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laser, typically 10 ¢cm™. The combination of diode lasers with
inert rare gas waveguides then represents 4 orders of magnitude
improvement in resolution over existing surface sensitive spec-
troscopic techniques.

It is of interest to also note that in the lowest order guided modes
very high field densities are attained in the slab and at the
metal/dielectric interface in the case of TM modes. The total
injected power in these experiments was typically between 5 and
20 uW. As much as 70% of this field is contained in the TM,
mode where the thickness of the slab is ~3 um. For a 50-um
beam waist, this fluence then corresponds to 6 W/cm?. The effect
of this high-field density in our present experiments is that of line
broadening. These high field densities, coupled with the narrow
radiation bandwidth, represent a formidable spectral brightness
that could be used in nonlinear spectroscopic applications.!!

These demonstrations were performed in a first-generation
design of a waveguiding assembly. There are obvious improve-
ments that can be implemented for enhancement of sensitivity
and mode selectivity. Prism couplers'® or a grating etched in the

copper substrate could be used for the injection of radiation at
better defined angles and for improved efficiency in output cou-
pling. In order to sample a larger number of molecules either
in the slab or at the slab/metal interface, line focusing as opposed
to the present point focusing geometry could be used. These
improvements, and the incorporation of the assembly in a ultr-
ahigh-vacuum chamber, are presently being implemented in order
to apply the technique to submonolayer metal surface adsorbates.
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Reduction Potentlals and Exchange Reactions of Thiyl Radicals and Disulfide Anion

Radicals

Parminder S. Surdhar and David A. Armstrong*

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N 1N4 (Received: May 8, 1987)

Redox equilibria between RS® and -S+S-" radicals, and between these types of radical and phenoxyl and chlorpromazine
(CIPz*?*) radicals, have been investigated in aqueous solutions at pHs over the range 6-10 to obtain a self-consistent set
of redox potentials for the reactions PhO* + H* + ¢~ = PhOH (4), RSSR™ + 2H* + ¢” = 2RSH (11), and RS* + H* +
¢~ = RSH (18), in sulfur systems with alkyl R groups. Absolute standard potentials were calculated on the basis of E°® =
0.83 V for the chlorpromazine couple. The results for £, (=1.35 £ 0.02 V) and E°;5 (=1.33 & 0.02 V) were in agreement
with values calculated from thermodynamic data within the known uncertainties. E°;3 was found to exhibit a falloff when
electron-rich groups, such as the two methyls of penicillamine or the CO,™ of B-mercaptoacetic acid, were present on the
carbon adjacent to the S atom. However, the effect was relatively small (~10~14 mV). E°;; was 1.72 £ 0.02 V for
B-mercaptoethanol. The corresponding potentials for the cyclic anions of dithiothreitol, dithioerythritol, and lipoamide were
the same within experimental error, but the uncertainties were larger (£0.04 V). For the reaction ¢™ + -S-S- = -8+8—
(22), the magnitude of E°,, was calculated to be —1.60 V, showing that only strongly reducing species could donate electrons

to disulfide. Rate constants for several of the forward and backward reactions in the equilibria were also determined.

Introduction

Sulfhydryl radicals (RS* species) are of interest in the redox
chemistry of inorganic!? and bioinorganic®* sulfur-containing
systems. Also, these radicals and the disulfide anions (RSSR")
formed on their complexation by thiolate anion are involved in
protection mechanisms for biological systems subjected to ionizing
radiation or other forms of free radical damage.>® Inall of these
systems a knowledge of the redox potentials is of great value in
assessing various mechanisms of reaction and estimating reaction
rates.

Recently we reported thermodynamic calculat10ns7 that gave
values of E° for the couples RS*/RS-, RSSR™/2RS", and
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Eds.; Elsevier: Amsterdam, 1984; Vol. 5, p 141.

(2) Lappin, A. G.; McAuley, A. J. Chem. Soc., Dalton Trans. 1975, 1560.
Leu, A.-D.; Armstrong, D. A. J. Phys. Chem. 1986, 90, 1449,

(3) Hemmerich, P.; Lauterwein, H. Inorganic Biochemistry, Eichorn, G.
L., Ed.; Elsevier: Amsterdam, 1973; Vol. 2, Chapter 32.

(4) Fee, J. A. Struct. Bonding (Berlin) 1975, 23, 1. Kuehn, C. G.; Isied,
S. S. Prog. Inorg. Chem. 1980, 27, 153.

(5) (a) Forni, L. G.; Wilson, R. L. Biochem. J. 1986, 240, 897. (b) Wilson,
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RSSR/RSSR-. With these as a guide, experiments were designed
to equilibrate different radical systems with each other and with
couples of known reduction potential, so that more exact exper-
imental E° values could be obtained. This paper reports a study
of the equilibria between several sulfur-containing radicals,
chlorpromazine, and phenol. In addition, the effects of structure
of the aliphatic R groups of various thiyl or sulfhydryl radicals
have been examined. The technique employed was pulse radiolysis.
The reactions producing the radicals are well documented,®® and
the procedures were the same as those described in ref 10 and
11.

As in many studies of this kind all solvated electrons (e7,,) were
converted to *OH radicals by reaction with N;0.%° Concentrations
of solutes were adjusted so that those radicals reacted with either
a sulfhydryl molecule (RSH) or phenol (PhOH) on a 1077-s time
scale. The thiyl or phenoxyl (PhO*) radicals, which are respec-
tively produced in the two cases, then initiated the exchange
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62, 580.
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reactions, which occurred with other solutes on a 10-50-us time
scale.

Experimental Section

Materials. B-Mercaptoethanol (8-Me), mercaptoacetic acid
(MAA), dithiothreitol (D(SH), or DTT), dithioerythritol (DTE),
chlorpromazine (CIPz*) and penicillamine (PenSH) were pur-
chased from Sigma Chemical Co. B-Mercaptopropionic acid
(8-MPA) was from Fluka, and phenol was from Fisher Scientific
Co. Dihydrolipoamide (L(SH),) was prepared from lipoamide
(LS;) by the method of Reed et al.!2  All the other chemicals
were of the purest grade available and used as supplied. The water
for preparing solutions was redistilled, first from alkaline potassium
permanganate and then from acid dichromate.?

Apparatus and Procedures. All experiments were conducted
at room temperature (23 £ 2 °C) with solutions containing
phosphate buffer which was 10 mM unless otherwise stated. In
order to prevent their oxidation by air, solutions with sulfhydryl
compounds were degassed during preparation by prebubbling with
nitrous oxide, which had been passed through a column of Ridox
(Fisher Scientific Co.). The pH was finally adjusted with HCIO,
or NaOH, and the solutions were saturated with nitrous oxide
before pulsing at 296 £ 2 K.

The pulse radiolysis experiments were performed by utilizing
2-us pulses of electrons with doses of 4-10 Gy/pulse from a
1.5-MeV Van de Graaff generator. Details of the generator and
dosimetry have been described earlier.!l'13

Results

Experimental data are presented for four types of radical ex-
change reactions, and thermodynamic calculations of E® for the
phenoxyl/phenol couple are given. These results are presented
in sections 1-5.

1. Reaction between Phenoxyl Radicals and Disulfhydryls.
This is exemplified for dithiothreitol:'4

PLO* + D(SH), = PhOH + DS, + H* )
The equilibrium expression is
[PhOH][DS,*"][H*]

K, = - )
[D(SH),]{PhO°]

in which the concentrations of PhOH, H*, and D(SH), are es-
sentially constant due to the small number of radicals formed and
the buffer action on [H*]. The kinetics and equilibrium con-
centrations for this reaction were studied at pHs 7, 8, 9, and 10
in 0.1 M phenol solutions with 10 mM phosphate buffer. The
initial absorbance directly after the pulse was due to the radicals
produced from the attack of OH on phenol and due to the pro-
portion of disulfide radicals formed by partioning of hydroxyl
radicals between phenol and dithiothreitol.!®> With the concen-
trations used, the DS,*~ absorbance increased after the pulse as
a result of reaction 1 in a pseudo-first-order manner. Figure 1b
shows the plot of the pseudo-first-order rate constants k; versus
dithiothreitol concentration observed at pH 8. The DS,*~ con-
centration was monitored at 480 nm, where the phenoxyl radical
absorbance can be neglected.'®!” In accord with the mathematical
expressions for reversible reactions,'® the slope of the linear plot

(12) Reed, L. J.; Koike, M.; Levitch, M. E.; Leach, F. R. J. Biol. Chem.
1958, 232, 143,

(13) Elliot, A. J.; Wilkinson, F.; Armstrong, D. A. Int. J. Radiat. Biol.
1980, 38, 1.

(14) Structures of sulfhydryl molecules are given at the foot of Table II.
Note that, in equations, formulas with subscript (g) refer to species in the gas
phase and formulas with no subscript to species in solution.

(15) Redpath, J. L. Radiat. Res. 1973, 54, 364.

(16) Land, E. J.; Ebert, M. Trans. Faraday Soc. 1967, 63, 1181.

(17) Schuler, R. J.; Buzzard, G. K. Int. J. Radiat. Phys. Chem. 1976, 8,
563.

(18) Laidler, K. J. Chemical Kinetics, 3rd ed.; Harper & Row: New York,
1987; p 36.
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Figure 1. (a) Plot of 1/AA at 480 nm versus ratio of [phenol] to [DTT}
at pH 7 (O), 8 (a), 9 (@), and 10 (O). (b) Plot of pseudo-first-order
rate constants for absorbance growth at 480 nm versus [DTT] at pH 9.
(c) Plot of 1/AA versus ratio of [phenol] to [RSH]? at pH 9.

corresponds to the second-order rate constant for the reaction in
the forward direction. The intercept corresponds to the pseudo-
first-order rate constant k_; for the back reaction, in this case a
complex third-order rate constant ky, multiplied by [H*] and
[PhOH]. The effective equilibrium quotient at pH 8 calculated
from t7he ratio of the forward and reverse rate constants was 1.8
X 1077,

Starting with the equilibrium expression for reaction 1, one can
derive an equation for the dependence of the absorbance of DS,*"
anion on the ratio of the concentrations of phenol to dithiothreitol:

1 _ 1 . [PhOH][HY]
a4 - 24, ' DEH),IK A4,

The quantity AA4., corresponds to the absorbance of DS,*~ in the
absence of phenol, when it is the only species formed. Figure 1a
shows plots of 1/AA versus the ratio of phenol to dithiothreitol
concentration at pH 7, 8, 9, and 10. The equilibrium quotients,
were 2.4 X 1077, 2.0 X 1077, 6.3 X 1078, and 6.4 X 1078 for pH
7, 8, 9, and 10, respectively. The value for pH 8 is in good
agreement with the result obtained from the kinetic data in Figure
1b.

The pH dependence for the free energy change in the half-
reaction

3

PhO* + ¢~ + H* = PhOH 4)

[PhOH]
AG, = AG®, + RT In (5)
[PhO*]{[H*] + Kipnon!

where Kjpyon represents the ionization constant of phenol
(=107100) 1920 The corresponding expression for the half-reaction
of DS,

DSz._ + 2H* + e = D(SH)2 (6)
is
AG, =
D(SH
AG®°; + RTIn _DEHY [H*] + K, + KK,
[H*][DS,] [H*]

@)

The constant X, refers to the ionization constant of the first SH
group (pK, = 9.26)?! and Kj, to the ionization constant of the

(19) Biggs, A. L.; Robinson, R. A. J. Chem. Soc. 1961, 388.

(20) Chen, D. T. Y.; Laidler, K. J. Trans. Faraday Soc. 1962, 58, 480.

(21) Whitesides, G. M.; Houk, J.; Patterson, M. A. K. J. Org. Chem. 1983,
48,112, For 8-ME the mean of 9.6 from this reference and 9.8 from ref 30
was used.



6534 The Journal of Physical Chemistry, Vol. 91, No. 26, 1987

second (pK}, = 10.34).2! Combination of expressions 7 and 5 for
the equilibrium condition AG, = AG, leads to

~AG®, = RT In K, - RT In {[H*] + Kippos} +

RT In \[H*] + K, + KK (8)
T HY]

Here it should be emphasized that [PhOH] and [D(SH),] refer
to the total concentrations of ionized and un-ionized molecules.
This formalism applies throughout the present work. Using ex-
pression (8) and correcting X to zero ionic strength (see below),
AG®, was found to be 37 280, 38 100, 40 300, and 38 600 J mol™!
from the data at pH 7, 8, 9, and 10, respectively, with an average
value of 38 600 + 1000 J mol™.

The equilibrium for the reaction between phenoxyl radicals and
the disulfhydry! lipoamide was also investigated:

PhO* + L(SH), = PhOH + LS, + H* )

Since the L(SH), system is completely analgous to D(SH),, the
half-reaction is similar to reaction 6 and the expression for the
overall free energy change is similar to expression 8.

Experiments were performed with L(SH), only at pH 9. The
value of K, at that pH was 3.2 X 108, The average of K, and
Ky is 10.7, and the value used for K, was 10.4.2>?3 Substituting
these and the above value of X into expression 8, AG®, was found
to be 43100 J mol™.

2. Reaction between Phenoxyl Radicals and RSH. The
equilibrium conditions for the reaction between phenoxyl radical
and RSH molecules was studied at pH 9. The reaction involved
is

PhO* + 2RSH = PhOH + RSSR™ + H* (10)

Again, the absorbance of RSSR™ was followed at 480 nm. As
in all cases reported in this study, the equilibrium quotients were
determined from the changes in absorbance measured when the
growth of the anion was complete and before significant decay
occurred. In this instance the equilibrium expression involves the
square of RSH concentration. A plot of 1/AA versus phenol
concentration divided by the square of RSH concentration is shown
in Figure lc.
The half-reaction for the reduction of RSSR™ is

RSSR™ + ¢ + 2H* = 2RSH (1)
The expression for the free energy change in reaction 10 is
_AGOIO = RT In K10 ~ RT In {[H+] + KiPhOH} +

2
{

[H*]

RT In {[H*] + 2K, + (12)

where the parameter K is the ionization constant for the RSH
molecule, which in the case of Figure 1¢ was §-mercaptoethanol
with a pK of 9.7.2! The magnitude of K, determined from the
linear plot in Figure 1c was 3.9 X 1077, from which with the aid
of eq 12 we calculated AG®;, = 36 100 J mol™!, after correction
to zero ionic strength.

3. Reactions between RS® Radicals of Different Structure and
Dithiothreitol. Several reactions of this kind, represented by eq
13, were studied at pH 7:

RS* + D(SH), = RSH + DS, + H* (13)

The expression relating the absorbance of DS,*~ anion to the
equilibrium constant and the ratio of RSH to the D(SH), con-
centrations can be shown to be entirely analogous to expression
3, with the concentration of RSH replacing the concentration of

(22) Gascoigne, 1. M.; Radda, G. K. Biochim. Biophys. Acta 1967, 131,
498

(23) Szajewski, R. P.; Whitesides, G. M. J. Am. Chem. Soc. 1980, 102,
2011. The two pKs of other disulfhydryls differ by 0.6—-1.0 pH unit. In the
absence of more detailed information for L(SH),, we have used the spectro-
scopic value of 10.7 from ref 22 as the mean of X, and K, and 10.4 for pK,.
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TABLE I: Free Energy Changes and Rate Coefficients® at 296 K

ki/107  ky/107
pH Mls! M2t

equilibrated reaction AG®/)

I 38600° 8.0 1.0 5.0
9.0 4.5 53.0
9) 43100 9.0
(10) with RSH = 8-ME 36100 9.0
35300 100

(13) for DTT form of
D(SH), with

RSH = MAA 36700 70 15 6.0
RSH = §-MPA 35500 7.0 09 24
RSH = 8-ME 35400 70 1.2 1.8
RSH = PenSH 36900 7.0
(13) for DTE form of 35200 70 09 22
D(SH), with RSH =
8-MPA
(13) for L(SH), with 36100 70 33 10.0
RSH = 8-ME
(15) -48050 6.0  17.5
(14) -50330 6.0

9Subject to uncertainties of £1000 J in AG® and £15% in k; and k,,.
b Average of pH 7, 8, 9, and 10.
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Figure 2. (a) Plot of 1/AA versus ratio of [3-MPA] to [DTT] in 60 mM
phosphate buffer at pH 7. (b) Plot of pseudo-first-order rate constants
measured from absorbance changes at 430 nm versus [DTT]. (c) Plot
of -log,o K5 versus vu: [3-MPA] = (@) 0.005, (©) 0.010, (O) 0.020,
and (A) 0.010 M plus 0.071 M NaClO,.

phenol. Some of the RSH systems used have appreciable ab-
sorbances of their RS* and RSSR™ anion radicals at pH 7,2 and
checks were made to ensure that these did not contribute sig-
nificantly to the total absorption at 400 nm, where DS,*~ was
monitored. In addition, changing the absorption measurement
to 430 nm, where RS* does not absorb, did not alter the magnitude
of K,; calculated.

Equilibrium quotients were determined for the RSH molecules
listed in Table I. A typical example of a plot of 1/AA against
the ratio of [RSH] to [D(SH),] is shown in Figure 2a. In several
instances the kinetics of the approach to equilibrium were also
followed. A plot of the pseudo-first-order rate constant for the
growth of the DS,* absorbance against dithiothreitol concentration
is shown for B-mercaptopropionic acid in Figure 2b. The equi-
librium quotient determined from the ratio of the slope of the line
to the intercept divided by the RSH molecule concentration was
3.9 X 1077, This is to be compared with the value of 5.9 X 1077
from the 1/AA plot shown in Figure 2a.

For the case of 8-mercaptopropionic acid, the effects of con-
centration of RSH and of buffer were also explored. Since the
carboxylate group of this RSH molecule is ionized at pH 7, it and
the buffer alter the ionic strength (u) of the medium as their
concentrations are changed. The results are therefore summarized
in terms of a plot of log K, versus v/ in Figure 2c. The line
through the points has a slope of 1.02, which is the theoretical,

(24) Hoffman, M. Z.; Hayon, E. J. Phys. Chem. 1973, 77, 990.
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TABLE II: AE° Values Relative to CIPz Half-Reaction
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conditions of measurement

half-reaction AE® pH comparison couple?
(6) DS, + 2H* + ¢~ = D(SH), 0.92, 7-9 a
0.87, 7.0 b
(6) LS, + 2H* + ¢~ = L(SH), 0.964 9.0 a
) 0.87, 7.0 b
(11) RSSR™ + 2H* + ¢~ = 2RSH (=8-ME) 0.89 9.0 a
0.88; 10.0
(4) PhO* + ¢ + H* = PhOH 0.52, 6.0
0.51% 6.0 c
(18) RS* + ¢+ H* = RSH
RSH = MAA 0.51 7.0 d
RSH = 3-MPA 0.52 7.0 d
RSH = §8-ME 0.49 6.0 c
_ 0.51,° 9.0 a
RSH = PenSH 0.51 7.0 d
¢a = PhO*/PhOH; b = RS*/RSH; ¢ = Cle"‘/Cle; d = DS, /D(SH),. ®From ref 29 (see text). °Via RSSR- (see text).
o o~
MAA: Hs—CHz——cf B-MPA: Hs—CHz—CHg—c{'
~ ~;
o} (o]
CH, NH.t .
3 | 3 /O
B-ME: HS—CHp,—CH,—OH PenSH: HS—C—C—CT
| o
CHg H
SH H OH

L(SH),: HS—'(CH2)2—(I:—(CH2)‘— C—NH,

based on the Debye—Hiickel limiting law as applied to the ionic
species in reaction 13,% viz.

log K°,; =
log K3 + log [YRSHyDS,"yH*/(yRS* yD(SH),)]

Since YRSH and yRS" are identical within that theoretical frame
work and v for the uncharged D(SH), species can be taken as
unity, this simplifies to

log Ki3 = log K°;5 + 2(0.5094/1)

Within experimental error, the data are seen to conform to this
treatment. The buffer concentration was varied from 10 to 60
mM, and [RSH] from 0.50 to 2.0 mM. The demionstration of
an influence of ionic strength led us to correct equilibrium quotients
to equilibrium constants at zero ionic strength, using the De-
bye—Hiickel limiting law throughout this work. However, it should
be noted that these corrections have only a small effect on the
AG values. '

For the RSH system where kinetics were followed, the equi-
librium constants determined by the kinetics and the absorbance
techniques were in good agreement. Values of the rate constants
for reaction 13 are given in Table I with the free energy changes.
It should be noted that in the case of §-mercaptoethanol the
exchanges with L(SH), and dithioerythritol, the diastereoisomer
isomer of dithiothreitol, were also studied.

4. Reactions of PhO* and RS*® with Chlorpromazine. The
exchange reaction between phenoxyl radical and chlorpromazine,
viz.

PhO* + CIPz* + H* = PhOH + CIPz*** (14)
and the analogous process for RS* of §-mercaptoethanol
RS* + CIPz* + H* = RSH + CIPz*?* (15)

were both investigated at pH 6. Data on the redox potential of
the half-reaction .

CiPz*?* + ¢~ = CIPz* (16)

(25) Atkins, P. W, Physical Chemistry, 2nd ed.; Oxford University Press:
Oxford, 1982.

D(SH)z: HS—CHy—C—C—CH,—SH
OH H

are available (ref 26 and below), and there is evidence that it is
independent of pH below pH 7.2’ In the calculations of redox
poteéntials, which follow later, this reaction was therefore used as
a standard.

The values of the equilibrium constants for reaction 14 were
obtained by measuring the absorbance of the CIPz*?* radical at
525 nm.2%62¥ The expression relating this absorbance to K, and
concentrations was

11
A4 AdA.

[PhOH]
+ a”n
[CIPz*][H*] K 4AA.

There is an analogous expression for reaction 15. The value of
AA,, and.the shape of the C1Pz*2* absorption spectrum formed
by the RS’ radicals were compared with the results obtained by
oxidation of CIPz by Br,"" and shown to be the same. Values of
AG®,, and AG® ;s are given in Table I. Rates of oxidation at higher
chlorpromazine concentrations were generally too fast to be
measured accurately on our system and are not reported. The
values of k; and k, at pH 6 for reaction 15 were 1.8 X 10% and
1.2 X 106 M 57!, respectively.

Values of AE®, the redox potentials of half-reactions relative
to E° g, are given in Table II. It is worth noting that our value
of AE®; (=0.52,) is in good agreement with 0.51 V calculated
with the aid of expression 5 above from data at pH 11.1 given
by Huie and Neta.?® This later value was obtained indirectly
by first comparing the redox potentials of CIPz*?* and *SO;~ at
pH 3.6 and then those of *SO;™ and phenoxyl at pH 11.1. One
also obtains from AG®,s a value of AE® 5 at pH 6 for the half-
reaction

RS* + ¢ + H* = RSH (18)

The result, 0.49; V, is discussed further below.

(26) Kabaskalian, P.; McGlotten, J. Anal. Chem. 1959, 31, 431.

(27) Pelizzetti, E.; Meisel, D.; Mulac, W. A_; Neta, P. J. Am. Chem. Soc.
1979, 101, 6954.

(28) Davies, A. K.; Land, E. J.; Navaratnam, S.; Parsons, B. J.; Phillips,
G. O. J. Chem. Soc., Faraday Trans. 1 1979, 75, 22.

(29) Huie, R. E.; Neta, P. J. Phys. Chem. 1984, 88, 5665.
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The magnitude of AG® 4 in Table I was used in conjunction
with AE®, to obtain AE®,; = 0.89¢ V. The magnitude of AE® g
can also be obtained from this by adding (after conversion to E°
units) AG®y, and AG®,q, viz.

RS* + RS = RSSR- (19a)
RSH = RS- + H* (19b)

The magnitude of Ko, is known,?! and K5, has been determined.*
We did not reinvestigate this reaction but found that absorbances
of RSSR" at 420 nm per 10 Gy of dose were in excellent agreement
with thase calculated from the equilibrium constant K)o, (=(1.7
% 0.1) X 10° M) and the absorbance coefficient of RSSR™ (8300
M- cm™) given by Karman et al.,* viz., at pH 9 for 2 and 5 mM
RSH, 0.016 and 0.027 measured versus 0.017 and 0.029 calcu-
lated; and at pH 8 for 4 and 10 mM RSH, 0.0055 and 0.0111
measured versus 0.0053 and 0.0114 calculated, respectively. Using
AG®,4, derived from that value of K;g, and AG® g, we calculated
AE® s = 0.51, V. The agreement with the magnitude obtained
by direct comparison with chlorpromazine (0.49; V, above) es-
tablishes the self-consistency of the present data.

The average value of AE®; for 3-ME from the two results
above (0.505 % 0.00, V) and our own value of AE®,, 0.52, V, have
been used in conjunction with the AG®;, AG®,, and AG®; values
in Table I to determine the magnitudes of AE®; shown in Table
II. The mean value of AE®; for DS, /D(SH), from those
calculations (0.89; V) was then employed to find AE® 4 for the
other sulfhydryl molecules 3-MPA, MAA, and PenSH.

5. The standard free energy change of the electrode half-re-
action 4 can be equated with that of

l/sz(g) + PhO* = PhOH (4’)

In principle the magnitude of AG®, can be found from the sums
of the standard free energy changes of

'/oHyg = Heg (4a)

H'(, + PhO*, = PhOH, (4b)
PhOH,, = PhOH (4c)
PhO* = PhO",, (4d)

The value of AH® for reaction 4b is 356 + 12 kJ mol™!,3! and
entropies of the species (S° = 115, 308, and 314 J mol™! K™! for
H°, PhO*, and PhOH, respectively from ref 32 and 33) can be
found from tables of standard data, as can AG®°,, (203.3 kJ mol ™,

ref 32). The simplest approach to finding the combined free energy
of the solution processes 4c and 4d is to assume that phenol behaves
in thg: same way as the aliphatic alcohols, whose solution free
energies were treated recently in terms of hydrogen-bond formation
by Schwarz and Dodson.** Under their treatment PhO* would
have one less hydrogen bond than PhOH. The free energy of each
H bond is 9.2 kJ mol™! and AG®,, + AG®44 would correspond to
a net change in free energy of solution of 9.2 kJ mol™l. On
combination with the standard free energies for reactions 4a and
4b this result yields AG®, = 129 kJ mol™ or E°, = 1.34 V.

Discussion

The free energy changes in Table I and redox potential data
in Table II represent the primary focus of this work. However,
several points relating to the kinetics of the reactions deserve
comment. In the first place, for those cases where RSH was the

(30) Karmann, W.; Granzow, A.; Meissner, G.; Henglein, A. Int. J. Ra-
diat. Phys. Chem. 1969, 1, 395.

(31) Egger, K. W.; Cocks, A. T. Helv. Chim. Acta 1973, 56, 1516.

(32) JANAF Thermochemical Tables, 2nd ed.; National Bureau of
Standards Reference Data Series; NSRDS-NBS 31; U.S. Government
Printing Office: Washington, DC, 1971.

(33) Benson, S. W. Chem. Rev. 1969, 69, 279. O’Neal, H. E.; Benson, S.
W. Int. J. Chem. Kinet. 1969, 1, 221.

(34) Schwarz, H. A.; Dodson, R. W. J. Phys. Chem. 1984, 88, 3643.
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radical source, one has the possibility of *OH abstracting H from
sites other than SH. However, with the RSH concentrations used
here, the alkyl radicals so formed should be converted to the
desired thiyl radicals by reaction la on a time scale of 1 us or

+ R'SH = RH + R'S* (1a)

less. This is because rate constants for typical alkyl radical H
abstraction from RSH? are on the order of 10° M~! 1. A second
potential complication arises in connection with phenoxyl radicals.
The initial products of *OH attack on phenoxyl are in fact cy-
clohexadienyl OH adducts.!® These decay to phenoxyl radical
in an acid—base-catalyzed process. From the data of Land and
Ebert!S the rate of this decay at pH 7 for the 10 mM phosphate
buffer used in this study would have been 210° s7, and we
confirmed that. Since that rate is comparable to the forward rate
for reaction 1, it is possible that some cyclohexadienyl radicals
reacted directly with D(SH), to form D(SH)S*. From the work
of Akhlaq and von Sonntag*® this species would cyclize and ionise
to DS,* at a rate of about 10¢ s~! for our buffer concentrations.
Formation of an equilibrium concentration of PhO* could then
require reaction of the D(SH)S" species or DS,*~ with PhOH. The
fact that AG®, from the results at pH 7 was in agreement with
values at pHs of 8, 9, and 10, where the rate of conversion of
cyclohexadienyl OH adducts to PhO* was found to be progressively
faster, implies that the initial production of *OH adducts did not
prevent equilibrium being reached. The fact that all radical
products of *OH + PhOH were capable of producing DS,*~ was
established from the intercept of the plots in Figure la in accord
with eq 3, which gave a value of AA.. in agreement with the known
absorbance of DS,*" in the absence of PhOH. The absence of
any effect of concentration of phosphate buffer on reaction 13
showed that acid- or base-catalyzed processes, such as the recently
studied protonation—deprotonation equilibrium of the cyclic DS,
anion,*® were not inhibiting the approach to equilibrium. Fur-
thermore, the generally good agreement between equilibrium
constants from plots of 1/AA,, versus concentration ratios (as in
Figure 1a) and those from the ratios of rate constants for the
forward and backward reactions strongly supports the conclusion
that equilibria were established. This is also born out by the
self-consistancy of the results from comparisons of AE® values
obtained with RS*/RSH and PhO*/PhOH couples in Table 11
(see further below).

The kinetics of reactions 1, 9, 10, and 13 are complex, since
a minimum of three reactant species are involved in the backward
direction. One obvious mechanism in that direction would be
preliminary protonation of the anion, ring opening to form a thiyl
radical, and hydrogen abstraction by it from PhOH for reactions
1,9, and 10 or from RSH for reaction 13. However, alternatives
such as the formation of a complex between the disulfide anion
and PhOH (or RSH) cannot be precluded at present.

The pK values of DTT in ref 21 lead to the conclusion that at
pHs 7, 8, and 9 D(SH)S™ constitutes 0.6, 5, and 35% respectively
of the total DTT present. The major component at these pHs
is D(SH),, and at pH 9 the percentage of S"DS" is still only 1.6.
The rate-controlling step of the forward reaction 13 cannot be
known until the mechanism is understood. However, from the
above parameters it is evident that the reactants for the forward
step of reaction 13 at pH 7 are RS* and D(SH),. The second-order
rate constants for (13) in Table I are in accord with those reported
by Akhlaq and von Sonntag? for similar reactions. They are much
smaller than k;, for typical aliphatic radicals.

Because RSSR™ anions formed in reaction 19a become im-
portant at pH 8 and 9 and cannot be distinguished from DS,"",
reaction 13 could not be studied at those pHs. However, reaction
1 was. Setting up simultaneous equations for the k; values of this
reaction from Table I at pH 8 and 9 with the fractions of D(SH),
and D(SH)S™ given above, one finds second-order rate constants

(35) Adams, G. E.; McNaughton, G. S.; Michael, B. D. Trans. Faraday
Soc. 1968, 64, 902.

(36) Akhlag, M. S.; von Sonntag, C. Z. Naturforsch., C.. Biosci. 1987,
42C, 134,
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of (3.4 £0.3) X 10%and (1.2 £ 0.4) X 10® M 57! for the reaction
of PhO* with D(SH), and D(SH)S", respectively. The larger rate
for the ionized species is not surprising for PhO*. One may note,
however, that the reverse trend should have occurred, if the cy-
clohe;gadienyl adducts refered to above were important at these
pHs.

Another interesting kinetic feature is the factor of 2-3 increase
in the forward rate constant for 3-ME RS" in going from D(SH),
to L(SH), (see Table I). The presence of ~OH groups in the
former compound could possibly create tighter binding of water
around the molecule and also have a small influence on the bond
dissociation energy of the S-H group, causing the reaction to slow
down. In contrast, the rates of attack of RS*® of 3-MPA on DTT
and DTE are identical, as are those of the back-reactions. Thus
within our experimental error the two stereoisomers react iden-
tically.

The rate constant for oxidation of CIPz* by RS* (see Results,
section 4) is seen to be somewhat larger than those for RS* attack
on D(SH),, but it is not as fast as for CIPz* oxidation by PhO".
The central ring for CIPz* contains a thioether linkage and an
N atom, each of which might be capable of forming transitory
three-electron-bonded complexes with RS*.>” The present data
do not preclude such complexes, but the only absorption seen on
a 10-us time scale was that of ClPz"2*.

One objective of the present work was to determine how sen-
sitive the redox potentials were to the structures of the aliphatic
groups attached to the S atoms. (See structures at foot of Table
IL) The approximately 1.2-kJ smaller values of AG® |, for -MPA
and 8-ME in Table I were in excess of the experimental uncer-
tainty of measurement of AG®,; within the series of RSH mol-
ecules (£500 J). This translates in larger values of ~AG® 5 (or
E® ;) for these two RSH species than for MAA and PenSH. That
finding can be rationalized in terms of the close proximity to the
sulfur atom of the electron-rich carboxylic group in MAA and
of the two methyls in PenSH. However, the effects of these
substitutions were not very large relative to the overall uncertainties
for all intercomparisons, which are £2 kJ mol™ for AG® values
in Table I and +0.02 V in AE® values in Table II. The AE® results
for the DS,*~ and LS,*" species in Table II (their average values
are 0.90 £ 0.02 and 0.92 % 0.04 V, respectively) tend to exhibit
a slight dependence on pH. Further study is required to determine
whether this is caused by inaccuracies in the ionization constants
or the presence of some dimer anions (e.g., SDS~SDSH") at pH
9 and 10. However, the present data established AE®, for the
two cases within £0.04 V. These are very similar to AE®;, for
the open-chain sulfhydryl 3-ME (average value of AE®;, = 0.89,
+ 0.004 V).

A parameter not previously accessible is AG® for the ring closure
of species such as DS,*” (or LS,*), viz.

-S-D-S* = DS, (20)

If one takes AE® 5 for the "S-DS*/"S-D-SH couple to be the same
as AE® g (ie., 0.50 V), then

AGozo = —(AEolg - AE°6) X 96487 - AGolgb

. Substituting AE® = 0.90 V, one obtains AG®,, ~ —17 kJ mol™..
This means that K5, ~ 1000, and therefore relatively little
open-chain radical should exist. Comparison of AG®,, with the

(37) Asmus, K.-D. Acc. Chem. Res. 1979, 12, 436. Asmus, K.-D.; Gobel,
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641.
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AG® g, for B-ME? of —18.4 kJ mol™ shows that, as expected, there
is relatively little strain in the six-membéred ring of DS,*".

At this point the relative potentials in Table II can be placed
on an absolute scale using the best available data for CIPz*. A
determination of the half-wave potential in 0.1 N H,SO, has been
reported by Kabaskalian and McGlotten.?® Correction to zero
ionic strength leads to E°;s = 0.84 V. A more recent determi-
nation by cyclic voltammetry at pH 6 in 0.01 M phosphate buffer
with precautions to minimize junction potentials®® gave 0.83 V,
in good agreement with the above. The observation that £° 4 is
higher than the formal potential 0.78 V reported by Pelizzetti and
Mentasi in 1 M HCIO,* is not unexpected in view of the charges
borne by the oxidized and reduced forms.

Combination of E°;¢ = 0.83 V with AE®, = 0.52, V gives E°,
= 1.35 V. The agreement with 1.34 V calculated from gas-phase
thermodynamic data in section 5 under Results is excellent. This
supports the application of Schwarz and Dodson’s result** to
phenol, but this must be treated with some caution because of the
uncertainties in the bond energy data.

Combination of E° ; with AE® ;3 = 0.50 V and AE®,;, = 0.90
V leads to £°)3 = 1.33 Vand E°|; = 1.72 V for 38-ME. These
results may be compared with 1.42 and 1.80 V, respectively,
derived from our calculations in ref 7 for sulfhydryl molecules
of simple structure. The differences of 0.09 and 0.08 are within
the overall uncertainty for the heats of formation and other
quantities used in the calculations. Here one may note that the
differences of 0.09 V in E° 4 is of course carried forward into other
potentials calculated from the original data (cf. E°,, and E°,,
for 8-ME below and in ref 7).

Taking AG®,q, = 55480 J mol™! from ref 21, one obtains E°;,
= 0.75 V, which is similar to a value of 0.73 V reported by Prutz,

RS® + ¢ = RS- 1)

Butler, Land, and Swallow*® for cysteine equilibrated with tyrosyl
radicals.
Finally one may estimate the magnitude of £°,,, a reaction

RSSR + ¢ = RSSR- (22)

which is of some interest because of the suggestion that ~S-S-
groups in proteins may participate in electron transport.#'*? This
can be obtained by subtracting AG®°,, from AG®,; or AG® from

RSSR + 2¢” + 2H* = 2RSH (23)

the counterpart of (23) for disulfhydryl molecules. Utilizing the
values of E°,, given by Clark*® for open-chain disulfides (0.08,
V) and lipoamide (0.144 V), one finds E°,, = -1.57 V for 3-ME
and -1.60 V for LS,. It is evident from these negative potentials
that the —-S—S- group will not readily accept electrons from other
sites, unless their E° values are quite negative or there is strong
stabilization of the —~S+S~~ by neighboring groups.
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