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The aqueous oxidation of thioglycolic acid (TGA) by [Os(phen)s]** (phen = 1,10-phenanthroling) is catalyzed by
traces of ubiquitous Cu?* and inhibited by the product [Os(phen)sJ?*. In the presence of dipicolinic acid (dipic),
which thoroughly masks trace Cu?* catalysis, and spin trap PBN, the kinetics under anaerobic conditions have
been studied in the pH range 1.82—7.32. The rate law is —d[Os(phen)s**)/dt = KTGA]{Os(phen)s®*], with k =
2{ (koKar + kKanK)HY + kaKarKao} {[HT? + Ku[H'] + KuKao}; Kar and Ky, are the successive acid dissociation
constants of TGA, and K; is the tautomerization constant of two TGA monoanions. k, + k.Ki = (5.9 + 0.3) x 10°
M™1s ky=(1.6%0.1) x 10° Mt st at u = 0.1 M (NaCF3SO3) and 25 °C. The major products in the absence
of spin traps are dithiodiglycolic acid, [Os(phen)s]?*, and [Os(phen),(phen-tga)]?*, where phen-tga is phenanthroline
with a TGA substituent. A mechanism is proposed in which neutral TGA is unreactive, the (minor) thiolate form of
the TGA monoanion undergoes one-electron oxidation by [Os(phen)s]** (k), and the dianion of TGA likewise
undergoes one-electron oxidation by [Os(phen)s]** (ki). The Marcus cross relationship provides a good account for
the magnitude of ky in this and related reactions of TGA. [Os(phen)(phen-tga)]?* is suggested to arise from a
post-rate-limiting step involving attack of the TGA* radical on [Os(phen)s]**.

Introduction mixture of the disulfide and the sulfinic acldVioreover,
the two TGA studies require significantly different thiyl

OX|dat|Qns of allphatlc_thmls by typical outer-sphere thiolate self-exchange rate constants in order to comply with
reagents in agueous media would be expected to yield the

. X . . . the Marcus cross relationship.
corresponding thiyl radicals as intermediates, but such . e
reactions are generally catalyzed by impurity levels of copper In an effort fo probe the fact(_)rs Ieadln_g to the differing
ions. We have recently reported the first kinetic studies of product mixtures and the differing effect_|ve _self-exchange
such reactions in which the copper catalysis is thoroughly rate constzzts, we now report on the omd{:mon of TGA by
inhibited 2 In two of these studies, the thiol was thioglycolic [(zs_(phena] N which differs by E)elng a cation asn_d has an
acid (TGA), with the oxidants being [Irg]F~ and [Mo- E° intermediate between [Irgf" and [MO(CNM - The .
(CN)g]3~,23 while in the third study, the thiol was cysteine re_sults demon_strate yet.anothgr class of reaction pro<_juct, in
and the oxidant was [Mo(CNJ-2 In all three of these this case obtained by thiyl radlcallattack on t'he .c'oor_dlnated
reactions, the rate law is first-order in thiol, first-order in phen ligand, and they help clarify the variability in the

oxidant, and has a complex pH dependence, indicating rate_eﬁectlve self-exchange rate constants.
limiting electron transfer from the thiolate forms to the
oxidants. Despite this kinetic uniformity, the products differ
in each case: The TGA/Ir reaction gives a mixture of the  Reagents and SolutionsSodium thioglycolate, 2,6-pyridinedi-
disulfide and the sulfonic acitthe TGA/Mo reaction yields  carboxylic acid (dipicolinic acid) (dipic)N-tert-butyl-o-phenyl-

only the disulfideé? and the cysteine/Mo reaction yields a nitrone (PBN), 1,2-dibromoethane f84Br,), and 1,10-phenan-
throline (phen) were used as received from Aldrich Chemicals Co.

Experimental Section

* Corresponding author. E-mail: stanbdm@mail.auburn.edu. Osmium tetroxide (Sigma), Brand CHCN (Fisher) were used
(1) Hung, M.; Stanbury, D. Minorg. Chem 2005 44, 3541-3550. without further purification. 5,5-Dimethyl-1-pyrrolinéN-oxide
(2) Saha, B.; Hung, M.; Stanbury, D. Nhorg. Chem200, 41, 5538~ (DMPO, Aldrich) was purified by microdistillation under vacudm.

5543. . . R L
(3) Sun, J.; Stanbury, D. MI. Chem. Soc., Dalton Tran2002 785- Triflic acid (3M Chemicals Co.), CfSQ;H, was distilled under
791. reduced pressure in{g); the diluted distillate was then standard-
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ized before use in reactions. Sodium triflate was prepared by slowly 1,10-phenanthroline and 0.097 g of®sCk in 15 mL of ethylene

adding sodium carbonate to triflic acid and cooling in an ice bath
with vigorous stirring; the product was collected and recrystallized
from H,O at 86-85°C. CD;CN (Cambridge Isotope Lab) andO
(Aldrich) were used as solvents for NMR experiments. 3-(Tri-
methylsilyl)-1-propanesulfonic acid, sodium salt (DSS) (Aldrich)
was used as the NMR standard reference. Sulfoacetic acig-(HO
SCH,CO;H), technical grade, and dithiodiglycolic acid (HCH,-
SSCHCO:H) from Aldrich were used without purification to spike
NMR samples. Dithiodiglycolic acid for the kinetic studies was
recrystallized from acetone at 4&.

Solutions of HCIQ (Fisher) and CESO;H were quantified by
standardized NaOH solution. €FO;Na stock solution was run
through a cation-exchange column packed with Dowex 50W-X8
resin and then quantified with standardized NaOH(aq). TGA was
standardized iodometrically; to avoid the over-oxidation that would
occur during direct iodometric standardization of T&stpck TGA
solutions were diluted t6-0.01 M, treated with a known excess of
0.03 M |57, and then back-titrated with standardized thiosulfate.
TGA solutions were prepared freshly with dipic and spin trap (PBN
or DMPO) in buffer solution. Solutions of [Os(pheg}?)" were
prepared by addition of a deficiency of BEH;CN to [Os(pheng?",
in situ in 1 mM triflic acid or acidic buffer right before reactién.

glycol (the reducing agent and the solvent) was refluxed with
constant stirring at-200°C for 5 h. The viscous product mixture
was filtered through a nylon membrane (4f) to remove KCI-
(s), and the residues were rinsed with a minimum volume of
ethylene glycol and then washed with acetone. Ethylene glycol and
excess phenanthroline in the filtrate were extracte8)(into an
ether/acetone (4:1, v/v) mixture, leaving a fine black precipitate of
[Os(phenj]Cl;, as the crude product. With (N)3OsCk as starting
material, no filtration was needed prior to extraction.
[Os(phen)Cl, was converted to its tetrafluoroborate salt by
adding saturated NaBFropwise to 60 mg of the chloride salt in
minimum volume of HO. A dark gray precipitate was recovered.
To increase its solubility, the BF salt was converted to the triflate
salt. This BR~ salt (82 mg) was dissolved in 12 mL of,8 at 60
°C with constant stirring, and then 2 mL of 1.16 M £0;H was
added dropwise. Yield: 75 mg. Anal. Calcd for [Os(ph#iQFs-
SO;)2°H,0: C, 44.36%; H, 2.35%; N, 8.17%. Found: C, 44.55%;
H, 2.56%; N, 8.17%. In a subsequent synthesis, [Os(gl&hs-
S0;), was directly prepared from the crude chloride salt after
extraction by adding 5 mL of 1.24 M triflic acid. The recovered
triflate salt was dissolved in a minimum volume of water at’60
and then precipitated with 10 mL of 1.24 M triflic acid. Yield:

Selected buffers (acetate, citrate, monochloroacetate, cacodylate66%. ThetH NMR spectrum (Figure S-3 in Supporting Information)

and hydrogen phosphate buffers) were applied to maintain pH. All
TGA and [Os(phen]3* solutions were purged with Ar or Nprior
to reaction to prevent potential complications caused py ©All

shows four signals at 7.580(dd), 8.059(d), 8.265(s), and 8.423(d)
ppm representing the four unique protondafOs(phenj]2". The
UV —vis spectrum (Figure S-4 of Supporting Information) gives

solutions were prepared in deionized water obtained from a the extinction coefficient of [Os(phefj" as 1.85x 10* M~ cm!

Barnstead NANO pure Infinity ultrapure water system.
Preparation of Strontium Sulfinoacetate. 1,2-Bis(carboxy-
methylsulfonyl)ethane was prepared from TGA andH{Br,
following the method of Reuterskiold. There are two signals at
chemical shifts of 4.32(s) and 3.94(s) ppm in tRHENMR spectrum

at 430 nm, which agrees with 1.9 10* M~ cm~1.8 The cyclic
voltammetry (CV) shows a reversible wave (Figure S-5 in Sup-
porting Information) withE;, = 634 mV vs Ag/AgCl, and the
Osteryoung square wave voltammogram (OSWV) (Figure S-6 in
Supporting Information) shows a single peak wih= 644 mV.

of the product. Those peaks are assigned to the methylene group§he positive-ion ESIMS spectrum (Figure S-7, Supporting Informa-
(3.94(s) ppm) between two sulfonyl groups and the other methylenetion) shows a strong parent-ion signal ratz = 365.6 with an
groups (4.32(s) ppm) between the sulfonyl and the carbonyl groups.isotopic pattern in good agreement with the simulated pattern.

1,2-Bis(carboxymethylsulfonyl)ethane was converted to $2H,-
SQ,) following the procedure reported by Rohde and Senking.
The!H NMR spectrum (Figure S-1 in Supporting Information) of
Sr(G,CCH,SO,) at pH 7.9 displays a singlet at 3.24(s) ppm assigned

to the methylene protons; the compound is not very stable in acidic electrode E°

media. Further support for the identification of this material comes

Methods. Electrochemical measurements were performed on a
BAS 100B electrochemical analyzer equipped with a BAS C3 cell
stand with purging and stirring system; cells were constructed with
a glassy carbon disk working electrode, a Ag/AgCI(s) reference
0.205 V vs NHE)!®> and Pt wire auxiliary electrode
in 0.1 M NacCl. A Corning model 450 pH/ion meter with a Mettler

from negative-ion electrospray ionization mass spectrometry Toledo InLab 421 pH electrode was used for pH measurerfidnt.

(ESIMS) (Figure S-2 in Supporting Information), which shows a
strong signal ain/'z = 123 with two isotopic peaks at 124 and 125
corresponding to HECCH,SO; .

Preparation of [Os(phen)](CF3;SOs),. The starting materials
(NH,4),0sCk and K;OsCk were prepared from Os®y the method
of Dwyer and HogartA? [Os(phenj]Cl, was prepared by a
modification of literature procedurédi*A mixture of 0.116 g of

(4) Ohkuma, T.; Kirino, Y.; Kwan, TChem. Pharm. Bull1981 29, 25—
28.
(5) Danehy, J. P.; Oester, M. Y. Org. Chem1967, 32, 1491-1495.
(6) Sarala, R.; Rabin, S. B.; Stanbury, D. Morg. Chem.1991, 30,
3999-4007.
(7) Klementova, S.; Wagnerova, D. Mhim. Oggi1991 9, 27—32.
(8) Wlodek, L.Pol. J. Pharmacol2002 54, 215-223.
(9) Zhang, X.; Zhang, N.; Schuchmann, H.-P.; von Sonntag). ®hys.
Chem.1994 98, 6541-6547.
(10) Reuterskiold, J. AChemical Abstract494Q 34, 18250.
(11) Rohde, M.; Senning, ASulfur Rep.1993 14, 391-413.
(12) Dwyer, F. P.; Hogarth, Jnorg. Synth.1957, 5, 207.
(13) Vining, W. J.; Caspar, J. V.; Meyer, T. J. Phys. Chem1985 89,
1095-1099.
(14) zZhang, C.; Haruyama, T.; Kobatake, E.; Aizawa,Aal. Chim. Acta
200Q 408 225-232.

NMR spectra were obtained with Bruker AC 250 and AV 400
spectrometers.

Spectrophotometric titrations for stoichiometry determination was
performed on a Hewlett-Packard 8453 diode-array spectrophotom-
eter equipped with a 1-cm rectangular quartz cuvette adapted for
N, purge and a Brinkmann BMS Lauda thermostat to maintain
temperature at 25.6 0.1 °C. They were monitored at 430 nm
with a 375-nm cutoff optical filter to minimize the photoinduced
decompositions of [Os(phefj"™ and DMPO€ In a typical titration,

1.8 mL of one reactant was introduced into theplirged cuvette
and then the titrant solution was added through a septum via a
gastight microliter syringe with constant stirring.

Electrospray mass spectra of reactants and products were obtained
with a VG Trio 2000 quadrupolar mass spectrometer equipped with
an electrospray apparatus, included electrospray injection unit and
control unit with MassLynx version 2.1 software.

(15) Sawyer, D. T.; Sobkowiak, A.; Roberts, J. Electrochemistry for
Chemists 2nd ed.; John Wiley and Sons: New York, 1995; p 192.

(16) Chignell, C. F.; Motten, A. G.; Sik, R. H.; Parker, C. E.; Reszka, K.
Photochem. Photobioll994 59, 5—11.
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For kinetic studies, reactions were conducted by mixing equal 1.0x10-2

volumes of the two reactants on a Hi-Tech Scientific model SF-51 ﬂ M'!
0 N

stopped-flow mixer equipped with an SU-40 spectrophotometer,
x10-2

Residuals

1-cm optical cell, and a C-400 recirculating water bath. The
recirculating bath was purged with,Nhroughout the sampling  -1.
system. All apparent rate constants were the average of three or
four reproducible runs. Other calculations were processed by 0.22 4
KaleidaGraph 3.0.5 and Prism 4 version 4.0a software packages.

All reaction solutions were purged with Ar or;Ntransferred by 0.18 4

(=]

airtight syringes, and contacted only glass, platinum, or Teflon %
before reactions. All reactions were performed in a dark room and £ : —— Reaction trace
monitored at 430 nm, 25.& 0.1 °C. Z 0-14+

< w== Curve fit

Ellman’s reagent was used to determine the consumption of
TGAY In a typical analysis, the analyte solution was diluted 0.10
appropriately and then treated with Ellman’s reagent;&ifhiobis-
(2-benzoic acid) (DTNB), with constant stirring for about 10 min

. . : 0.06 -
to complete the thiol exchange reaction. The mixture was then ' r r r '
analyzed spectrophotometrically. 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Product Separation and Identification. Tests for the products Time, s

arising from TGA were performed bfH NMR spectroscopy. A Figure 1. A kinetic trace of the oxidation of TGA by [Os(phejd*
product solution was prepared from 1.99 mM TGA and 1.32 mM demonstrating deviations from pseudo-first-order kinetics: k1D 3 M
[Os(pheny]3* in the presence of 1.53 mM dipic and 1.53 mM DSS LCIEAAGIF}?:%Z 1H0_j ?g%i@%??ﬁﬁggh—sg i El(%_:éﬂﬁ[s(g()p;‘ﬁg%;b 1

in D2O. Tr_}e pH of the.sglutlon after r_eacthn was 2'46_' Resonances monitopred atp430.nm in the absencé of PBN with curve fit and resiéiuals.
were assigned by spiking the solution with authentic samples of y  is 222 s,

TGA, sulfoacetic acid, dithiodiglycolic acid, and strontium sulfi-

noacetate.

Osmium-containing products were identified by performing a Metal-lon Catalysis. Tests for catalysis by NI, Mn2+,
macroscale reaction with 30 mg of [Os(phéfr) converted to [Os- Zn2t, Ca?t, Fé*, and Cd" of the oxidation of TGA by [Os-
(ph_en);]?“r by bromine qxidation._A_ gastight syringe was used to (phen)]3* were performed with and without the presence
deliver 1 mL of a solution containing 0.046 M TGA and 22 mM of 1 x 105 M metal ions. These experiments were

o 2 .
dipic to 24.5 mL of [Os(phen)** solution under Mg). The product performed with [TGA}, = 7.5 x 104 M and 1.26x 10°5

solution was then loaded onto a cation-exchange column packed - . o
with Sephadex SP-C25. The column was eluted with progressively M [Os(phen}]*" at 25°C; the pH and ionic strength were

increasing concentrations of HCI from 0.05 to 0.5 M. Two dark C(?erIIEd gt 2;87'2'89 (citrate buffgr) a”‘?' 0.126 M (sodium
bands eventually separated, were collected, and taken to drynesdfiflate). Kinetic data are summarized in Table S-1 (Sup-
by rotary evaporation. The first band was identified as [Os(pffen) ~ Porting Information). Of the ions tested, only €uis

by its 'H NMR spectrum. The second band hd$laNMR spectrum significantly catalytic. It is highly catalytic, reducing the half-
(Figure S-8) with a complex pattern of at least seven resonanceslife to less than the dead time of the stopped-flow instrument
in the aromatic region and a singlet at 4.02 ppm. A second (~2 ms) and thus accelerating the reaction at least 16-fold.
preparation of the product mixture performed with twice the Comparative reactions with no additional metal ion were
concentration of TGA yielded the same two bands by chromatog- performed in the absence and presence of 1 mM dipic, which
raphy. The first band gave an OSWV (Figure S-9), a-tiié we have previously used as an inhibitor of copper catalysis.
spectrum (Figure S-10), and a positive-ion ESIMS spectrum (data As shown in Table S-1, dipic slows the reaction by a factor

not shown), all consistent with its identification as [Os(phErt) s . . .
The second band gave an OSWV with an oxidation peak at 612 of 12.5, indicating that impurity levels of €udominate the

mV vs Ag/AgCI(s) (Figure S-9), a UVvis spectrum with a peak kinetics when inhibitors are absent. The capability of dipic

at 437 nm (Figure S-10), and a positive-ion ESIMS spectrum with t0 mask Cé" catalysis was furt_her e_xamined atpH 4.5 (0-(_)1
a peak atm/z = 411.0 (Figure S-11), all consistent with its M acetate buffer) as summarized in Table S-2 (Supporting

identification as [Os(phep(phen-tgaji*. Information). With no additional Cdf and dipic, a reaction
with [TGAJet = 7.6 x 104 M and 1.46x 105 M [Os-
Results (phen))®" had a 5 mshalf-life, and upon addition of X

TGA is a diprotic acid with K« and K of 3.48 and 1075 M Cu?", the reaction rate was too fast to be detected.

10.11, respectively, at 0.1 M ionic strengfThese two acid/ N the presence of 1 mM dipic, the half-lives were 45 ms
base equilibria are established rapidly on the time scale of With or without additional C&, and the same results were
the experiments described below, and thus we designate th&Ptained in the presence of 2 mM dipic. Thus, 1 mM dipic

total concentration of TGA in its various protonation states COMPIetely blocks catalysis by adventitious metal ions. Al
as [TGAo further experiments described below utilize dipic as an

inhibitor to probe the direct oxidation of TGA by [Os-

(17) Garman, A. Nonradioactie Labeling Academic Press: San Diego,  (Phen} st
1997; p 119. Kinetic Effects of [Os(phen)]?* and PBN/DMPO.

(18) Martell, A. E.; Smith, R. M.; Motekaitis, R. JIST Critically Selected . : P :
Stability Constants of Metal Complexes Database;, 0.&. Depart- Figure 1 shows a typlcal kinetic trace for the reaction of

ment of Commerce: Gaithersburg, MD, 2003; [Os(phenj]®t with a large excess of TGA at pH 4.6 (with

9954 Inorganic Chemistry, Vol. 44, No. 26, 2005
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Figure 2. TheH NMR spectrum of the oxidation of 1.99 mM TGA by 1.32 mM [Os(phgH) with 1.53 mM dipic and 1.53 mM DSS inJD at pH 2.46.
According to the integration, [RSHE 1.22 mM [RSSR]= 0.26 mM and [Os(phenphen-tgad*] = 0.22 mM (from the—CH,— group at 4.02 ppm).

dipic as an inhibitor of copper catalysis), and it shows small
but significant deviations from pseudo-first-order kinetics
suggestive of product inhibition. Accordingly, the following
experiment was performed to test for the effect of [Os-
(phen}]?", which is a reaction product. As a reference, the
half-life was 0.13 s for a reaction with [TGA]= 2.50 x
10* M and 6.95x 10°% M [Os(phen)]®" in the presence
of 2.27 x 1078 M [Os(phen)]*" and 1 mM dipic at pH 4.63
(0.02 M acetate buffery = 0.1 M (CRSO;Na) at 25°C;
for a similar reaction performed in the presence of 448
10°° M [Os(phen)]?*, the half-life increased to 0.21 s.

If it is assumed that the observed inhibition by Os(ll) is

of 1 mM dipic, at ionic strength 0.08 M (sodium citrate).
Values of kops are summarized in Table S-3 (Supporting
Information) and indicate that the addition of 1 mM PBN at
pH 2.94 doubles,,s and thatk,y,s is independent of the
concentration of PBN over the range of3 mM.

Blank experiments show that no reaction occurs during
60 s at pH 2.95 between 32 107> M [Os(phen)]?* and
either [TGA}ot= 3.8 x 10°*M, 1 mM PBN, or 1 mM dipic
individually or a combination with all of these ingredients.
PBN reacts with [Os(pheg]§* very slowly over a 60-s period
at pH 4.8, but this reaction is suppressed in the presence of
1 mM dipic. Consequently, the reaction of PBN with [Os-

due to reversible electron transfer from TGA to Os(lll), then (phen}]®* can be neglected during the reaction of TGA with
it is reasonable to propose that scavenging of the TGA [Os(phenj]®". Another potential complication is the direct
radicals would eliminate the product inhibition and yield reaction of TGA with the spin traps. This reaction has been
good pseudo-first-order kinetics. In agreement with this reported to occur between TGA and the spin trap DEPMPO,
hypothesis, when 1 mM spin-trap PBN is introduced into with an equilibrium constant of 0.14 ™;*° with such a low
the reaction mixture under the conditions of Figure 1, the equilibrium constant, the reaction would consume a negli-
half-life is reduced from 0.13 to 0.102 s with excellent gibly small fraction of the TGA in the present studies. In
pseudo-first-order kinetics (see Figure S-12, Supporting view of the effectiveness of PBN in suppressing product
Information). Thus, the addition of PBN at pH 4.6 increases inhibition, all of the following kinetic studies were performed
kows by @ factor of 1.3. The effect of spin traps DMPO and with 1 mM PBN.

PBN on the reaction at pH 5 with [TGA]= 1.9 x 10°*
M, 1.01 x 10> M [Os(phen)]®**, and 1 mM dipic is

RSSR Effect A test was performed to investigate the
reaction of [Os(pher)*" with dithiodiglycolic acid (RSSR),

identical; excellent pseudo-first-order behavior is observed, which is one of the reaction products. It was performed with

with kops = 22.4 st for the reaction with 1 mM PBN and
kobs = 22.5 st for that with 1 mM DMPO. A series of
oxidations of TGA by [Os(pheg]*" was conducted with

various concentrations of PBN at pH 2.94 in the presence

10 uM [Os(phen)]®** and 120uM RSSR in 0.02 M acetate

(19) Potapenko, D. I.; Bagryanskaya, E. G.; Tsentalovich, Y. P.; Reznikov,
V. A,; Clanton, T. L.; Khramtsov, V. VJ. Phys. Chem. B004 108
9315-9324.
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3 = the material is diamagnetic (as expected for Os(Il)) and
) suggesting that a phen ligand has been altered by substitution
at one of the peripheral sites; moreover, this compound
displays a characteristic peak in the aliphatic region at 4.02
ppm, which is absent in the spectrum of [Os(phEnh) Its
ESIMS positive-ion spectrum (shown in Figure S-11) has
an isotopic pattern similar to that of [Os(phgl#) but shifted

Absorbance

Absorbance

L ool T ] from m/z = 365.6 tom/z = 411.0; note that = 2 for both
o g = species, so the difference iz corresponds to half of the
-~ Before oxidation by Br , TGA formula weight. These observations serve to identify
------ Before reaction H .
e this product as [Os(phesfphen-tga)i™

T T T T T T
325 425 525 625 725 825

Wavelength, nm I
N

Figure 3. Overlaid UV—vis spectra of Os complex before and after [(phen)ZO/ \—SCH COHT*
oxidation by Bp, and after reaction with TGA. For the optical analysis, \N Z e

solutions were diluted to have [Os] 2.41 x 1075 M in 0.218 mM citric |
acid. Both reactant solutions were purged with Ar for at least 15 min before
mixing for reaction. Inset is the enlarged spectrum over the region of 380

550 nm. The products of the reaction in the presence of DMPO

were examined byH NMR spectroscopy (Figure 4). A

buffer (pH 4.8) in the presence of 1 mM dipic and 1 mM sample with [TGAL: = 2 mM was oxidized by 0.98 mM
PBN at 25°C. Less than 10% of the [Os(phei} was [Os(phen)]®* in the presence of 1.7 mM dipic in D with
converted to [Os(phegf* over 80 s, indicating that RSSR 0.8 mM DSS at pH 3 without DMPO and with 1.8 mM
is unreactive under these conditions. DMPO. Besides the peaks atributable to [Os(pk@hen-

Product Identification. When PBN and DMPO were tga)P" and RSSR in the aliphatic region, a new peak at 3.84-
omitted from the reaction mixture at pH 2.46, thé NMR (s) ppm appears in the presence of DMPO. This new peak
spectrum (Figure 2) indicates that RSSR= 3.67) is the IS assigned to the CGHyroup adjacent to S in
major product derived from TGA and that neither sulfo-
acetate nor sulfinoacetate are produced in significant yields. T

Careful examination of the U¥vis and*H NMR spectra NY oo
suggests that [Os(phefd' is the major osmium-containing o
product and that at least one other minor osmium-containing

product is also formed. Thus, Figure 3 shows the-ti\é o o )
spectrum of the product mixture arising from the reaction (PMPO-tg&), which is the oxidized spin adduct of DMPO

of 1.21 mM [Os(phen)®* with [TGA]it = 10 mM at pH and the TGA thiyl rqdical. Another expgriment was con-
2.98 (citrate buffer): the absorption band near 430 nm is ducted un(_jer essentially the same cor.1d|t.|ons but at a higher
shifted somewhat relative to the starting Os(ll) spectrum. concentration of DMPO (6.47 mM). As indicated by the peak
Likewise, the’ NMR spectrum in Figure 2 shows the integrals, the yleld of the OXIFilzed spin adduct increased with
production of [Os(pher)?" along with other small peaksin @& corresponding decrease in the yields of [Os(pghgn-

the aromatic region and another peak at 4.02 ppm. A producttga)]2+ and RSSR.

having the uniqueéH NMR resonance at 4.02 ppm was The product distribution of the reaction with PBN present
identified as being cationic through the findings that it was was also examined byH NMR. The reaction solution
removed from the product mixture by passing a sample contained [TGA} = 2.51 mM, 1.58 mM [Os(pheglf*, 8.03
through a cation-exchange column but not removed by an MM PBN, and 4.38 mM dipic in BO with 8.92 mM DSS
anion-exchange column. Bulk cation-exchange chromatog-as a reference. According to the peak integrals, the yields of
raphy of the product mixture led to the separation and RSSR and [Os(phes(phen-tga}i* were about 0.2 mM for
isolation of two colored substances. One of these is easily €ach species, and no oxidized spin-adduct was observed. An
identified as [Os(pheg)?* by its characteristic UV-vis, 1H explanation for this observation could be that the reaction
NMR, and ESIMS spectra and OSWV properties. The other, produces a mixture of the spin adduct and its oxidized cation
a novel compound, was identified by the following informa- and that this mixture is undetectable because of rapid electron
tion. Its ion-exchange properties clearly show that it is a €xchange between its two components.

cation. As shown in Figure S-10, its UWis spectrum Stoichiometry. A semiquantitative measure of sulfur
closely resembles that of [Os(phgjd), which suggests that  conservation for the reaction in the absence of PBN or
it is a ring-substituted derivative of [Os(pheldy. Its OSWV DMPO was obtained from integration of thd NMR peaks
(see Figure S-9) is shifted 38 mV cathodically relative to in Figure 2. The derived concentrations of TGARSSR,

that of [Os(pheny)?*, which is also consistent with ring and [Os(phenfphen-tgaji" in the product mixture are 1.22,
substitution. Its'H NMR spectrum (see Figure S-8) is well-  0.26, and 0.22 mM, respectively, which agrees with the initial
resolved but complex in the aromatic region, indicating that concentration of TGA.
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Figure 4. Stacked'H NMR spectra with various concentration of DMPO. Sample A: reaction solution with 2.0 mM TGA, 1.02 mM [Os{ghemd

1.7 mM dipic in DO with 0.8 mM DSS, pH 2.99 after reaction. Sample B: reaction solution with 2.0 mM TGA, 0.98 mM [Os{tier)7 mM dipic
and 1.8 mM DMPO in RO with 0.8 mM DSS, pH 3.01 after reaction. Sample C: 1.84 mM TGA, 1.18 mM [Os(gli&np.66 mM dipic and 6.5 mM
DMPO in DO with 1.52 mM DSS, pH 3.00 after reaction. No buffer was used in samples. 1, oxidized DMPO-add{©s(phen)(phen-tgat; A,

dithiodiglycolic acid; *, DMPO.

Consumption ratios were determined in one set of experi- The above results imply that in the absence of PBN or
ments by analysis of the TG#concentration remaining after DMPO the overall process consists of the two parallel
reaction with a deficiency of [Os(phefj". An experiment reactions 1 and 2.
was performed with [TGA}; = 9.1 x 10° M and 4.4 x
1075 M [Os(phen)]3* in the presence of 1 mM dipic at pH  2[Os(phen)®" + 2TGA—

7.5. Equal volumes of reactant solutions were mixed on a 2[Os(phen)]2+ +RSSR+ 2H" (1)
stopped-flow spectrophotometer. The remaining concentra-

tion of TGA in the product solution was a_lssayed _by use of 2[Os(pheng]3+ +TGA —

Ellman’'s reagent as 6.3x 10° M, which implies a
consumption ratigosqiy/Nrea of 1.46. A simiar experiment
was performed in the presence of 1 mM PBN and 1 mM ) ) )
dipic, with [TGAJit = 5.00 x 1075 M and 3.49x 105 M From the consumption ratios determined-@t.1 mM TGA;
[Os(pheny]3* at pH 6.33. The remaining concentration of with .Ellman’s reagent at pH 7..5, these tyvo reactions
TGA Was 3.27x 10°5 M, and thus, the consumption ratio contribute 27% and 73%, respectively. Reaction 2 seems to

Nosany/Nrea is 2.02, significantly greater than in the absence OCCur almost exclusively at the much lower TgAoncen-
of PBN. trations used in the spectrophotometric titrations at pH 4.9.

In the presence of DMPO, an additional reaction occurs:

[Os(phen)]** + [Os(phen)(phen-tga)]” + 2H" (2)

In another set of experiments, spectrophotometric titration
of TGA with [Os(pheny]** was used to determine consump-

3+ .
tion ratios. Experiments were carried out in the presence of 2l0S(Phenj™ + TGA + DMPO

2 mM dipic in 0.02 M acetate buffer at pH 4.9, titrating 1.8 2[0s(phen))*" + DMPO-tga” + H™ (3)
mL of ~1 x 10° M TGA with ~1 x 104 M [Os-
(phen}]®*. The consumption ratios @fosuy/Nrea Were 2.3 In the presence of PBN instead of DMPO, a reaction

without spin trap, 1.9 with 1.9 mM DMPO, and 2.2 with 2 analogous to eq 3 occurs. Under the conditions of'the
mM PBN. Reversed titrations of 1.8 mL of [Os(phglf) NMR experiments (pH~ 3, ~2 mM TGA), all three
with 3.23 x 1075 M TGA,; Were also performed, leadingto reactions contribute significantly, while at pH 7.5 with 0.1
consumption ratios of 2.3 without DMPO and 1.94 with 2 mM TGA., the consumption ratios of2 indicate that
mM DMPO. reaction 1 is not a significant contributor.
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Figure 5. Plots ofkgps Vs [TGA]t at pH 3.3 (monochloroacetate buffer,
A) and at pH 4.6 (acetate buffall) in the presence of 1 mM dipic and 1
mM PBN, atu = 0.1 M (NaCRESQ;s) and 25°C.
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Figure 6. The plot of logkobd[TGA]tor) VS pH with 1 mM dipic, 1 mM

PBN, atu = 0.1 M (NaCRSG;) and 25°C. 4 represents lodd[TGA] tor)

at various pH ranging from 1.82 to 7.33. Solid line is curve fit to eq 5 with

Ka1 andKa2 held at the literature values.

7.5

Kinetics. Under pseudo-first-order conditions, two series
of oxidations of TGA by [Os(pheglf* at pH 3.3 (monochlo-

roacetate buffer) and 4.6 (acetate buffer) were carried out

with TGA concentrations (0.154.5) x 103 M and (0.158-
3.95)x 1072 M, respectively, in the presence of 1 mM dipic
and 1 mM PBN at 0.1 M ionic strength (Nag¥0s) and 25

°C. Kinetic data are summarized in Table S-4 (Supporting

Information). The linear plots dfyps VS [TGA]i: Shown in
Figure 5 with slopes (5.34 0.19) x 16 M~*stat pH 3.3
and (2.60+ 0.04) x 10* M~ st at pH 4.6 not only indicate
that the rate law is first-order with respect to [TG#Jas in

Kops = KITGA] o1 (4)

but also show that kinetics are sensitive to pH.

Hung and Stanbury

analogy with our prior studies of TGA oxidatidfwe assume
this behavior reflects an immeasurably low rate constant for
reaction of TGA in its neutral form, a relatively small rate
constant for reaction of the TGA monoanion, and a large
rate constant for the dianion. Accordingly, the data have been
fit with the rate law

Kobs NGHERE
[TGAlt  [H'?+ Ky[H™] + K Ky,

(5)

while holding theK,; andK;; at their known values, 3.3%

10 %and 7.76x 10 ' M, respectively:® The resulting fit is
quite adequate, as displayed in Figure 6, and the derived
parameters aré = (3.94 0.2) standk’ = (8.1+ 0.6) x
10°M st

Discussion

As anticipated, the oxidation of TGA by [Os(pheld} is
accelerated by traces of copper ions as are those of TGA by
[IrClg)?> and [Mo(CN}]3~,22and this catalysis is thoroughly
inhibited by the presence of the rigid chelating ligand dipic.

The following mechanism is proposed to account for the
reaction when it is conducted in the presence of dipic and
no added spin traps:

HSCH,COO = "SCH,COOH K, (6)

HSCH,COO™ + [Os(phen)]*" =
*SCH,CO,” + [Os(phen)*" + HY Ky, ko, k_py (7)

“SCH,COOH+ [Os(phen)]*" =
"'SCH,CO,H + [Os(phen)]®" K ko k_. (8)

“SCH,COO + [Os(phen)*" =
"SCHCO, + [Os(phen]*"  Kgq ky kg (9)

RS + RS =RSSR™ K, ks K_ (10)

RSSR™ + [Os(phen)*" —
RSSR+ [Os(phen)]*" ks (fast) (11)

RS -+ [Os(phen)®*" —
[(phen)Os(phen-tgaf] + H" k, (12)

The first step this mechanism features tautomerization of
the monoanionic form of TGA, for which we have previously
estimated K; = ~7.2 The next three steps entail reversible
electron transfer from the two monoanionic tautomers and

The detailed effect of pH on the reaction was studied over ¢ gianion of TGA to Os(lll). This reversibility is invoked

the pH range of 1.827.32 with (0.12-4.50) x 103 M
TGA, (0.55-2.06) x 10> M [Os(phen)]®>", 1 mM dipic,
and 1 mM PBN at 0.1 M ionic strength (gF0O;Na), 25°C.

because of the observed kinetic inhibition by [Os(phEh)
Rapid association of the TGAadical with TGA to form
RSSR™ (K49 is a well-established proce¥sRSSR is then

Selected buffers were employed to maintain pH values. All produced by electron transfer from RSSR [Os(pheny]®",

kinetic data are collected in Table S-4. The plot of lggy
[TGA]wt) Vs pH shown in Figure 6 is sigmoidal with rates

in analogy with our prior proposed mechanisinUnique
to this mechanism is the final step, in which the thiyl radical

increasing with pH in the acid region, a narrow plateau region
around pH 4.4, and then increasing again at higher pH. In (20) Hoffman, M. Z.; Hayon, EJ. Phys. Chem1973 77, 990-996.
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RS attacks a €& H bond of a phenanthroline ligand that is by an interaction factor of 1.6 as seen for linear dicarboxylic
coordinated to Os(lll), leading to reduction of Os(lll) and acids. Given the rudimentary method for our estimation of
displacement of the ring proton. A similar type of reductive K;, the value could easily be in error by a factor of 10, and
substitution has been reported in the reaction of [Rufd¥H  thus, it is possible thak. does not exceelty. The latter
(phen)ft with SOy~ outcome would be more in line with expectations on the basis
One viable alternative mechanism for the production of of electrostatics, and in either case, the results support the
[(phen}Os(phen-tgaf]” replaces reaction 12 by a two-step concept that the Os(lIl) oxidizes only the thiolate forms of
process, the first step being hydrogen abstraction from [Os- TGA.
(phen}]®*" by RS to form [(phen)Os(phen)]*" plus RSH, We previously used a value fd&° for the *SCHCO,/
and the second step being addition of RS [(phen}Os- “SCH,CO;,™ redox couple that was derived from data with
(phen)]®*. Two other alternative mechanisms for production chlorpromazine as the reference redox codpt@wever, it
of [(phen}Os(phen-tga¥] can be rejected. First, direct attack is now evident that the phenoxyl radical provides a more
of TGA on [Os(pheng?" can be rejected, since incubation reliable reference potenti#l.Accordingly, we use the data
of these two species leads to no reaction. Second, thein Table 1 of Surdhar and Armstrofigo deriveAG® = 1.9
observed diminished yields of [(phe@s(phen-SR¥}" with + 1.4 kJ (orAE° = —0.020+ 0.14 V) for the reaction
increasing concentrations of DMPO are incompatible with
production of [(phenDs(phen-SR¥} through attack of TGA "SCH,CO,” + PhOH=HSCH,CO, + PhO +H" (16)
on [Os(pheng®*.
In the presence of the spin traps PBN and DMPO, the By applying E°(PhO/PhO") ((0.800+ 0.010) V, deter-
above mechanism is augmented by two more steps: mined at pH> 11y and the dissociation constant of PhOH
(pKa = 9.98 + 0.04)8 to E°(PhO/PhO") = E°(PhO, H*/
RS + PBN/DMPO— Spinadduct-SR k,, (13) PhOH)+0.059lodK,, E°(PhO, H*/PhOH) andE*(*SCHCO;, ™,
H*/HSCH,CO,") can be determined as (1.390.01) V and
Spinadduct-SR+ [Os(phen)]*" — (1.37+ 0.02) V, respectively. With thel,, (10.61+ 0.07,
: 2+ atu = 0 M) and ionic strength correction (fo = 0.1 M),
Spinadduct + [Os(phen)™" ko(fast) (14) £ (*SCHCO,/-SCHCO,") is calculated as (0.76 0.02)
\Y,

Scavenging of RSn the first of these steps is sufficient to T . o _
With this E° for (*SCHCO, /"SCHCO,") and our

eliminate kinetic inhibition by Os(ll), effectively making the Q W
initial electron transfer from TGA irreversible (steks ke, lme?ésure;:Elf 4fir é%s_(phin)j q ('I_'r? .839hV), a \1all|Je for
andky). By applying the steady-state approximation to all |09 "ew 0T L. -3 Is obtained. Thus, the initial electron-

of the radical species, this augmented mechanism leads totransferstep in the mechanism is favorable, allaying concerns
that this mechanism might lead to a value log exceeding

d[Os(1l)] the diffusion limit. A related concern is that, wi. being
T a greater than unity, how is it possible that the overall reaction
displays inhibition by [Os(pheglf" in the absence of spin
2{ (koK oy + kK KOH T + kK Koot traps? The explanation is that the Os(ll) inhibition was

[TGA]o{Os(1IN)] detected at pH 4.6, well below<p,; under such conditions,
TGA is primarily in the thiol form, which leads to an
(15) unfavorable equilibrium constant for the net conversion of
RSH to RS.
Comparison of this rate law with the empirical rate law, eq  The above discussion provides strong support for descrip-
5, identifiesk’ as 2kpKa1 + keKaiKi) andk’ as KigKaiKaz. tion of kg (=(1.6+ 0.1) x 10° M~! s71) as the rate constant
Use of the literature values fdfa, and Ka, then leads to  for electron transfer fronTSCHCO,™ to [Os(phenj]®*.
values of (5.9 0.3) x 10° and (1.6+ 0.1) x 1° M7t s! Given the substitution-inert character of the oxidant, it is
for (ko + keKi) andkg, respectively. reasonable to anticipate that electron transfer occurs through
The mechanism presented above allows for reactivity of an outer-sphere mechanism. Moreover, given thais
both the thiolate and thiol tautomeric forms of TG @nd  significantly below the diffusion-controlled limit, it is
ke). It is reasonable to assume that only the thiolate form is reasonable to propose that the Marcus cross relationship
reactive, since the neutral form of TGA reacts undetectably should be applicable tky. We use this relationship in its
slowly. With this assumption and the use of an estimated classical form, including work terms and tliefactor, to
value of 4 x 1077 for Ki, the above rate constants y|9|d a derive the se|f-exchange rate Constd{ﬂ)(for the 'SCHZ-

value of 1.5x 10*°M~1s 1 for k., which is at the diffusion- CO, /~"SCH,CO,™ redox Coup|é_25 The f0||owing param-
controlled limit for reactions of this charge type and 9-fold eters are used in this calculatioks, ([Os(phen)]3t/2t) =

greater tharky. Our estimate oK; is based on the values for
Ka1 and Kaz, with the assumption that they represent the (22) Armstrong, D. A. InS-Centered Radicgl®\lfassi, Z. B., Ed.; John

intrinsic acidities of the-COOH and—SH groups, corrected (3 Suranar b o Aetron D, & Flve. Cheml987 o1, 6532

[H+]2 + Ka][H+] + KalKaZ

6537.
(21) Sarala, R.; Islam, M. S.; Rabin, S. B.; Stanbury, D.livrg. Chem. (24) Das, T. N.; Huie, R. E.; Neta, B. Phys. Chem. A999 103 3581~
199Q 29, 1133-1142. 3588.
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3.09x 18 M~1s1261(Osls) = 6.7 AS andr(TGA) = 2.6 (1) RSSR plus RS© when TGA is oxidized by [IrG)|>~,2
A3 With these parameters, the experimental valuie oK) (2) RSSR when TGA is oxidized by [Mo(CNY,? (3) RSSR
and Ky (22), kg is calculated as 5.% 10° Mt s™L. For plus RSQ~ when cysteine is oxidized by [Mo(C§¥~,* and
comparison, recalculatinky, for the oxidations of TGA by  now (4) RSSR+ M(L-tga) when TGA is oxidized by [Os-

[IrClg]?~ and [Mo(CN)]®>~ with use of our revised® for (phen))®*. Despite this diversity of products, the reactions
the*'SCHCO, /~SCH,CO;™ redox couple leads to effective  are united in having rate laws that are first-order in oxidant
self-exchange rates of 4% 10° and 7.1x 10® M1 s and in thiolate and in having complex pH-dependent kinetics.

respectively:® Thus, theky; values derived from the reactions  The similarities extend to the mechanisms, where the varying
of TGA with [Os(phen]** and [IrCE]?~ are in excellent  product mixtures are seen to arise from differences in the
agreement, while the reaction with [Mo(CG\¥ is only in post-rate-limiting steps. Some of the complexity in the
moderate agreement. The deviation for the Mo(V) reaction product distribution is likely due to the unfavorable equi-
may be due to the strong electrostatic repulsion between|ibrium constant for association of R®ith RSH, which then
dianionic TGA and [Mo(CNg]*", a situation that is condu-  allows relatively high steady-state concentrations of RS
cive to specific “inert” cation mediation. Indeed, we have develop.

previously shown that the oxidation of the dianionic form
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