 pK,™ - 0.40pK,° — 0.59pK,'®  (3)

of other types of potential catalysts did not show useful catalytic
activity. The detailed results are given in the Experimental
Section.

We screened for catalysis in water by incubating the potentially
catalytic additive with an equimolar mixture of 2-carboxy-1,3-
propanedithiol and bis(2-hydroxyethyl) disulfide. We followed

(31) In the case of potassium 2-hydroxyethanethiolate and its disulfide in
DMF-d;, the values of AH* and AS* were found to be 7.7 kcal/mol and —13
cal/(deg mol) with careful calibration of temperature. The values of AH*
and AS* calculated without calibration of temperature were 10.6 kcal/mol
and -2 cal/(deg mol). The value of AG* was almost unaffected by the error
in temperature.

(32) Two other equations give similar Bronsted correlations. The 8
coefficients are therefore not sharply defined by the available data. These
Bronsted equations should be considered primarily as kinetic models for
thiol—disulfide interchange in water.'> A Brensted slope (8 = —0.98) has been
observed for the reaction of symmetrical alkyl disulfides with triphenyl-
phosphine in 50% dioxane-water: Overman, L. E.; O’Connor, E. M. J. Am.
Chem. Soc. 1976, 98, 171-7175.

(33) Catalysis of acylation of hydroxyl groups using N,N-(dimethyl-
amino)pyridine (DMAP) is an example of the strategy of enhancing nucleo-
philicity and charge delocalization: Hofle, G ; Steglich, W.; Vorbruggen, H.
Angew. Chem., Int. Ed. Engl. 1978, 17, 569-583.
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Figure 4. Hypothetical plot of free energy vs reaction coordinate for
thiolate—disulfide interchange reaction in water and in polar aprotic
solvents (DMSO. DMF).

the rate of reaction by monitoring the increase in absorption at
330 nm due to the product 4-carboxy-1.2-dithiolane (eq 4,

(HSCH2);,CHCOO™ + (HOCH,CH,S), —=

S—CH,

| eHcoo™ + 2HOCH,CH,SH (4)
S—CHy”

Nucleophiles other than thiolate anion do show high reactivity
toward the disulfide bond: for example, the rate constant for
reaction of P(CH,CH,CO;"); with bis(2-hydroxyethyl) disulfide
(eq 5) is 8 M~ 5™l in water (that is, indistinguishable from that
L,P + (HOCH,CH,S), o> L:PO + 2HOCH,CH,SH (%)
of "SCH,CH,OH).**3%  There is. however. no obvious strategy
for making this reaction catalvtic. Of the substances examined
as catalysts, only phenylselenol caused significant enhancement
in the rate of interchange. When present at 10% concentration
of the disulfide, phenylselenol accelerated the interchange by a
factor of approximately 5. This level is not large enough to be
useful, but it does suggest that selenols and related compounds
may have useful catalytic activity.”” We will describe studies in
this area in a separate paper.

An effort to accelerate the rate of thiolate—disulfide interchange
using a two-phase benzonitrile-water system was not successful.

Discussion

The rate constant for representative thiolate-disulfide inter-
change reactions increases by ~ 103 on going from water as solvent
to polar aprotic solvents (DMSO, DMF). The change in AG*
is directly proportional to the composition of the solvent (eq 2).
This proportionality—particularly the absence of a sharp drop
in rate on adding small quantities of water to DMSO—suggests
that hydrogen bonding to thiolate anion is a relatively unimportant
contribution to the free energy of solvation of this species.’” We
infer, then, that the solvent influences the rate of thiolate—disulfide
interchange primarily through its dielectric constant: In the lower
dielectric constant solvents (DMSO, DMF) both thiolate anion
and the transition state are energetically destabilized relative to
water, but the thiolate anion, with its more localized charge, is

(34) Butler, J. C.; Whitesides, G. M. Unpublished results.

(35) For a review of the reaction of disulfides with trivalent phosphorus
compounds, see: Mukaiyama, T.; Takei, H. In Topics in Phosphorus Chem-
istry; Griffith, E. J., Grayson, M., Eds.; Wiley-Interscience: New York, 1976;
Vol. 8, pp 587-645.

(36) The rate constant for thiol-disulfide interchange of 2-carboxy-1,3-
propanedithiol and bis(2-hydroxyethyl) disulfide in benzonitrile/water mixture
was the same as that in water. Our choice of benzonitrile/water system was
based on the rapid decarboxylation of 3-carboxybenzisoxazoles observed in
this system by Kemp et al. (Kemp, D. S; Paul, K. G. J. Am. Chem. Soc. 1975,
97, 7305-7312. Kemp, D. S.; Cox, D. D.; Paul, K. G. J. Am. Chem. Soc.
1975, 97, 7312-7318).

(37) The weak contribution of ionic hydrogen bond to solvation in RS
(H,0), complexes is dissipated effectively within the first 2-3 solvent mole-
cules (n = 2-3) as the dissociation energy decreases rapidly upon successive
hydration: Sieck, L. W.; Meot-Ner (Mautner), M. J. Phys. Chem. 1989, 93,
1586-1588.
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Table II. Comparisons of Rates of Reactions in Water and in Polar
Nonprotic Solvents

107k /Kp1,0)
or 1073(Ky/Kyy0)

reaction

(X=Sor0) solvent X =S X=0O ref

RX" + RXXR —~ RXXR + RX" DMSO-d, 2.3

DMF-4, 2.2
CHX™ + H* = C,H;XH DMSO 700 1.6 X 10° 4
CeHX™ + Mel — DMF 32 1900 5
p-0;NCH X~ + Mel — DMF 0.24 15 b
CeHsX™ + p-O,NCH,I — DMF 4.0 1 X 10 b

?Arnett, E. M.; Small, L. E. J. Am. Chem. Soc. 1977. 99. 808-816.
Hupe, D. J,; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 451-464. bClare,
B. W.; Cook, D.; Ko, E. C. F.; Mac, Y. C.; Parker, A. J. J. Am. Chem. Soc.
1966. 88, 1911-1916. Parker, A. J. Chem. Rer. 1969, 69, 1-32. The rate
comparisons are reported for DMF and methanol at 0 °C.

the more strongly destabilized (Figure 4). This inference does
not depend strongly on the structure of the transition state, pro-
vided that the charge is delocalized over the three sulfur centers,
as is indeed inferred from the Bronsted relation that describes
the reaction in water.

The proposal that the increase in rate in going from water to
DMSO or DMF correlates primarily with the dielectric constant
of the medium is compatible with much higher rates (~10% M-
s7!) observed in the gas phase.3¥ % The progression of rates and
dielectric constants—H,0 (k ~ 10 M~ 57!, ¢ = 78), DMSO (k
~ 10* M7 57 e = 47), DMF (k ~ 10* M~ 571, € = 37), vapor
(k ~ 10° M7 s7' e = 1)—suggests a proportionality between log
A and ¢ and both supports the hypothesis of a general medium
effect and indicates that the fastest rates for thiolate—disulfide
interchange in solution should be obtained in the media of lowest
diclectric constant. The practical limits to such approaches are
usually set by the onset of fon pairing and aggregation in low
dielectric media.

Table 11 compares the effects of solvents on thiolate—disulfide
interchange with those for other nucleophilic reactions involving
sulfur (and, for comparison, oxygen) nucleophiles. In going from
polar protic solvents (water, methanol) to polar nonprotic solvents
(DMSO, DMF), the rates of reactions involving thiolate and
alkoxy anions increase; the increase is, however, much more for
the reactions involving alkoxy anions than thiolates.** The alkoxy
anions are solvated in water to a higher degree than thiolates.

What are the implications of these results for catalysis of
thiolate-disulfide interchange? Most strategies for catalyzing this
reaction would require developing a species N: that was both an
exceptional nucleophile toward sulfur (eq 6) and an exceptional
leaving group from sulfur (eq 7). Our studies indicate that it

N~ + RSSR — NSR + "SR (6)
NSR + "SR’ — N~ + RSSR’ @)

is more difficult to develop hypernucleophilic species based on
sulfur than on oxygen. It appears that it will be difficult to increase
the nucleophilicity of thiolate ions relative to their basicity by
interfering with hydrogen bonding to them, since hydrogen bonding
does not seem to be very important in any event. The parallel
to the « effect that is important for oxygen nucleophiles such as
HOO", ClO7, and Me,NO™*! is not known to exist with sulfur

(38) A value of k ~ 3 X 10° M~! 5! has been estimated for reaction of
CH;CH,S™ with CH;SSCH, in vapor phase by using flowing afterglow
techniques. Comparison of this rate constant with the collisional rate constant
suggests that the reaction occurs with a probability of ~ 3 X 1073 per collision:
Grabowski, J. J.; Zhang, L. J. Am. Chem. Soc. 1989, 111, 1193-1203.

(39) For comparison, the rate constant for a representative Sy2 reaction
at carbon—Cl~ + CH,Cl — CICH, + Cl"—increases by a factor of approx-
imately 10'* on going from water to the vapor phase. Jorgensen and Buckner
summarize leading references in this area: Jorgensen, W. L.; Buckner, J. K.
J. Phys. Chem. 1986, 90, 4651-4654.

(40) For related calculations concerning the relative nucleophilicities of
OH~and SH™, see: Howard, A. E.; Kollman, P. A. J. Am. Chem. Soc. 1988,
110, 7195-7200.

(41) Edwards, J. O.; Pearson, R. G. J. Am. Chem. Soc. 1962, 84, 16-24.
Hoz, S.; Buncel, E. Isr. J. Chem. 1985, 26, 313-319. Buncel, E.; Um, 1. J.
Chem. Soc., Chem. Commun. 1986, 595. Hudson, R. F.; Hansell, D. P.;
Wolfe, S.; Mitchell, D. J. J. Chem. Soc., Chem. Commun. 1985, 1406-1407.
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nucleophiles. Because w-bonding to sulfur is less important than
to oxygen, it will be more difficult to manipulate the polarizability
and nucleophilicity of sulfur than of oxygen through remote
substituent effects. It may be possible to develop species highly
nucleophilic toward the disulfide group using phosphorus, selenium,
or other elements, but we do not have firm experimental support
for this approach.

Thus, we conclude that the best strategies for “catalyzing”
thiolate~disulfide interchange, especially under conditions com-
patible with biological reactions, probably involve transferring the
reactants from water to an environment of lower dielectric constant
and preorganizing them into a configuration resembling the
transition state. A strategy involving reaction in a low dielectric
medium is based on destabilization of the reactant thiolate (RS™)
relative to the more delocalized transition state [R;S;7[*. Sta-
bilizing the transition state electrostatically relative to the reactant
thiolate anion will require both preorganization and precise ar-
rangement of the electrostatic potential around the [R;S;7]* unit.

Experimental Section

General Methods. 'H NMR spectra were recorded with Bruker
AM300 and AMS00 instruments. The difference between the 'H NMR
chemical shifts of the methylene and hydroxyl peaks of ethylene glycol
was used to calibrate the temperature recorded by the NMR spectrom-
cter in the range of temperatures from 295-370 K: methanol was used
for calibration from 230-290 K.****  Argon was deoxvgenated by
passing over Ridox (Fisher Scientific) and molecular sieves before use.
Distilled water from a Corning AG-1b still was used to wash all glass-
ware %

Materials. Cambridge Isotope Laboratories and Aldrich supplied D,O
(99.9%), DMSO-d4 (99.96%), and DMF-d; (99%). Mercaptoethanol.
bis(2-hydroxyethyl) disulfide, methyl thioglycolate, 2,2-dimethylpropanol,
p-toluenesulfonyl chloride, sodium deuteroxide (40% solution in D,0),
potassium deuteroxide (40% solution in D,0), sodium hydrogen sulfide,
potassium rert-butoxide, thiolacetic acid, diethyl malonate. and me-
thylmagnesium bromide (a 3 M solution in diethyl ether) were all pur-
chased from Aldrich. Sodium I-butanethiolate was purchased from
Fluka. Protein disulfide isomerase (E.C. 5.3.4.1) was a gift from Gen-
zyme.

Calculations of Rate Constants and Activation Parameters of Thio-
late-Disulfide Interchange by Dynamic '"H NMR Analysis. The pseu-
dounimolecular rate constants (k’ = 1/7) for thiolate-disulfide inter-
change were determined by complete line shape analysis on a VAX 8600
by using the computer program DNMR4.2® The HOCH,CH,S7/
(HOCH,CH,S), system was treated as an A,B, < C,D, spin system
with Jap = 7.1 Hz, Jop = 6.0 Hz.¥” The values of the chemical shifts
of the A, B, C, and D methylene protons in D,O (300 MHz '"H NMR)
were taken as 1007.7, 719.4, 1102.2, and 818.5 Hz, respectively. The
relative populations of the two configurations were taken as 0.5 each. T,*
was taken as 0.15 s (calculated from the reciprocal of the product of 7
and the peak width (Hz) at half height of the singlet peak corresponding
to the methyl groups of t-BuOH). In our experiments, the NMR line-
shapes were not very sensitive to T,* for two reasons: (i) Av (~100 Hz
at 300 MHz) » 1/T,* (~6 Hz), and (ii) we avoided very fast and very
slow exchange regimes in our study by manipulating the concentration
of thiolate and disulfide and the temperature. We resimulated the plots
for HOCH,CH,S"K*/(HOCH,CH,S), interchange in D,0 with correct
values of T,* [0.15 s (HOCH,CH,SK*), 0.26 s (HOCH,CH,S),)] and
found the plots to be similar to those obtained previously with 7,* = 0.15
s. For various values of rate constants, simulated NMR plots were
generated for the frequency range 540-1260 Hz. The rate constants were
inferred by comparison of the simulated plots with the experimental plots
to the best fit by eye. The coalescence approximation [r = 1/k’ =

(42) van Geet, A. L. Anal. Chem. 1968, 40, 2227-2229.

(43) van Geet, A. L. Anal. Chem. 1970, 42, 679-680.

(44) Raiford, D. S.; Fisk, C. L.; Becker, E. D. Anal. Chem. 1979, 51,
2050-2051.

(45) Ammann, C.; Meier, P.; Merbach, A. E. J. Magn. Reson. 1982, 46,
319-321.

(46) Thiolates are oxidized rapidly by oxygen; the oxidation is catalyzed
by metal ions.’

(47) We prepared 2,2-dideuterio-2-hydroxyethanethiol by reduction of
methyl thioglycolate with lithium aluminum deuteride. The rate of the thi-
olate/disulfide interchange for sodium 2,2-dideuterio-2-hydroxyethanethiolate
and its disulfide was the same as that for sodium 2-hydroxyethanethiolate and
its disulfide. The peak corresponding to the methylene protons in sodium
2,2-dideuterio-2-hydroxyethanethiolate appeared as a singlet in the 300 MHz
'H NMR spectrum (Jep,ep, ~ 0.15 Jew,cny)-
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Figure 5. Effect of temperature on the 300 MHz 'H NMR chemical
shifts of the methylene protons of (a) sodium 2-hydroxyethanethiolate
(1.2 M) and (b) bis(2-hydroxyethyl) disulfide (2.0 M) in D,O. The
temperature dependence of the chemical shifts for the methylene protons
of the thiolate (a) and the disulfide (b) are small in comparison to the
difference in chemical shifts between the methylene protons of the thio-
late and disulfide (~100 Hz at 300 MHz). The standards for mea-
surements of the chemical shifts were silicone grease (for a) and DSS (for
b).

(v2)/(=xAr)] is quite accurate (within 5% of the value determined by
complete line shape analysis).  The temperature dependence of the
chemical shifts for the methylene protons of the thiolate and disulfide
were measured independently and were found to be small compared to
the difference in chemical shifts between the methylene protons of the
thiolate and disulfide (Figure $5).

In cach reactive collision of thiolate and disulfide, only half of each
disulfide molecule converts to thiolate, although each thiolate converts
to one-half of a disulfide molecule. In the degenerate thiolate-disulfide
interchange, if we denote the rate of exchange seen by NMR as
~d[RSSR]/dr and —~d[RS"]}/dt for the disulfide and thiolate, respectively,
we obtain ~d[RSSR]/dr = (1/2)k[RS7][RSSR] and -d[RS"}/dr =
k[RSTJ{RSSR]. If rpg and 7gesg are lifetime of the thiolate and di-
sulfide. then

GIRN j/7dr = 11 /73 )[RST] = A{RS7][RSSR] (8)
AfRSSRG de = (1 rpesr  IRSSRY = (1 /21K [RS}{RSSR] (9)
In our experiments. [RS7] = 2[RSSR]. We therefore obtain trom eq 8

and 90 (1/7gps) = (1/7pssr) = K[RSSR].
The activation parameter AG* was determined from the rate constants
by using transition state theory (eq 10). The activation paramecters M*

k = (kgT/h) exp(-AG* /RT) (10)

and AS* were calculated from the plot of In (k/T) vs 1/T. The exper-
imental plots of In (k/T) vs 1/T were linear with R? 2 0.995 for 7-9
points (Figure 3).*%  The determination of AH* and AS* by dynamic
NMR spectroscopy is known to not be very accurate.”> We have esti-
mated the errors in AH* and AS* by calculating the standard deviations
at 90% confidence for the slope and intercept of the plot of In (k/T) vs
/7.3

Preparation of Samples Containing Thiolates and Disulfides for Dy-
namic NMR Spectroscopy: General Procedure. The solvent was deox-
ygenated by bubbling argon through it for >30 min if the sample was
to contain thiolate at >0.1 M concentration. For a sample containing
<0.1 M concentration of thiolate, the solvent was degassed with at least
four freeze—pump-thaw cycles. The NMR tube was stoppered with a
rubber septum, and the top of the NMR tube was sealed with paraffin
wax (or Apiezon W wax for high-temperature NMR measurements) to
prevent oxidation of the sample.** Sealing by paraffin wax was espe-
cially useful in rate studies in mixtures of DMSO-d, and D,0; the wax
seal could be broken easily (to introduce small amounts of deoxygenated
D,0) and replaced. Potassium tert-butoxide was used as base to generate
thiolate from thiol in DMSO-dg and DMF-d;. Sodium 1-butanethiolate
was used directly for one experiment in DMF-d;. Potassium deuteroxide

(48) The plots of (In k/T) vs (1/T) for the thiolate~disulfide interchange
reactions of sodium I-butanethiolate in DMF-d; and potassium 2,2-di-
methylpropanethiolate in DMF-d, are also linear. The values of AS* are
negative in both cases; the values of AH* and AS*®, however, could be inac-
curate because the chemical shifts of methylene protons of the thiolate and
disulfide vary with temperature in both cases. The simulations of the NMR
spectra were done by varying both the rate constant and A.

(49) The results were the same whether the top of the NMR tube was
sealed with wax or flame-sealed.
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and sodium deuteroxide were used as bases for generation of thiolate in
D,0.

Preparation of a Sample in D,0: Representative Procedure. All flasks
and the NMR tube were stoppered with rubber septa and were flushed
with argon before use. Mercaptoethanol (0.238 g, 3.04 mmol), bis(2-
hydroxyethyl) disulfide (0.230 g, 1.49 mmol) and D,0 (0.30 mL) were
placed in a flask. The contents of the flask were degassed with four
freeze—pump—thaw cycles. In another flask, NaOD (40 wt % solution
in D,0, 0.306 g, 2.98 mmol) was deoxygenated by bubbling argon
through it for 30 min. The solution containing mercaptoethanol and the
corresponding disulfide was transferred to the flask containing sodium
deuteroxide solution by cannula under argon. The resulting solution was
transferred to an NMR tube by cannula under argon. The top of the
NMR tube was sealed with Apiezon W wax. The total volume of the
solution was 0.79 mL. The solution was 3.78 M in thiolate and 1.89 M
in disulfide. The '"H NMR spectra were recorded at various temperatures
at 300 MHz (pulse width = 4 us, pulse delay = 4 s, acquisition time =
2.7s). The time delay between pulses was greater than the value of 7.
The values of T, were determined by the inversion-recovery method as
1.9s (CH,0OH) and 1.3 s (CH,S") for sodium 2-hydroxyethanethiolate
in D,O and 2.2 s (CH,OH) and 2.1 s (CH,S) for bis(2-hydroxvethyl)
disulfide in D,0.

Preparation of a Sample in DMSO-d: Representative Procedure. All
flasks and the NMR tube were stoppered with rubber septa and were
flushed with argon before use. Mercaptoethanol (0.0049 g. 0.063 mmol).
bis(2-hydroxyethyl) disulfide (0.0042 g, 0.027 mmol). and DMSO-d,
(0.50 mL) were placed in a flask. The solution was degassed with four
freeze-pump—thaw cycles. The degassed solution was transferred to the
NMR tube by cannula under argon. In another flask. potassium rert-
butoxide (0.0089 g, 0.079 mmol) was weighed in the glovebox. From a
solution of DMSO-d, that had been deoxygenated previously by bubbling
argon through it for 45 min, 72 uL was transferred by a gas-tight syringe
to the flask containing potassium rers-butoxide. From the resulting
potassium tert-butoxide solution (1.10 M), 50 uL was transferred by a
gas-tight syringe to the NMR tube. The top of the NMR tube was
sealed with paraffin wax. The solution was 49 mM in disulfide and 100
mM in thiolate. The 'H NMR spectra were recorded at 500 MHz.
After the '"H NMR spectra had been taken, the solution was quenched
by addition of DCI (10 uL of a 37 wt % solution in D;0).**!  The 'H
NMR spectrum of the resulting solution showed that no oxidation (<5%)
of thiolate to disulfide had occurred.

Screening for Catalysis in Water Using UV Spectroscopy. The
thiol-disulfide interchange of 2-carboxy-1.3-propanedithiol*? and bis(2-
hydroxyethyl) disulfide was monitored at 330 nm: the product 4-
carboxy-1,2-dithiolane (¢ = 144 M™' cm™) is the only species that absorbs
at 330 nm. Separate stock solutions of 2-carboxy-1.3-propanedithiol and
bis(2-hydroxyethyl) disulfide (each 8 mM) were prepared in deoxygen-
ated aqueous phosphate buffer solution (50 mM. pH 7). A quartz cu-
vette with the material to be tested as catalyst (1.2 umol) was stoppered
with a rubber septum and flushed with argon. The solution of 2-
carboxy-1,3-propanedithiol (1.5 mL) was added by a gas-tight syringe
and the cuvette equilibrated at 25 °C. The bis(2-hydroxyethyl) disulfide
solution (1.5 mL) was added to the cuvette with a gas-tight syringe, and
the increase in absorbance at 330 nm was monitored. The initial con-
centrations in the assay mixture were [2-carboxy-1,3-propanedithiol] =
4 mM, [bis(2-hydroxyethyl) disulfide] = 4 mM, and [catalyst] = 0.4
mM. The uncatalyzed apparent rate constant was 2.3 M~ min™' (see
Table 111).

When Cd?*, Ag*, and Co?* were tried as catalysts, precipitation oc-
curred. When aromatic thiols were used as catalysts, an initial increase
in absorbance was observed due to the formation of mixed disulfide
between the aromatic thiol and mercaptoethanol.® This interference was
avoided by incubating the aromatic thiol (catalyst) with bis(2-hydroxy-
ethyl) disulfide in the cuvette for 10 min before addition of 2-carboxy-
1,3-propanedithiol.

'H NMR Assay of Catalysis of Thiol-Disulfide Interchange by p-

(50) Lowe, O. G. J. Org. Chem. 1975, 40, 2096-2098.

(51) The addition of excess DCI was avoided during quenching because
thiols are oxidized to disulfides in DMSO in the presence of excess HCI;®® we
prepared bis(2,2-dimethylpropy!) disulfide by oxidation of 2,2-dimethyl-
propanethiol in DMSO in the presence of HCI (see Experimental Section).

(52) 2-Carboxy-1,3-propanedithiol is a useful substrate for the assay be-
cause it is an easily prepared crystalline solid, and it does not smell strongly.

(53) The observed rate enhancement of 1.7 times compares well with the
theoretical value of 1.6 calculated from eq 3.

(54) Protein disulfide isomerase does not catalyze reactions of dithiothreitol
with oxidized glutathione: Creighton, T. E.; Hillson, D. A.; Freedman, R. B.
J. Mol. Biol. 1980, 142, 43-62.

(55) Campaigne, E.; Tsurugi, J.; Meyer, W. W. J. Org. Chem. 1961, 26,
2486-2491.
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Table III. The Influence of Potentially Catalytic Additives on the
Rate of Thiol-Disulfide Interchange in Water at pH 7

'-'cat/ Uear/
additive Uyncal’ additive Luncat

papain 1
M°2“‘©—SH 2 CF,CH,SH 1
::: thiamine hydrochloride 1

H,N SH 2¢
I (KI) 1
2 50,2 (NayS0y) |
CNS™ (NaCNSs) 1
SeH 5 pO,S* (NayPO,S) |
SH Zn** [Zn(0Ac),] 1

2+

NQGSH , CE ICd(0A)] b
The Fc2+ (FCSO4) 1
@ Ag* (AgNOy) b

an N
. Co?* [Co(NOy),] b
C alumina 1
Z ) activated carbon . 1
\N)l\sﬂ P(CH.CH.COOK*), 1
(MeO),P !

H
O

aThe thiol-disulfide interchange of 2-carboxy-1,3-propanedithiol and
bis(2-hydroxyethyl) disulfide (4 mM each) in 50 mM aqueous phos-
phate buffer at pH 7 was followed by monitoring the formation of 4-
carboxy-1,2-dithiolane at 330 nm; v, /Vyncar = apparent rate of cata-
lyzed reaction/apparent rate of uncatalyzed reaction. In each case the
additive was present at a molar concentration = 10% that of 2-
carboxy-1.3-propanedithiol. Papain and protein disulfide isomerase
were present at molar concentrations = 1% and 0.06% that of 2-
carbony-1.3-propanedithiol. * Precipitate was observed in solution. <'H
NMR assay showed 1, fog, = 17 (ref $3). 4Reference 54.

protein disulfide isomerase 14

Aminothiophenol in Aqueous Solution at pH 7. A flask containing p-
aminothiophenol (0.0039 g. 0.047 mmol) was stoppered with a rubber
septum and flushed with argon. Methylene chloride (0.94 mL) that had
been deoxygenated previously by bubbling argon through it for 30 min
was added to generate a stock solution of p-aminothiophenol. The so-
lution was estimated by Ellman’s analysis to be 51| mM in thiol.’¢ By
using a gas-tight syringe, 20 uL of this solution was added to a flask
stoppered with a rubber septum, and the methylene chloride was removed
by evaporation under argon to leave p-aminothiophenol as a solid residue.
Into two flasks were weighed bis(2-hydroxyethyl) disulfide (0.0032 g,
0.02 mmol) and 2-carboxy-1,3-propanedithiol (0.0031 g, 0.02 mmol)
separately. The two flasks were stoppered with rubber septa and flushed
with argon. To cach flask was added by using a gas-tight syringe 1 mL
of D,O (50 mM phosphate buffer, pD 7) that had been deoxygenated
previously by bubbling argon through it for 2 h. The contents of the two
flasks were mixed by transfer through cannula under argon; 4 min after
mixing, | mL of the solution was transferred to the flask containing
p-aminothiophenol under argon. The initial concentrations were
[(HOCH,CH,S)5initiar = 10 mM, [HSCH,CH(COOH)CH,SH] a1 =
10 mM, and [HSCaH,NH,(p)liniias = 1 mM in the catalyzed solution.
The catalyzed reaction was quenched after 13 min by adding 15 uL of
DCI solution (37 wt % in D,0), and the uncatalyzed solution was
quenched after 14 min by addition of 15 uL of DCI solution. The
acid-quenched solutions were then transferred under argon to NMR
tubes stoppered with rubber septa. The top of the NMR tubes were
scaled with paraffin wax. The rates of the reactions were estimated from
the peak areas for the methylene peaks of mercaptoethanol and its di-
sulfide in the 'H NMR spectrum.

(56) Ellman, G. L. Arch. Biochem. Biophys. 1959, 82, 70-77. Habeeb,
A. F.S. A. Methods Enzymol. 1972, 25, 457-464.
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3-Hydroxy-2,2-dimethylpropanethiol. A flask containing 3,3-di-
methyloxetane®” (8.6 g, 100 mmol) and thiolacetic acid (9.0 mL, 126
mmol) was fitted with a reflux condenser and warmed in an oil bath at
60 °C for 20 h. The '"H NMR spectrum of the reaction mixture showed
75% conversion to the product 3-(acetylthio)-2,2-dimethylpropanol. To
the reaction mixture was added methanol (50 mL) and concentrated HCI
(0.5 mL of a 37 wt % solution in water). The resulting solution was
stirred in an oil bath at 60-65 °C for 24 h. The reaction mixture was
cooled in dry ice-acetone bath, and the upper liquid layer was removed
by cannula under argon. The lower solid layer which remelted at room
temperature was suspended in a mixture of petroleum ether (40-60 °C
fraction, 50 mL), diethyl ether (50 mL). and water (100 mL). The
organic layer was dried (MgSO,) and concentrated under reduced
pressure to yield a colorless liquid (4.47 g). The crude product was
distilled (0.1 Torr, 60-70 °C) to vield a colorless liquid (3.53 g. 30%):
'"H NMR (CDCly) 4 3.46 (d. 2 H. J = 57 Hz). 253 (d. 2 H. J = &7
Hz), 1.53 (t, 1 H.J =57 Hz). 1.26 (1, 1 H.J = 8.7 Hz), 0.96 (s. 6 H).
Anal. Calced for C;H,,08: C. 49.96: H, 10.06. Found: C.49.99: H.
10.11.

Bis(3-hydroxy-2,2-dimethylpropyl) Disulfide. 3-Hydroxy-2,2-di-
methylpropanethiol (0.85 g, 7.1 mmol) and FeCl; (0.0040 g, 0.015 mmol)
were dissolved in KHCO; solution (100 mL of a 10 wt % aqueous solu-
tion). Oxygen was bubbled through the solution for 7 h with stirring until
the solution became colorless. The cloudy reaction mixture was extracted
with chloroform (50 mL). The chloroform layer was dried (MgSO,) and
concentrated at reduced pressure to yield oil. The crude oil was re-
crystallized from toluene/petroleum ether to vield a white crystalline solid
(0.33 g, 40%): mp 92 °C; 'H NMR (CDCly) 6 3.43 (brs. 2 H). 2.84
(s, 2 H), 2.16 (brs, 1 H).0.96 (s. 6 H). Anal. Caled for C;H..0.S.:
C, 50.38; H. 9.30. Found: C.30.38: H.9.53.

2-Hydroxy-2-methylpropanethiol. To a solution of methvimagnesium
bromide in diethyl ether (100 mL of a 3.0 M solution. 200 mmol) in a
flask stoppered with a rubber septum was added dropwise a solution of
methyl thioglycolate (8.79 g, 83 mmol) in dry diethyl ether (100 mL)
by cannula with stirring at room temperature under argon. The reaction
mixture was stirred further at room temperature for 10 min and poured
into a mixture of crushed ice-water (100 mL) and concentrated HCI (33
mL of a 37 wt % solution in water) with stirring. Diethyl ether was
added to make the total volume of the organic layer ~300 mL. The
aqueous layer was saturated with NaCl, and the two layers were sepa-
rated with a separatory funnel. The diethyl ether layer was washed with
brine solution (20 mL), dried (MgSQ,). and concentrated at reduced
pressure to yield a foul-smelling liquid (6.84 g, 78%). The crude product
was distilled (30 Torr, 110 °C) to yield a colorless liquid (3.65 g, 41%):
'"H NMR (CDCl;) 6 2.63 (d, 2 H, J = 9.0 Hz), 2.2 (br, | H), 1.37 (t,
1 H,J=9.0Hz), 1.28 (s, 6 H). Anal. Calcd for C,H,,0S: C, 45.25;
H, 9.49. Found: C. 44.69; H, 9.13. (This sample was very hygroscopic,
and we believe that this analysis reflects water we were unable to re-
move.)

Bis(2-hydroxy-2-methylpropyl) Disulfide. 2-Hydroxy-2-methyl-
propanethiol (1.25 g, 11.8 mmol) and FeCl; (0.0060 g, 0.022 mmol) were
dissolved in KHCOj; solution (200 mL of a 10 wt % aqueous solution).
The brown solution was stirred, and oxygen was bubbled through it for
10 h until the solution became colorless. The solution was extracted with
methylene chloride (50 mL). The CH,Cl, layer was dried (MgSO,) and
concentrated at reduced pressure to yield a crude oil (0.81 g, 65%). The
crude mixture was purified by flash chromatography (25% EtOAc/pe-
troleum ether) to yield a colorless liquid (0.45 g, 36%): 'H NMR (CD-
Cl3) 6 3.01 (s, 2 H), 2.3-2.2 (br, 1 H), 1.30 (s, 6 H). Anal. Calcd for
CgH 30,8, C, 45.68; H, 8.62. Found: C, 45.83; H, 8.68.

Bis(2,2-dimethylpropyl) Disulfide. To a solution of 2,2-dimethyl-
propanethiol®® (0.36 g, 3.5 mmol) in DMSO (7.5 mL) was added con-
centrated HCI (0.3 mL of a 37 wt % solution in water). The resulting

(57) 3,3-Dimethyloxetane was prepared by the method of Schmoyer and
Case (Schmoyer, L. F.; Case, L. C. Nature 1959, 183, 389) in the same yield
as reported (30%): 'H NMR (CDCl,) 6 4.39 (s, 4 H), 1.29 (s, 6 H).

(58) Courtin, A.; Tobel, H.-R.; Auerbach, G. Helv. Chim. Acta 1980, 63,
1412-1419.
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solution was stirred at room temperature for 20 h. The reaction mixture
tested negative with Ellman’s reagent, thereby indicating the complete
oxidation of thiol. The reaction mixture was poured into 200 mL of
ice—cold water. The resulting suspension was warmed to room temper-
ature and extracted with petroleum ether (30-60 °C, 2 X 75 mL). The
petroleum ecther layer was dried (MgSO,) and concentrated at reduced
pressure to vield a colorless liquid (0.29 g, 82%): '"H NMR (CDCl,) é
2.76 (s, 2 H). 0.99 (s. 9 H).%

2-Bromomethylpropenoic Acid.®®  Crude diethyl bis(hydroxy-
methyl)malonate®’ (114 g, 0.50 mol) was dissolved in HBr (226 mL of
a 48 wt % aqueous solution, 2.0 mol), and the solution was heated at
120-125 °C in an oil bath for 45 min (Scheme I). The solution was
cooled in dry ice-acetone bath; after appearance of white crystals the
solution was cooled in an ice bath. The crystals were removed by fil-
tration, and the solution was heated again at 120-125 °C for 45 min.
The solution was cooled, and additional crystals separated. The proce-
dure was repeated four times. The six crops were combined and sus-
pended in a mixture of methylene chloride (200 mL) and 1 N HCI
aqueous solution (60 mL) in a separatory funnel. The CH,Cl, layer was
separated, dried (Na,SO,), and concentrated at reduced pressure to yield
a white crystalline solid (26.0 g, 32%): mp 72 °C (lit.®. mp 74 °C); 'H
NMR (CDCly) 6 6.50 (s. | H), 6.11 (s, 1 H), 4.18 (s, 2 H).

2-Carboxy-1,3-propanedithiol.****  To a stirred suspension of 2-
bromomethylpropenoic acid (4.95 g, 30.0 mmol) in 100 mL of water in
an ice bath was added a solution of sodium carbonate (5.50 g, 52.0 mmol)
in 20 ml_ of water in small portions. To the resulting solution was added
thiolacetic acid €2.20 mL.. 30.5 mmol). and the solution was stirred in
an ice bath for 13 min. The solution was acidified with HCl to pH I and
extracted with ethyl acetate (2 X 30 mL). The EtOAc layer was dried
(MgSO,) and concentrated at reduced pressure to yield a white solid (6.4
2): '"HNMR (CDCly) 6 6.40 (s, 1 H), 6.04 (s, 1 H), 3.77 (s, 2 H), 2.34
(s, 3 H). To the crude 3-(acetylthio)-2-methenyl-1-propanoic acid was
added thiolacetic acid (3.25 mL, 45.0 mmol). After 15 h at room tem-
perature, 'H NMR spectroscopy showed no olefinic peaks. The reaction
mixture was concentrated at reduced pressure to remove the excess
thiolacetic acid and heated at reflux with 200 mL of deoxygenated 10
wt % aqueous KHCOj solution for 5 h under argon. The reaction mix-
ture was cooled in an ice bath, acidified to pH 1 with HCI. and extracted
with cthyvl acetate (200 mL). The EtOAc layer was dried (Na,SO,) and
concentrated at reduced pressure to yield an oily residue which was
recrastallized in hevane ¢by cooling to —80 °C) to vield a white crystalline
solid (243 p0 T30 mp 60 °C (lit® mp 59.5-60.5 °C): 'H NMR
(CDCLy 6 290 m. 3 Ho 1S3 (. 2 HOJ = 8.6 Ha).
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carboxy-1,3-propanedithiol by Yanagawa et al. (Yanagawa, H.; Kato, T;
Sagami, H.; Kitahara, Y. Synthesis 1973, 607-608) and by Schotte and Strom
(Schotte, L.; Strom, H. Acta Chem. Scand. 1956, 10, 687-688).

(64) We used the procedure of Danehy and Elia (Danehy, J. P.; Elia, V.
J. J. Org. Chem. 1972, 37, 369-373) for the oxidation of 2-carboxy-1,3-
propanedithiol to 4-carboxy-1,2-dithiolane.



20605-01-0; 2-carboxy- 1,3-propanedithiol, 20605-01-0; 3-(acetylthio)-2-
methenyl-1-propanoic acid, 56140-22-8; sodium 2-hydroxyethanethiolate,
37482-11-4; potassium 2-hydroxyethanethiolate, 7450-31-9; sodium bu-
tylthiolate, 4779-86-6; potassium butylthiolate, 26385-25-1; potassium
2,2-dimethylpropylthiolate, 124357-90-0; potassium 2-hydroxy-2-
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methylpropylthiolate, 124357-91-1; potassium 3-hydroxy-2,2-dimethyl-
propylthiolate, 124357-92-2; bis(2-hydroxyethyl) disulfide, 1892-29-1;
4-carboxy-1,2-dithiolane, 2224-02-4; sodium 2,2-dideuterio-2-hydroxy-
cthanethiolate, 124357-93-3; bis(2,2-dideuterio-2-hydroxyethyl) disulfide,
124357-94-4: butyl disulfide, 629-45-8; selenylbenzene, 645-96-5.
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