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The oxidation of cysteine by [Mo(CN)gJ*~ in deoxygenated aqueous solution at a moderate pH is strongly catalyzed
by Cu?*, to the degree that impurity levels of Cu®* are sufficient to dominate the reaction. Dipicolinic acid (dipic)
is a very effective inhibitor of this catalysis, such that with 1 mM dipic, the direct oxidation can be studied. UV-vis
spectra and electrochemistry show that [Mo(CN)g]*~ is the Mo-containing product. Cystine and cysteinesulfinate
are the predominant cysteine oxidation products. The stoichiometric ratio (A Mo/ Angysteine) Of 1.4 at pH 10.8 is
consistent with this product distribution. At pH 1.5, the reaction is quite slow and yields intractable kinetics. At pH
4.5, the rates are much faster and deviate only slightly from pseudo-first-order behavior. With 2 mM PBN (N-
phenyl-tert-butyl nitrone) present at pH 4.5, the reaction rate is about 20% less and shows excellent pseudo-first-
order behavior, but the stoichiometric ratio is not significantly changed. The rates also display a significant specific
cation effect. In the presence of spin-trap PBN, the kinetics were studied over the pH range 3.48—12.28, with [Na*]
maintained at 0.09-0.10 M. The rate law is —d[Mo(V))/dt = kcysteine][Mo(V)], with k = {2(k,Ka1Ka[H*] +
keKatKaoKaa) H(H' + Kaa[H']? + KarKao[H'] + KarKaoKag), Where Kag, Koo, and Kys are the successive acid dissociation
constants of HSCH,CH(NH;*)CO,H. Least-squares fitting yields k, = (7.1 £ 0.4) x 10* M~ st and k, = (2.3 =
0.2) x 10* Mt s tat u = 0.1 M (NaCF;S0;) and 25 °C. A mechanism is inferred in which k, and k; correspond
to electron transfer to Mo(V) from the thiolate forms of anionic and dianionic cysteine.

Introduction thioglycolate (TGA) as a representative thiol, and the
The oxidation of thiols is of widespread interest, and, in Oxidants were [IrGJ]>~, [Mo(CN)g]*", and [Os(phen]*";
aqueous media, it is of special significance in biochemistry simple rate laws were obtained, indicating rate-limiting
and environmental chemistry. Thiyl radicals are important €lectron transfer from the thiolate forms of TGA.
intermediates in many of these reactions, and reactions that The present study extends our work in this area to the
generate thiyl radicals in the rate-limiting step have the oxidation of cysteine, the simplest biothiol. Prior reports on
potential to be quite informative with respect to general the oxidation of cysteine by typical outer-sphere oxidants
questions about reactivity. Simple metal-ion oxidants such include studies with [Mo(CNJ*,* [C0""W1,040]°",° [Fe-
as Ce(IV) and F& have been demonstrated to produce thiyl (CN)g]*~,° and [Ca(CN)1o(O2)]°~." The reactions of [Fe-
radicals, but these reactions are complicated by the formation(CN)e]*~ and [Ca(CN)1o(0,)]>~ were shown to be very
of various thiol/metal ion complexes. When the oxidants are Sensitive to catalysis by copper ions, as is the rule. Although
of the outer-sphere type, one might anticipate significant ho such catalysis was reported for the reactions of
gains in simplicity, but that has not often been the case; as[MO(CN)g]*~ and [Cd'W1,04]>", the ubiquity of copper
a rule, aliphatic thiols react with outer-sphere oxidants catalysis raises the possibility that it was simply overlooked.
through trace-copper-catalyzed mechanisms, such that theThe present paper is a reinvestigation of the oxidation of
direct oxidation process is inaccessible. We have recently cysteine by [Mo(CNg]*~ with due attention paid to the
reported that this limitation can be overcome through the possibility of copper catalysis. This oxidant is selected
use of suitable chelating ligands® In those studies, we used because of its relatively low charge and convenience.
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As is described below, we find that dipicolinic acid (dipic) cyclic voltammogram (CV) (Figure S-2, Supporting Information)
is indeed effective in suppressing the copper catalysis, thusis quasi-reversible, WitAE, = 70 mV andE;, = 566 mV versus
enabling an examination of the direct oxidation of cysteine AY/AJCls) (E°agageis) = 0.205 V vs normal hydrogen electrodé),
by [Mo(CN)g]3. In addition to revealing the anticipated rate- that is, 0.771 V versus a normal hydrogen electrode..El'Ji('a the
limiting electron transfer from the thiolate forms of cysteine, OSWV (Osteryoung Square-Wave Voltammogram) is similar.
this reaction displays specific alkali-metal-ion catalysis and C[MO(CN)g]-2Hz0. This compound was prepared according

N ) . o to the literaturé. Its UV—vis spectrum displays peaks at 254, 268,
a mechanistic bifurcation arising after the rate-limiting step. and 388 nm (Figure S-1, Supporting Information) with: 2.76 x

103, 2.84x 13 and 1.49x 10®* M~1cm™1, respectively. The CV
(Figure S-3, Supporting Information) and OSWV properti&&/

Reagents and SolutionsCysteine (Fluka).,-cystine, (Aldrich), andEy) are equivalent to those offMo(CN)g]-2H,0. Both the
cysteinesulfinic acid, disodium 2,6-pyridinedicarboxylate (sodium oOptical properties and the electrochemistry of[@(CN)g]-2H,0
dipicolinate, abbreviated as dipic hereafter), andertbutyl-a- are consistent with data reported earfier.
phenyl-nitrone (abbreviated as PBN hereafter) were used as received Methods. Electrochemistry was performed on a BAS 100B
from Aldrich Chemical Co. The high purity of the cysteine as used €lectrochemical analyzer equipped with a BAS C3 cell stand with
is demonstrated biH NMR spectroscopy, as shown in Figure S-6 & purging and stirring system. A Corning 450 pH/ion meter with a
(Supporting Information):H NMR spectroscopy also demonstrated Mettler Toledo InLab 421 pH electrode was used for pH measure-
the high purity of the PBN (data not shown). Sodium triflate ments!H NMR spectra of the reactants and products were obtained
(NaCRSQ;) was prepared by slowly adding sodium carbonate to with Bruker AC 250 and AV 400 spectrometers. Determination of
triflic acid in an ice bath with vigorous stirring. The product was [Cysteinelx was conducted with constant stirring on a Hewlett-
recrystallized from HO at 80-85 °C. LiCF;SO; and KCRSO; were Packard 8453 diode-array spectrophotometer equipped with a 1-cm
prepared by analogous methods. 3-(Trimethylsilyl)-1-propane- quartz cuvette and a Brinkmann BMS Lauda thermostat to maintain
sulfonic acid, sodium salt (abbreviated as DSS hereafter, Aldrich), temperature at 25.@ 0.1 °C. A 375-nm optical cutoff filter was
was used as the NMR standard reference. applied in recording the U¥vis spectra of Mo(V) to minimize

Solutions of HCIQ (Fisher) and CESO;H were quantified by a  the photochemical decomposition of ffdo(CN)g]-2H,0O for all
standardized NaOH solution. NagF0; stock solution was stan- experiments run on the Hewlett-Packard 8453 diode-array spec-
dardized by passing an aliquot through a cation-exchange columntrophotometer. The fast kinetic studies were performed on a Hi-
packed with Dowex 50W-X8 resin and then titrating with standard- Tech SF-51 stopped-flow spectrophotometer in the 1-cm optical
ized NaOH,qy Selected buffers (acetate, citrate, monochloroacetate, Path configuration with a tungsten lamp, using an OLIS data
cacodylate, and hydrogen phosphate buffers) were applied to acquisition system. The stopped-flow optical slit width was limited

Experimental Section

maintain the pH. All solutions were purged with Ar op Nrior to to 1 mm as a precaution against the photolysis of Mo(V). All

reaction to prevent potential complications caused by@ All reactions were performed in a dark room and monitored at 388 nm

solutions were prepared in deionized water obtained from a [@n absorption maximum for Mo(V)] at 25.& 0.1 °C. Kinetic

Barnstead NANO pure Infinity ultrapure water system. traces were fit to exponential functions by the use of OLIS-supplied
The concentration of cysteine was determined spectrophoto- SOftware.

metrically with Ellman’s reageft at pH 7.5 in phosphate buffer. Results

The concentrations of the oxidant [Mo(GJ¥) [abbreviated as Mo-

(V) hereafter], the limiting reagent, were determined optically. All Cysteine has three dissociable acidic protons Witk p=
cysteine and Mo(V) solutions were prepared freshly and purged 1.90, K,, = 8.18, and K,3 = 10.30 at ionic strength 0.1
with Ar or N, prior to reactions. For the kinetic study of fast .16 These I, values correspond to the dissociation of the
reactions performed at high pHs, the ionic strength was ap- cationic protonated form of cysteine, the neutral form, and

proximately equal in both solutions to prevent Schlieren effects. the anionic form, largely as represented in eg$S1
All kinetic studies were conducted with the pH controlled by 2 '

mM selected buffers as described previoudstiie ionic strength + - + - +
maintained at 0.1 M (sodium triflate), and the solutions thermostated HSCHCH(NH;)COH == HSCHCH(NH,)CO, + H

at 25°C. pK,;=1.90 (1)

K 4[Mo(CN)g]-2H,0. This compound was synthesized according
to the literaturé? The UV—vis spectrum shown in Figure S-1 ~ HSCH,CH(NH,")CO,” = “SCH,CH(NH,)CO, + H"
(Supportlpg Info.rmatlon) has the same absorpt.lon pattern as that pK,, = 8.18 (2)
reported in the literature, but the molar absorption at a maximum
wavelength of 240 nm is 9.14 10° M~* cm™%, which is about _ " - _ +
30% less than the literature value [(#30.1) x 10* M~ cm™1.13 SCHCH(NH;)CO, = SCHCH(NH)CO, +H
With a glassy carbon disk as a working electrode, a Ag/AgCl pK.s=10.30 (3)
electrode as a reference, and a Pt wire as a counter electrode, the
Overall, cysteine can exist in four different degrees of

(g) \é\llgdfek, L.Pol. Ji‘ Pharm.2_002h54, 215-223. oh ionization, and the neutral and anionic forms also have minor
©) cﬁeﬁflré%'siog?%gz%b?a nemann, D.; Asmus, K-DPhys. tautomer forms. All of these proton-transfer reactions should

(10) Klementova, S.; Wagnerova, D. him. Oggi.1991 9, 27—-32.
(11) Garman, A. JNonradioactie Labeling: A Practical Introduction (14) Sawyer, D. T.; Sobkowiak, A.; Roberts, J. Electrochemistry for

Academic Press: London, 1997; p 119. ChemistsJohn Wiley & Sons: New York, 1995; p 192.

(12) Leipoldt, J. G.; Bok, L. D. C.; Cilliers, P. Z. Anorg. Allg. Chem. (15) Lopez-Cueto, G.; Rodriguez-Medina, J. F.; UbideT@lanta1996
1974 409, 343-344. 43, 2101-2105.

(13) Ford-Smith, M. H.; Rawsthorne, J. H. Chem. Soc. A969 160— (16) Smith, R. M.; Martell, A. E.; Motekaitis, R. BlIST Critically Selected
163. Stability Constants of Metal Complexes Datahagzsion 7.0; 2003.
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Table 1. Cw" Catalysis and Dipic Inhibition in the Oxidation of 2.5x103
Cysteine by Mo(\V3 2
=
expt no. [Cé*], uM [dipic], mM tiz, S 32 0 1
1 0 0 0.21 =
2 5 0 <0.002 -2.5x10°
3 0 1 8.33
4 5 1 8.35 008 1
5 5 2 8.13
aCu?t added as CuS[cysteinel = 5 mM and [Mo(V) = 0.2 mM o 0:06 -
at pH 4.2 (acetate buffer) and 28. 2
<
el
I . . 5 — Reacti
be at equilibrium on the time scale of the reactions under £ 0947 caction frace
. . X < N e First-order curve fit
study. The total concentration of all of the cysteine species
present in the various experiments is represented by [cys- .02 -
teinelot.
Most of the reactions described below were performed 0.00
with a large excess of cysteine. We designate the initial Mo- 0 25 50 75 100 125 150
(V) concentration in the reactions as [Mo(¥)] Time, sec

Catalysis by Copper lon Studies of metal-ion catalysis  Figure 1. Kinetic trace of oxidation of 5.5 104 M cysteine by 5.9x
were performed with 5 mM cysteine and 0.2 mM Mo(V) at 10™* M Mo(V) with 1 mM dipic present at pH 4.54 (acetate buffer)=
pH 4_.2, with variou; co'nditions described in Tqble 1. The %b“ﬁéﬁ?ﬁ?}?ﬁg}ggﬁ’ Cﬁ?\,g‘ﬁ:n be”s'tzo r;t;; i31?2n?1;r}sfgi;éﬁsr}me;§egf °
half-life of the reaction in the absence of chelating reagent and residuals are presented above.
was 0.21 s. In the presence of 1 mM dipic (an excellent
redox-inert chelating agent with large €1dipic?~ formation dipic (pKa1 = 2.07 and Ka2 = 4.66)1¢ which would make
constants: lod; = 9.1 and logK, = 16.4)1° the half-life dipic less effective as an inhibitor below pH 3. Alternatively,
increased 40-fold, strongly suggesting trace metal ion cata-the complications in strongly acidic media might be due to
lysis. With the addition of %M Cu?* but no dipic, the half-  acid-induced aquation of [Mo(CRhf~, which has been
life was immeasurably shorti, < 2 ms). Thus, this reaction  reported to be a significant process below pH*3.Bbove
is strongly catalyzed by Cu, to the degree that trace pH 3, the traces approach pseudo-first-order behavior, except
impurities of Cd" are sufficient to dominate the kinetics. for an abrupt termination phase (as shown for pH 4.5 in
Table 1 also shows that with 1 or 2 mM dipic, the rates Figure S-4 of the Supporting Information).
are unaffected by the addition of81 Cu?". We infer that A series of experiments at pH 4.5 showed that the spin-
1 mM dipic is sufficient to mask the catalytic effect of trap PBN is effective in producing good pseudo-first-order
impurity levels of C@" and to produce results characteristic kinetics without grossly perturbing the reaction rates. Figure
of the direct oxidation of cysteine by Mo(V). All further 1 demonstrates the result when the reaction is conducted with
experiments described below were performed withmM 2 mM PBN: the loss of Mo(V) obeys excellent first-order
dipic unless specified otherwise. kinetics, and the half-life is only 20% greater than that in
Qualitative Kinetics Results. The oxidation of cysteine ~ the absence of PBN. As is summarized in Table S-1
by [Mo(CN)g]®~ was described in a prior kinetics study, but (Supporting Information), the effective amount of PBN was
there was no mention of copper catalysis in that study. ~ determined by varying its concentration from 1 to 5 mM.
view of the copper catalysis described above, we performedThese results show that 2 mM PBN is sufficient for complete
experiments to reexamine the reaction under conditions inhibition and that PBN does not react directly with Mo(V).
relevant to the prior study. Specifically, it was reported that Consequently, all of the kinetic experiments described below
with [Mo(V)]o = 6 x 1075 M, [cysteine}; = 0.01 M, and pertain to solutions containing 2 mM PBN.

pH 1.40, the reaction was pseudo-first-order f6f0% of Reactivity of RSSR and RSQ~ and Alkaline Decom-
the reaction witht;, ~ 1.7 s# Under the same conditions  position of Mo(V). Cystine, a common impurity in cysteine,
(with no dipic), we observed a much slower reactiap & was also identified as an oxidized product, as described

39.1 s) that obeyed nearly zero-order kinetics. In the presencedelow. It was necessary to examine the reactivity of cystine
of 1 mM dipic, the half-life increased to 73.5 s with complex toward Mo(V). Because of the limited and pH-dependent
kinetic behavior: a slow reaction at first, which became solubility of cystine in HO,'®the experiment was conducted
faster, then with zero-order behavior at the end. These resultgn basic solution. In the presence of 2 mM dipic, 2 mL of
imply that the prior study was heavily influenced by metal- 2.4 x 104 M cystine purged with Ar was mixed with 50
ion catalysis. Moreover, the concentration of catalytic ion uL of 1.4 x 10~*M Mo(V) at pH 11.13. Over 3000 seconds,
impurities is substantially less in our reactions. there was only a 21% absorbance decrease at pH 11.13, from
As is described in detail below, the reaction rates are highly Which it can be concluded that cystine is unreactive on the
pH-dependent, increasing by orders of magnitude betweentime scale of the oxidation of cysteine.
pH 2 and 12. Below pH 3, the kinetic traces are intractably . — . .
complex when the concentration of cysteine is in large excess™ ") Marchaj, A Plesinski, A.; Stasicka, Boczn. Chemil976 50, 1239~
over Mo(V). This effect may be due to the protonation of (18) Sano, KBiochem. Z1926 168 14-33.
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1.00 H NMR spectroscopy was used to identify the cysteine-
derived products of the reaction with Mo(V). Because the
solubility of cystine is dependent on the ptidentification

07 of cystine was performed in basic solution to prevent its
8 precipitation. A sample was prepared with 10.73 mM
£ 0.50 4 —— Before rxn cysteine and 7.06 mM Mo(V) in D in the presence of 1
z !y After nn mM dipic at pH 8.94 (adjusted by 40% Na@v). The'H
< = After Br treatment NMR spectrum of the product solution taken right after the

0.25
reaction is shown in Figure 3. Because the chemical shifts

of many of the peaks are pH-dependent, products were
0.00 + identified by spiking the sample with known compounds.

- - - T This procedure led to the identification of both cystine and

400 500 600 700 800 cysteinesulfinate as major reaction products. Besides the
Wavelength, nm . . - .

, , ) . , assigned peaks, two groups of small unidentified multiple
Figure 2. Overlaid UV—vis spectra of Mo-containing solutions: Mo(V) K | b d d their int ted int iti
solution before reaction, product solution, and product solution after Br pea S also were 0 _serve » an elr_ln egr_a €d Iniensiies
treatment. The reaction was conducted with 496074 M Mo(V) and increased~70% during 1 h. These unidentified peaks are
&3’\7 %:(IT“ M(;?y285t§(l:ne in the presence of 1 mM dipic at pH 2.9+ 0.1 attributed to species that are produced after the formation

(Nac), an : of cystine and cysteinesulfinate.

As is described below, cysteinesulfinate is another reaction  The *H NMR spectrum shown in Figure 3 is unsuitable
product. Its reactivity toward Mo(V) was examined by foraquantitative determination of the product yields because

mixing 2 mL of 2.0x 104 M cysteinesulfinate containing of the low solubility of cystine at that pH, 9. A similar
2 mM dipic with 50uL of 5.5 x 10-3 M Mo(V) at pH ~11. experiment at a higher pH was performed by recording two
The Mo(V) was consumed in about 7 min, which shows that 'H NMR spectra, the first (Figure S-6 in the Supporting

the oxidation of cysteinesulfinate can also be neglected in Information) for a solution of 28.5 mM cysteine IO in
the studies of cysteine oxidation. the presence of 2 mM dipic with 5.1 mM DSS as a reference.

The stability of 1.72x 104 M Mo(V) was examined at This solution was then mixed with an equal volume of 14.67
pH 11.4: less than 10% of Mo(V) decomposed over 100 MM Mo(V) in D20, after which, 5QiL of 34 mM NaODpzo,
minutes. Therefore, the decomposition of Mo(V) at this Was added to prevent the precipitation of cystine (pH 12.5).
pH920 can be ignored under the conditions in this study. TheH NMR spectrum of this product solution is shown in

Stoichiometry. The Mo-containing product was identified  F19ure S-7 (Supporting Information). The difference in the
spectrophotometrically and electrochemically. For the spec- INtégrals of the quartet at 3.5 ppm in the two spectra indicates
trophotometric study, a solution of 9.92 104 M Mo(V) 5_15.07 mM consumpthn of cysteine, and thus, the consump-
in 0.1 M NaCl was mixed with an equal volume of 1.66 10N ral0, Mo/ Neysteine IS calculated as 1.45. The consump-
mM cysteine solution in the presence of 1 mM dipic in 0.1 tion ratio was also determined by using Ellman’s m?ﬂriéd
M NaCl at pH 2.9. Figure 2 shows the Mo(V) reactant '© Measure [cysteing] A solution of 1.76 x 10°* M

spectrum (corrected for dilution) and the spectrum of the CYStéine was mixed with 6.68 10°° M Mo(V) in a
product mixture. After volume correction, the absorbance Phosphate buffer at pH 10.8 in the presence of 1 mM dipic

of product solution treated with1.7 mL of BL/CH,CN was ~ ©n the stopped-flow spectrophotometer. An analysis of the
restored to 0.736 at 388 nm: the corresponding correctedProduct mixture yielded a consumption ratio of 142.08,
initial absorbance was 0.739. These results show that theWhich is in agreement with the NMR result. In the presence
Mo(V) is completely consumed in the reaction with excess °f 2 MM PBN, the consumption ratio was found to be 1.52,
cysteine. The product spectrum is consistent with a conver-Which implies that PBN has no significant effect on the
sion to [Mo(CN)}]*". Full recovery by treatment with Bis stoichiometry.

also consistent with a complete conversion to [Mo(g) In view of the quantitative conversion of [Mo(C}j~ to
OSWVs of the above Mo-containing solutions are shown in [Mo(CN)g]*~, the qualitative identification of cystine and
Figure S-5 (Supporting Information). The peak potentials are cysteinesulfinate as major products, and the unreactivity of
essentially identical for the Mo(V) reactant and the product these two products, it is evident that the reaction stoichi-
solution, and the peak currents after correction for dilution ometry can be described by eqs 4 and 5 occurring in parallel.
are also essentially identical. Consistent with prior literature The unreactivity of cystine (described above) rules out the
reports?! we find that cysteine is electrochemically inactive. Possibility that the cysteinesulfinate yield arises from the

These electrochemical results confirm that [Mo(gR)is ~ successive oxidations of cysteine and cystine.
produced quantitatively in the reaction of Mo(V) with excess
cysteine. 4[Mo(CN)g]*~ + HSCH,CH(NH,")CO,” + 2H,0 —

4— , - + - +
(19) Leipoldt, J. G.; Bok, L. D. C.; Dennis, C. R. Inorg. Nucl. Chem. 4[MO(CN)8] + OZSCHZCH(NHa )C02 +5H (4)

1976 38, 1655-1657. 3— + - 4
(20) Leipoldt, J. G.; Bok, L. D. C.; van Wyk, A. J.; Dennis, C. React. Z[MO(CN)S] + ZHSCFECH(NHS )C02 Z[MO(CN)S] +
Kinet. Catal. Lett.1977, 6, 467—474. 702CCH(NH3+)CHZSSCI-§CH(NH3+)CO{ + 2H" (5)

(21) Cox, J. A,; Gray, T. JAnal. Chem199Q 62, 2742-2744.
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Qs el OV o0 N ==Y @m0 THD = AT n® on PVOLOON =T QNQAOMOVO ML = 1 L —
SAIN®% QN - = a3 IR ac o SOV 9 G DHRANN ==Y CLHLAC@EDINE = 2 5N —
DTAZRRE R ISR - i G823 o en Soema S8 e E0IN=2EL SSS2BER2EEE & 23l
SSSSH& R ® b BN & jeRRe) WA A A e AN ao S SIS A EBHBRHBBLS N O BSC
T T T e eenen en e enen e enen o cienenen  enen e R R R R R R B S R R RN RN R RN R R R R RS IS BN PR

- e e I\ M
W WO W WO W

T T T T
4.1 40 [

Integral
3.0009
1221
1.8925
2.1844
1674
0.3910
0.4689

3
8.

35 30

(ppm)

Figure 3. H NMR spectrum of the product solution of 10.73 mM cysteine oxidized by 7.06 mM Mo(V){d D the presence of 1 mM dipic at pH 8.94
with DSS as a reference. (*) DSS, referend®®; ¢ysteine; ¢x) cystine; () cysteinesulfinate; (?) unassigned peaks that grow in after the reaction.

3

On the basis of the consumption ratioe1.5, the contribu-
tions of eqs 4 and 5 to the overall reaction are 40 and 60%, .
respectively.

Kinetics. Reactions with various concentrations of cys- 5
teine, 0.50+50.0 mM, oxidized by 4.7 1075 M Mo(V)
in 0.02 M acetate buffer with 1 mM dipic and 2 mM PBN
present at 0.1 M ionic strength (sodium triflate) and pH 4.6
display excellent pseudo-first-order kinetics. Apparent rate 14
constantsk,ps With the corresponding [cysteingjat pH 4.6
are summarized in Table S-2 (Supporting Information). The
plot of kops Versus [cysteing} shown in Figure 4 is linear o
with a slope of (5.05+ 0.02) x 1072 M~ s™%, which shows 0 10 20 30 10 50 60
that the rate law is first-order with respect to [cysteineds (Cysteine] o, mM
in eq 6.

Figure 4. Plot of kops Vs [cysteing)y. [Cysteinel = (0.501-50.0) mM,

. B . [Mo(V)]o = 4.7 x 10°5 M, [dipic] = 1 mM, [PBN] = 2 mM in 0.02 M
—d[Mo(V)J/dt = k,,{Mo(V)] = K[cysteine],[Mo(V)] (6) acetate buffer with the ionic strength controlled at 0.1 M by sodium triflate
at pH 4.6 and 25C.

A study (.Df the. pH depgndence of t_he Kinetics was performed at a pH higher than 12.5 or lower than 3. All
performed with various cysteine concentrations under p_seUdO'kinetic data are collected in Table S-3 (Supporting Informa-
fgst—order cond]:tlzonsMO\I:/)taBrl\}he gq ra&ggl O.f 374(;&1'23 n- tion). The contour of the complicated plot of Idg{/
tte prttesegce ON mS lect ;'g ﬁ rr; 2|p|cMat ' tlomc [cysteine]y) versus pH shown in Figure 5 contains three
?reng ( ESO? a).d te ectes tq etrh a Hm Iconceg ra- sections corresponding to the reactivity of cysteine at various
lon were employed 1o maintain theé pH values. 1o pre- pHs. As the pH increases, the reactivity increases until
vent possible C(_)mpllcaztlons caused by_ the decomposmonre‘,ﬂching pH 8 £pK.2). The reactivity remains steady up
I(')f M((;(V) a:j_a ngh pH;h or thte Ipro;c;ggfon of tt:_e Cyano 45 4 pH of about 10 pKa,3 then drops until it reaches
'gand coordinated on the metal Cemer, no reaction was 5 ther plateau. At this pH, dianion cysteine is the dominant

(22) Bogdanov, M.; Grybos, R.; Samotus, Bansition Met. Chenil993 species.
18, 599-603.
(23) Macartney, D. Hinorg. Chem.1991, 30, 3337-3342. (24) Dennis, C. R.; Basson, S. Bolyhedron1997, 16, 3857-3860.
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. ot e

—a— Acetate buffer

| —e— Cacodylate buffer
) —e— Phosphate buffer
] —— NaOH
0 T T T T 1 T T T T
3 5 7 9 11 13 4 6 8 10 12
pH pH
Figure 5. Plot of logkond[cysteinely) vs pH. Data from Table S-3 Figure 6. Kinetic salt effects illustrated by a plot of ldggd[cysteine]o)

(Supporting Information). Symbd represent&ossat various pHs ranging  vs pH atu = 0.1 M. Four different buffers were used at 0.02 M
from 3.48 to 12.28. The solid line is the least-squares fit of eq 8. concentration, leading to various Naoncentrations.

log (kops/[cysteine]iyy) Mgl
w Ea
1 " 1

log(kobs/[cysteine] o), MT! 571

In principle, each protonation state of cysteine can react yith 0.02 M buffers. The data, illustrated in Figure 6 as a
Wlth [Mo(CN)g]®~ through kinetically distinguishable terms, plot of log(kesd[CySteineky) versus pH, show discontinuities
asineq 7 at the points where the buffer switches from sodium

Koo cacodylate to sodium phosphate and again where sodium
phosphate switches to sodium hydroxide. These disconti-
nuities correspond to changes in the identity of the anion

K [H™1® 4 KoK [H 12 + koK Ko H T + KK KoK us and also to changes in the concentration of Naecause
H° + Ka][H+]2+ KalKa2[H+] + K KoK 7 phosphate is polybasic. Further evidence for this effect is
given by experiments in which the ionic strength is main-
wherek;—k, represent the reactivity of protonated, neutral, tained at0.10 M while the background electrolyte is changed
monoanionic, and dianionic cysteine species, respectively.from NaCRESGQ; to N&SO, (Table S-4, Supporting Informa-
A nonlinear least-squares fit of the data in Table S-3 tion). These experiments (at pH 7.3 and also at pH 11.4)
(Supporting Information) to eq 7 withKa; held at the  show a~30% reduction irkspsin NaeSO, media while the
literature value of 1.9 shows that eq 7 can represent the dataNa’® concentration is reduced by a similar amount. The

[cysteine],, B

very accurately. The derived parameterskare 1.0 x 107 proportionality ofk.ps to [Na'] suggests that the salt effect
+72M1ist kk=10+1.7M11s? ks=(1.42+ 0.08) is due to the cation. Changing the cation front td Na"
x 1P M 1st ky=(454+04) x 10 ML s? pKyp = and K while maintaining the ionic strength at 0.1 M in

8.03+ 0.03, and a3 = 10.4+ 0.2. The large uncertainty CRSO;~ media further demonstrates a specific cation effect,
in k; means that this parameter is unresolved by the data,as shown in Table S-5 (Supporting Information). The rate
and it indicates an upper limit of 72 M s for k;. The constantk.ys increases in the order Na< Li*+ < K* at pH
values of [Ka; and a3 are both in agreement with the 7.5 whereas the order isii< Na* < K* at pH 11.5.

literature values, 8.18 and 10.3, respectivély. _ A specific cation effect is not unexpected for this reaction,
Excluding thek, term, as in eq 8, is equally good in i e the high electrostatic repulsion between-tcharge
representing the data, and the fit is shown in Figure 5. ¢ 6 oxidant and the negative charge of the reactive forms
o T I iy 0L, S ot vers prevousy e o e
[cysteinel,,  [H™]® + K, [H"? + KK JH T + KK Kos It is quite likely that the full rate law for the oxidation of
(8) cysteine by [Mo(CNg]®~ is first order with respect to [Ng.

The derived parameters are the same as those from the fit tg1OWever, rather than attempt to resolve this effect from the
eq 7 except for a slight adjustmentko the new value being ~ effects of varying ionic strengths, we have elected to
1.0+ 0.5 M* s, This result indicates that tHe term is minimize its importance by the use of low buffer concentra-
marginally significant. Exclusion of both the andk, terms ~ tions and by avoidance of phosphate buffers. These con-
yields a fit that deviates systematically at low pHs. Accord- Straints on the solution compositions enable the reaction to
ingly, eq 8 best represents the data, and it implies that Pe studied at a constant ionic strength and a constaht Na
cysteine reacts primarily via its anionic forms from pH 3.5 concentration. Thus, the values reported abovégfandk,
to 12.3. most likely include unresolved cation dependencies.
Specific Salt Effects A significant kinetic salt effect is
revealed by a series of experiments at high buffer concentra-(25) Lamprecht, G. J.; Leipoldt, J. G.; Dennis, C. R.; Basson, &eact.
tions. These experiments consist of a pH-dependent study, ., net. Caal. Lett198Q 13, 269-275.

. o (26) Dennis, C. R.; Basson, S. S.; Leipoldt, J. Ralyhedron1983 2,
as described above, at 0.1 M ionic strength (Ng83), but 1357-1362.

3546 Inorganic Chemistry, Vol. 44, No. 10, 2005



Oxidation of Cysteine by Octacyanomolybdate(V)

Discussion The following mechanism is proposed:

The oxidation of cysteine by [Mo(CNJ}~ is no exception + - +
to the rule that trace copper ion catalysis dominates the HSCHCH(NH, )CO, SCHCH(NH, )COH P(<Si3)
reactions of aliphatic thiols with outer-sphere oxidants.
Ho_\(/jve\_/er, tfhis reportbis the f.ir:stI to showhthat the direct “SCH,CH(NH;")CO,H + Mo(V) —
oxidation of cysteine by a typical outer-sphere reagent can .
be studied by the judicious use of a metal-binding ligand. Mo(IV) + SCHZCH(NH;)COZH ky (10)
We have not attempted to determine the rate law for the
copper-catalyzed reaction because the rates are too fast to SCI—ECH(NH;)COZ_ + Mo(V) —
measure when meaningful amounts of copper are added. It Mo(IV) + *SCHCH(NH Co,” k, (11)
is reasonable, however, to speculate that the mechanism 3 2
involves the formation of a coppecysteine complex, as
has been suggested for the oxidations by ferricytochrome ¢ SCH,CH(NH,)CO, + Mo(V) —
and by [CQ(Oz)(CN)lo]57.7'27 We find, as before in our MO(|V) +.SC|‘ECH(NH2)COZ_ kc (12)
studies of the oxidation of TGA2that dipic is a convenient
and effective inhibitor of the copper catalysis. Presumably,

dipic acts as an inhibitor by binding copper ions and, thus, RS+RS =RSSR K4 ko K2 (13)
rendering them inactive. EDTA, which is often used as an
inhibitor of trace-metal ion catalysis, is unsuitable in the RSSR™ + Mo(V) — RSSR+ Mo(IV) K, (14)

present study because of its susceptibility to oxidation and
because of the prior demonstration that complexes of EDTA

can themselves catalyze redox reactions of this #pe. RS+ Mo(V) + H,0 — RSOH+ Mo(IV) + H"  k,,
The role of PBN in the direct oxidation of cysteine (15)

apparently is rather insignificant. The addition of PBN has

no significant effect on the consumption ratio, and it slows 2RSOH— RS(O)SR+ H,0 (16)

the reaction by only~20%. Its principal effect is to yield

improved first-order kinetics. We infer that PBN scavenges RS(O)SR+ OH™ — RSO, + RSH a7

some minor reactive radicals that are short-chain carriers.

Similar results and inferences were obtained in a prior study |f the steady-state approximation is applied to the concentra-

of the reaction of TGA with [Mo(CNgJ*~.2 DMPO, another  tions of RS and RSSR, the following rate law can be
nitrone spin trap, reacts with OH radicals 10-fold faster than gerived.

with cysteinyl radical$>3°PBN, in general, is less reactive
than DMPO, so it is reasonable to propose that PBN is not  d[Mo(V)] _

an effective scavenger of cysteinyl radicals under the = =~ (¢

conditions in the present study. Alternatively, it is possible 2 n

that PBN reacts reversibly with cysteinyl radicals, as is the 20kKailH 17+ koKaiKadH T + kKaiKaKag
case for other nitrone®.In either case, the kinetics and HT? 4 [HK + KK H T + KKK s

stoichiometry of the oxidation of cysteine by [Mo(GI\¥)
would not be perturbed by the presence of PBN. A further
concern is that cysteine might react directly with PBN, as it _ . .

This rate law has the same form as the empirical rate law

has been documented that cysteine can react with other . .
nitrones®* The equilibrium constant for the addition of (eq 8), and thus, the following results are obtained from the

cysteine to DEPMPO is onk0.03 M 3;3% if the equilibrium empirical parameters reported below eq ¥J@= 1.0+

constant for addition to PBN is similar, then the concentration 0455'\1;103;11' Zkioj Is/llfllzi 0.08)x 1M~ s and Z; =
of free cysteine will not be significantly reduced by this (4 4) x S

reaction. We conclude that the reactions of PBN need not " the above mechanism, the three rate_-llmltmg steps
be included in the mechanism of the reaction of cysteine correspond to electron transfer from the thiolate forms of
with [Mo(CN)g*>~ cysteine. The thiyl radical so generated can react with

cysteine rapidly to form the corresponding well-known
(27) Pecci, L.; Montefoschi, G.; Musci, G.; Cavallini, Bmino Acids1997, dlsulflde .radlcal. amon.' as_m eq fngurther oxidation of
13, 355-367. the disulfide radical anion yields cystine, as in eq 14, whereas

(28) 1B£ig§art, G. J.; Wilson, I. RI. Chem. Soc., Dalton Tran973 1281~ oxidation of the thiyl radical yields cysteinesulfenate, which
(29) Goldstein, S.; Rosen, G. M.; Russo, A.; Samunij APhys. Chem. A disproportionate$-3*to cysteinesulfinate (egs $47).

2004 108, 6679-6685.

[cysteine] [(Mo(V)] (18)

(30) Davies, M. J.; Forni, L. G.; Shuter, S. Chem.-Biol. Interact1987, (32) Mezyk, S. P.; Armstrong, D. Al. Chem. Soc., Perkin Trans1899
61, 177—-188. 1411-1419.

(31) Potapenko, D. I.; Bagryanskaya, E. G.; Tsentalovich, Y. P.; Reznikov, (33) Davis, F. A.; Billmers, R. LJ. Am. Chem. S0d.981, 103 7016~
V. A.; Clanton, T. L.; Khramtsov, V. VJ. Phys. Chem. B004 108 7018.
9315-9324. (34) Block, E.Angew. Chem., Int. Ed. Engl992 31, 1135-1178.
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In its neutral and monoanionic forms, cysteine can exist
as various tautomer8.3” The predominant form of neutral
cysteine is the zwitterion, HSGBH(NH;")CO,, and the
minor tautomers are HSGBH(NH,)CO,H and~SCH,CH-
(NH3")CO,H. From data reported by Kallen and as sum-
marized by Reuben and Bruié&3” tautomerization of the
major zwitterion to the thiolate form occurs wittKp=
5.5, whereas tautomerization to the amine form is some-
what less unfavorable. The monoanion is predominantly
“SCH,CH(NH3")CO,~, and its minor tautomers are HSgH
CH(NH,)CO,~ and~SCH,CH(NH,)CO;H. Tautomerization
of the monoanion to the thiol form is only weakly disfavored
(K = 0.4)% but the carboxylic acid form must be quite
inaccessible. Significantly different microscopic equilibrium
constants were reported by Patel and Willigihbut they
must be in error because they disagree with the highly
reliable macroscopic Ky, value reported for the cysteine
monoanion.

The value for [K; estimated above combined with the
(marginally significant) measured value fdk,K; leads to a
value of 1.6x 10° M1 s7* for k,. This gives a trend ok,
> Kk, > ke, which is as expected if all three rate constants
refer to electron transfer to [Mo(CH¥~ from thiolate forms
of cysteine having overall charges of 6;1, and —2,
respectively. Consistent with this picture, the cationic form
of cysteine is completely unreactive because it has no thiolate

Hung and Stanbury

Tyr + RSSR™ = Tyr/O" + 2cysteine K (29)

tyr

The cysteine radical potential was derived from this equi-
librium constant by the use of a literature value Kyq (=
6 x 10° M1 at this pH) and a literature value Bf (= 0.60
4+ 0.05 V) for the tyrosine system at pH 13. However, it is
now considered th&.q differs by about a factor of 6 from
the value usett and thatE® for the tyrosine system at pH
13 is considerably higher than 0.60 V (0.730.02 V)#244
Moreover, it is unclear how these results were extrapolated
to pH 13.

If the measured value fdKy, is accepted, then for the
reaction

Tyr + cys == Tyr/O’ + cysteine K (20)

et

one obtains the relationshify,, = Kef/Krag The use of an
interpolated valug of 0.9 x 10° M~ for K,q leads toKes =
3.0. The cysteinyl radical is fully deprotonated at pH 9.15
(pKa = 8.26)22 because cysteine and tyrosine have very
similar pK, values (~10.3), the value oK will remain as
3.0 at pH 13. The use of the revised tyrosine potential then
leads to 0.76 0.02 V for the cys$cysS reduction potential
at pH 13. This result is in good agreement with potentials
reported for other aliphatic thiyl radicai3.

An estimate of the free energy change for electron transfer
from the cysteine dianion to [Mo(CNJ}~ (eq 12) can be

tautomer. The neutral form of cysteine is only marginally made by the use of pertinent reduction potentials. For¢ysS
reactive because the reactive state is the minor tautomer. TheysS, we usek; = 0.76 V, as derived above, and for
two anionic forms are highly reactive because they are both [Mo(CN)g]*4~, we use our measured value of 0.77 V. The
thiolates, and the dianionic form is somewhat less reactive derived value foAG® is —1 kJ mol?, corresponding to an
{with [Mo(CN)g]®"} than the monoanion because of the large equilibrium constant of 1.5 for reaction 12. This calculation
electrostatic repulsion. In contrast, [Mo(GN) oxidizes shows that electron transfer from the cysteine dianion to
thioglycolic acid increasingly rapidly with successive depro- [Mo(CN)g]*~ is virtually thermoneutral and that the forward
tonations because the major tautomer of the monoanion isand reverse rate constants are both aboyt* M~* s™%.
the thiol. This low rate constant for the back reaction, the reduction
Further insight into the mechanism can be gained by a of the thiyl radical, is consistent with a prior flash photolysis

consideration of driving forces as revealed by one-electron StUdy in WhiChﬁH}lS' wes shown to oxidize [Fe(Chlf~
redox potentials. The oxidant is moderately strong, \ldth with k= 2 X_lo_ M S, > Qualitatively, this result implies
= 0.77 V for the [Mo(CN}J** redox couple at = 0.1 that the intrinsic barrier to electron transfer from cy48

M. The nature of the cysteine potentials is less definitive. A form_ cy;S should l?e rather small. It also provides a
prominent review indicates th&"' = 0.920 V at pH 79 justification for treating the electron-transfer steps as ir-

The actual source of the data, however, reports results onlyre{)erSIble ?roggssles mt.denvmg rlege Iawb18, behc ?uste the
for thiols other than cysteine. For cysteine, per se, the only tS# S?ﬂueT radical reac llonts (ec:s— ]ann € much faster
reported potential is 0.73 0.05 V at pH 13° This result aAn Iiiastig\r,]\/ :)efvtehrsel\;aerggn(;rzgs f(;rlraerg?ci)sr? cas—21
was obtained by measurement of the electron-transfer equi- 45)5)8 . . » &4

L . . . 24748 with respective rate constaky, leads to an estimate
librium constant between the cystine radical anion (actually

the Cys-Gly peptide) and tyrosine at pH 9.1B = 3.3 x
103 M).

(41) Mezyk, S. PRadiat. Res1996 145 102-106.

(42) Wardman, PJ. Phys. Chem. Ref. Datt989 18, 1637-1755.

(43) Lind, J.; Shen, X.; Eriksen, T. E.; Merenyi, G. Am. Chem. Soc.
199Q 112, 479-482.

(44) Das, T. N.; Huie, R. E.; Neta, B. Phys. Chem. A999 103 3581~
3588.

(45) Armstrong, D. A. Thermochemistry of Sulfur RadicalsSiCentered
Radicals Alfassi, Z. B., Ed.; John Wiley & Sons: New York, 1999;

(35) Friedman, MThe Chemistry and Biochemistry of Sulfhydryl Group
in Amino Acids, Peptides and ProtejrBergamon Press: New York,
1973; p 4.

(36) Kallen, R. GJ. Am. Chem. Sod.971, 93, 6227-6235.

(37) Reuben, D. M. E.; Bruice, T. G. Am. Chem. S0d.976 98, 114— pp 27-61.

121. (46) Huston, P.; Espenson, J. H.; BakacJAAm. Chem. S0d992 114,
(38) Patel, H. M. S.; Williams, D. L. HJ. Chem. Soc., Perkin Trans. 2 9510-9516.

199Q 37—42. (47) Zuckerman, J. Jnorganic Reactions and MethadgCH: Deerfield

(39) Beuttner, G. RArch. Biochem. Biophy4.993 300, 535-543.
(40) Priz, W. A.; Butler, J.; Land, E. J.; Swallow, A. Free Radical
Res. Commuril986 2, 69—-75.

Beach, FL, 1986; p 1649.
(48) Bockris, J. O. M.; Reddy, A. K. N\Mlodern ElectrochemistryPlenum/
Rosetta Edition; Plenum Publishing: New York, 1970; p 2@92.
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of the self-exchange rate constant of HSCHCH(NH,)- rate constants. However, the second-order self-exchange rate
CO, /"SCH,CH(NH,)CO,™ couple constant for the [Mo(CNJ3 74 self-exchange reaction
likewise contains an unresolved cation dependéhées a
K, = (kllkzzKlzflz)l’ZW12 (21) reasonable approximation, these effects should substantially
cancel when the Marcus cross relationship is used with such
[In Ky, + (W, — Wzl)/Rﬂz unresolved rate constants for both the cross reaction and one
12 (22) of the self-exchange reactions.

= 2
Alin(ly i/ Z°) + (Way + W) /RT] Very recently, a paper by Nekrassova et al. has appeared

describing electrochemical studies on [Mo(G@) and the
Wi, = eXp-wyp — Woy + Wy + Wop)/2RT - (23) oxidation of cysteine by electrogenerated [Mo(g&).5! One
of the reported findings is that [Mo(C¥¥~ undergoes
Wy = 4.23.Z/[r(1 + 0.328u)] (24) aquation with a rate constant of 0.03.df correct, this result
would imply that virtually all of our Mo(V) solutions would
wherek;; is the observed cross electron-transfer rate constanthave become fully aquated prior to our stopped-flow
ke =(2.3+ 0.2) x 10 Mt s7%, andky; andk;; are the  measurements. We dispute this result of Nekrassova et al.
self-exchange rate constants of #8CHCH(NH2)CO, /- on various grounds. For one thing, the evidence is based on
SCH.CH(NH2)CO,~ and [Mo(CN)]** redox couples.  a cyclic voltammetry (CV) scan-rate-dependent reduction of
According to Table S-7 in the Supporting Information of the peak current for the reduction of electrogenerated
Metelski and Swaddle’s reporky, is independent of ionic  [Mo(CN)g]®~; if aquation were the explanation, one would
strength when the ionic strength is lower than 0.3 M in the expect to see the development of a new wave for the
presence of only counterion'without additional electrolyte  reduction of [Mo(CN)(H,0)]?, but no such wave was
present®® Na* was observed with the similar effect, as was reported. Second, it has previously been shown that
K*, on the self-exchange rate of [Mo(C{¥ /4. It is [Mo(CN)g]®~ undergoes aquation only in acidic medfa,
reasonable to use 2 10 M~! s™* asky, in the calcula-  whereas the results of Nekrassova et al. were obtained at
tion2 A value of 1x 10" M~* s is used for the collision  pH 9. A conceivable explanation for the observations of
frequency Zz; andZz are ionic charges on the reactar®s,  Nekrassova et al. is that [Mo(CHJ~ undergoes base-

is the ideal gas constant (1.98710 2 kcal mol?), andr is induced reduction, as reported by Marchaj ef ahird, our
the center-to-center distance between reactants while inCV measurements on [Mo(CHj~ and [Mo(CNY]*~ are
contact. The radii of [Mo(CNJ*~ and~SCHCH(NH,)CO;" virtually identical, indicating that [Mo(CN)3>~ does not

are 4.7 R and 3.0 A, respectively, estimated from Corey  undergo aquation at neutral pH.

Pauling-Koltun models. With the above parameters, the  The other problematic result from the study of Nekrassova
experimental value oki; (2.3 x 10 M~ s7%) and the et al. is the evaluation of a rate constant ok910* mol2
estimated value foKy (1.5), the self-exchange rate constant cpB s (= 9 x 10t M1 s72) for the oxidation of cysteine

ki1 for the*SCHCH(NH,)CO,/"SCHCH(NH)CO,™ couple by [Mo(CN)g]®~ at pH 105! a result which is in complete

is calculated as 5.4 10° M~! s™. This rate constant is  disagreement with ours. Nekrassova et al. took no precautions
similar to the corresponding value derived previously for the against copper ion catalysis of this reaction, so we are highly
“SCHCO; *SCHCO;™ system (1.5x 10° and 2.8x 10° skeptical of the significance of their result.

M~1 s1).12 |t is also consistent with the small internal

reorganizational energy that one would predict for the Conclusions

formation of the cysteinyl radical, where the unpaired

electron is sulfur-centered. oxidation of cysteine by [Mo(CN)®~ can be studied.

The above discussion, in terms of Marcus theory, is Oxidation yields cystine and cysteinesulfinate through paral-
dependent on the reaction having an outer-sphere electron- y Y Y gnp

transfer mechanism. An inner-sphere mechanism is also:.eI .;:.aths tthat'dN(Iargte aftter th? ra;[e-llmltmgtstetzﬁ. Thetr:?lte-l
conceivable, in which cyanide could bridge between mo- rlzr;(;li::r;?aigpl\/llf) Eec :?nog?n'tshgrthi)lgteenfor?mi ofec Cs{Ziile?y
lybdenum and the cysteine sulfur, although we have no [Mo(CNJ* . Only Y

evidence for such an intermediate. Further studies with other®'c reactive. A complex pattern of reactivity as a function

typical outer-sphere oxidants might distinguish between theseOf pH_ arises from the concurrent mquen_ces of th&/p of
two possibilities. cysteine, the tautomerizations of the various forms, and the

As is noted above, the value & likely includes an electrostatic repulsion between the anionic oxidant and the

, . . . nionic states of cysteine. This electrostatic repulsion leads
unresolved sodium cation dependence, which arises becaus? Y P

Na" acts as an electrostatic buffer to reduce the repulsion t?ar?sfse; ?mrg:f:;ssi?se;:‘ﬂics \;inrggllsa;lk:e?g%cnt.e;raﬁ :chiraotrr:_er
between dianionic cysteine and [Mo(Cajy. Strictly speak- rapid; itsprate constant is consiitent with a low predicted
ing, such a Na effect is inconsistent with the model used pid, P

in deriving the Marcus cross relationship for electron-transfer m@ernal reorga_nlzatlc_)nal energy for the conversion of a
thiolate to a thiyl radical.

With the use of dipic as a Cu-catalysis inhibitor, the direct

(49) Metelski, P. D.; Swaddle, T. Wnorg. Chem.1999 38, 301—307.
(50) van Gastel, M.; Lubitz, W.; Lassmann, G.; NeeseJ.FAm. Chem. (51) Nekrassova, O.; Kershaw, J.; Wadhawan, J. D.; Lawrence, N. S;
S0c.2004 126, 2237-2246. Compton, R. GPhys. Chem. Chem. Phy2004 6, 1316-1320.
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