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In aqueous media at 25 °C [Mo(CN)g]*~ is reduced by thioglycolic acid (HSCH,COOH, TGA), and the reaction is
strongly accelerated by the presence of trace amounts of copper ions. Dipicolinic acid (dipic) is an effective inhibitor
of the copper catalysis. Both with and without dipic the reaction has the stoichiometry 2[Mo(CN)g]*~ + 2TGA —
2[Mo(CN)g]*~ + RSSR, where RSSR is the disulfide derived from formal oxidative dimerization of TGA. In the
presence of dipic, PBN (N-tert-butyl-o-phenyl-nitrone), and with a large excess of TGA the rate law for consumption
of [Mo(CN)g]*~ is first order in both [TGA] and [Mo(CN)¢®~]. The complex pH dependence is consistent with
~“SCH,CO, being highly reactive (k = 1.8 x 10* M~* s™1), the monoanion being less reactive, and HSCH,CO,H
being unreactive. A mechanism is proposed in which the dianion undergoes electron transfer to [Mo(CN)g]*~, thus
generating the thiyl radical. Analysis of the electron-transfer rate constant in terms of Marcus theory yields an
effective self-exchange rate constant for the thiolate/thiyl redox couple that is in reasonable agreement with the
value derived previously from the reaction of TGA with [IrCls]>~. When copper catalysis is inhibited, the two reactions
differ substantially in that the yield of ~03SCH,CO,™ is significant for [IrCls]>~ but undetectable for [Mo(CN)gJ*~.

Introduction reactions of the octacyanomolybdate(V) anion with inorganic
N L ) , substrates have been well documeritgdand its use as an

The aqueous oxidation of thiols is gf oprUS |mportan(_:e, outer-sphere oxidant is well established. Olatuniji et al. have

and there are many reports on the kinetics and mechanismse,orteq on the reduction of this complex by a series of three
of these reactions. However, when classical "outer-sphere” 5jinpagic thiols: L-cysteine, penicillamine, and thioglycolic

metal-complex one-electron oxidants are used, the reactions,qjys syrprisingly, the rate laws obtained for these reactions
are almost invariably catalyzed by trace levels of copper ions. ;,~|.ded no terms dependent on®no mention was made

We recently reported an exception to this rule, in which the ¢ he hossibility of Cé* catalysis, and no potential masking
intrinsic (uncatalyzed) oxidation of thioglycolate (TGA) by agents were present in the reaction solutions. In the present

[IrClg)?~ \1Nas studied by use of a masking agent effective paper we report that the reaction of TGA with [Mo(GN)

+
for CLP*.2 Two notable results to emerge from that study g pighly senstitive to Cii catalysis, and we develop the
were (1) that the Cu-catalyzed reaction yields only the ;oo of 2,6-pyridinedicarboxylic acid (dipic) as a Cu

corresponding disulfide while the intrinsic reaction yields a masking reagent that is effective over a wide range of pH.

mixture of the disulfide and the sulfonate and (2) that the o resuits demonstrate that the prior report on the reaction
thiolate form of TGA is the reactive electron donor. One of TGA with [Mo(CN)g]*~ is actually on the reaction as

question posed by these results is whether one should expect
to obtain such product mixtures in general with outer-sphere (2) Ferranti, F.J. Chem. Soc. A97Q 134-136.

. L . 3) Leipoldt, J. G.; Dennis, C. R.; Grobler, E. lborg. Chim. Actal98
oxidants. Another question is whether Marcus theory is useful 3) 77, pL45_L46_ horg 3

in predicting the rates of these reactions. (4) Leipoldt, J. G.; Dennis, C. R.; Van Wyk, A. J.; Bok, L. D. Dorg.
i ) . . Chim. Acta1978 31, 187-190.
As a first step in addressing these questions the present () (eipoldt, J. G.; Bok, L. D. C.; Dennis, C. R. Inorg. Nucl. Chem.

paper reports on the oxidation of TGA by [Mo(GJ¥). The 1976 38, 1655-1657. _
(6) Dennis, C. R.; Basson, S. S.; Leipoldt, J. Polyhedron1983 2,
13571362.
* Author to whom correspondence should be addressed. E-mail: stanbdm@ (7) Ford-Smith, M. H.; Rawsthorne, J. H. Chem. Soc. A969 160—
mail.auburn.edu. 163.
(1) Sun, J.; Stanbury, D. Ml. Chem. Soc., Dalton Tran2002 785— (8) Olatunji, M. A.; Okechukwu, R. Anorg. Chim. Actal987, 131, 89—
791. 94.
5538 Inorganic Chemistry, Vol. 41, No. 21, 2002 10.1021/ic025702z CCC: $22.00  © 2002 American Chemical Society

Published on Web 09/18/2002



Reduction of Octacyanomolybdate(V)

catalyzed by trace amounts of €uand they provide initial (M~tcm): 2.74x 1% (254 nm), 2.83x 10° (268 nm), and 1.46

answers to the two questions posed above. x 10° (388 nm). These values are in good agreement with the
reported valu€sand hence support the purity of this compound.
Experimental Section Methods. UV —vis spectra were recorded on a HP-8453 diode-

array spectrophotometer equipped with a thermostated water bath
to maintain the temperature at 25:00.1°C. A Corning pH meter,
model 130, with a Mettler semimicro combination glass electrode
was used for pH measurements.

Kinetic studies of slow reactions (pH 6.5) were monitored on
a HP-8453 spectrophotometer, with an attached RM6 Lauda
circulatory water bath, using stoppered 1 cm quartz cuvettes. Fast
reactions (pH> 6.75) were investigated on a Hi-Tech Scientific
model SF-51 stopped-flow apparatus equipped with a SU-40
spectrophotometer unit in the 1.0 cm path length configuration and
a C-400 circulatory water bath. Temperature was maintained at 25
+ 0.1 °C. Stopped-flow studies were performed by mixing equal
volumes of the two reactants, both of which were maintained at
.1 M ionic strength, and an OLIS 4300S system was used for
data acquisition and analysis.

IH NMR spectra of reactant and product solutions were
performed with a Bruker AC 250 spectrometer.

Reagents and Solutions.Mercaptoacetic acid, sodium salt
(Aldrich) (=TGA, sodium thioglycolate)N-tert-butyl-a-phenyl-
nitrone (Aldrich) EPBN), 2,6-pyridinedicarboxylic acid (Aldrich)
(=dipic), 1,10-phenanthroline (Aldrich), 5-chloro-1,10-phenanthro-
line (Aldrich), and 4-methyl-1,10-phenanthroline (Aldrich) were
used without further purification. CsCl and tributylamine were
purchased from Aldrich and Acros, respectively. Deuterium oxide,
D,0, was obtained from Aldrich. 3-(Trimethylsilyl)-1-propane-
sulfonic acid, sodium salt (DSS) was supplied by Aldrich and used
as the standard in NMR experiments. Solutions of HQEsher,
reagent) were standardized by titration with standardized NaOH
solution. NaClQ (Fisher) was recrystallized from warm water and
standardized by passage of aliquots through a cation exchang
column in H" form followed by titration with standardized NaOH.
Sodium acetate was recrystallized from water. Sodium borate,
N&B,07:10H,0 (Fisher), disodium hydrogen phosphate;iNRO,
(MCB, reagent), NzCO; (Fisher), and NaHC@&(Baker Chemical
Co., reagent) were used as supplied.

Distilled deionized water was obtained by passage of deionized
water through a Millipore ultrapure water purification system, and  Metal-lon Catalysis. Preliminary study of the reaction
all the solutions were prepared in this water. Aqueous solutions of 4f axcess thioglycolic acid with G8I0(CN)s showed that
Cs[Mo(CN)g] were prepared just prior to use and kept in the dark the reaction is fast at [TGAE 5 mM, [Mo(V)]o = 0.1 mM,
to prevent any photochemical change. For reactions monitored with H = 4.5, [NaOAc]= 0.02 M, andx = 0.1 M (NaCIQ).

a diode-array spectrophotometer, 10 mL of TGA solution was The d t 388 tial with t
prepared with the appropriate concentrations of PBN, dipic, buffer, € decay curve a nm was exponential wi . a rate
g. In the presence of 0.02 mM €uion,

and ionic strength and purged with argon gas. Three milliliters of constant of 1.1 ; : ) .
this solution was transferred ta 1 cmpath length quartz cell ~ the above reaction was much faster with the first half-life

equipped with a Teflon stopcock, and the reaction was initiated by 0nly 75 ms, which indicates that copper is a highly effective
the addition of a small volume of concentrated Mo(V) solution to catalyst for the reaction. The same reaction with no added
the cell. For reactions conducted in the stopped-flow spectropho- CL?" ion and in the presence of 1.0 mM 1,10-phenanthroline,
tometer, both Mo(V) and TGA solutions were prepared maintaining as a chelating agent, was slow with a 35 s first half-life, and
the appropriate concentrations of the other reagents, sparged withshowed zero-order kinetics. Similar results were observed
argon gas, and transferred via gastight glass syringes. when other chelating agents were used, e.g., 2,2'-bipyridine,
Preparation of CsgMo(CN)s-2H-0. This salt was prepared by 5_chjorophenanthroline, 5-nitrophenanthroline, 4-methylphen-
a slight modification of the reported methddThe starting  ,nihrqjine, and 2,6-pyridinedicarboxylic acid (dipic). These
compzungé ﬁM,\;’(CN&S' st obtaw;ei from a star(;qlardl "tz“'?‘t”fe results indicate that the reaction is catalyzed by metal ion
procedure K{Mo(CN), (4.0 mmol, 1.98 g) was dissolved in 8 impurities and that the catalysis can be effectively masked

mL of distilled water. Gradual addition of 10 mL of concentrated . .
HNOs with constant stirring caused the yellow solution of Mo(lv) PY these chelating agents. All further experiments were

to turn dark brown and finally light yellow. This solution was ~conducted in the presence of dipic in order to prevent
diluted to 40 mL, followed by slow addition of 0.012 mol (2.85 catalysis by metal-ion impurities. Note that the prior study
mL) of tri-n-butylamine. No precipitate was observed in 6 min, of the reaction of TGA with [Mo(CNg*~ makes no mention
but further dilution to 60 mL with water produced a light yellow of the potential effects of metal-ion cataly8is.
precipitate. The precipitate was filtered, washed with water, and  photochemical Effects At pH 4.5 with 2 mM TGA, 80
drie‘i in a vacuum desiccator. Yield of [HNC4He)s]s[MO(CN)e]: uM Mo(V), and 1 mM dipic the reaction has a first half-life
86.7%. , ) of about 200 s. In a series of experiments conducted under

[HN(n-CaHg)s]s[Mo(CN)e] (2.2 mmol, 1.94 g) was dissolved in g6 conditions it was found that the light beam of the diode-
the minimum volume of methanol, ca. 25 mL. CsCl (1.2 g) was . .

array spectrophotometer (with both UV and vis sources on)

also dissolved in the minimum volume of methanol (100 mL) and h ligible ph hemical eff On th her hand
added slowly into the yellow solution of [HR(C,Hs)sJs[Mo(CN)q] as negligible photochemical effects. On the other hand, at
pH 1.5 the reaction is much slower with a first half-life of

with stirring, yielding a light yellow precipitate of G8lo(CN)s.
This powder was filtered, washed with cold water and methanol, @bout 4000 s (at 0.13 mM Mo(V)). Under these conditions
and dried in a vacuum desiccator. Yield: 96%. Molar absorptivities & series of experiments showed that protecting the sample
of aqueous [Mo(CNJ3~ solution determined by UVvis spectra with a 375 nm optical cutoff filter placed in the beam path
increased the first half-life from 3540 to 5000 s, and a further
(9) Bok, L. D. C.; Leipoldt, J. G.; Basson, S. B. Anorg. Allg. Chem. increase to 5500 s could be achieved by increasing the delay
1975 415 81 -83. between spectra from 10 to 30 s (a shutter blocks the light

(10) Leipoldt, J. G.; Bok, L. D. C.; Cilliers, P. Z. Anorg. Allg. Chem. . <
1974 409 343-344. beam between spectra). Alternatively, these photochemical

Results
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effects could be eliminated by operating the instrument with 12
only the visible source on. All further experiments with this : ]
instrument were conducted in this mode. 10 - .
For the purpose of comparison with the prior study of this g i ;
reaction by Olatunji and Okechukviuye investigated the g 0.8 - -
reaction at 1 mM TGA and pH 1.79 (with 0.1 mM Mo(V) < i ]
and 1 mM dipic aix = 0.1 M (NaClQy))) and found that the 8 06 7
reaction is very slow with a first half-life greater than 3000 g i 1
s. A half-life of 1.5 s at this pH and TGA concentration can 2 0.4 - -
be inferred from the data in the prior report, in which no [ ]
precautions were taken to prevent the effects of metal-ion 0.2 .
catalysis or photolysi&.lt is evident that the pseudo-first- [
order behavior and 1000-fold greater rate constants reported 0.0 — S
0 02 04 06 08 1 1.2

previously likely are artifacts arising from one or both of

these effects. _ _

 Scavenger EffectsAs noted above, at pH 2 the reaction  F04e I, Absorbance at 368 i v uolume o (oGl soutonfor

is slow and occurs with kinetics intermediate between first = 2.0 mM, [dipic] = 1.0 mM, « = 0.1 M (NaClQ), 0.02 M carbonate

and zero order, at pH-4.5 the reaction is somewhat faster buffer, and pH= 11.0 against 5.0 mM Mo(V) solution.

and zero order, and at pH 6.5 and 8.5 the reaction is much

faster and first order. On the other hand, at pH 2 the addition containing product was characterized by B\s spectro-

of 1 mM PBN, a free-radical scavenger, leads to pseudo- photometry. Samples of 0.1 mM Mo(V) solution were

first-order behavior and a moderate overall slowing of the reduced with an excess of TGA at pH 6.0, 9.18, and 11.0,

reaction; increasing the PBN concentration to 5 mM has no using 0.02 M phosphate, borate, and carbonate buffers,

further significant effect on the pseudo-first-order rate respectively. Spectra of the product solutions at all pH's were

constants. Likewise at pH 4.5 the addition of PBN leads to identical to that of an authentic [Mo(CRJJ~ solution, which

first-order kinetics and an overall moderate slowing of the has a sharp peak at 241 nm; as inferred from the absorbance,

reaction. At pH 6.5 (phosphate buffer) with 4 mM TGA and  the yield of Mo(IV) was 98+ 5%. The identity of the sulfur-

no PBN the reaction is considerably faster than at pH 2 or containing product was determined By NMR spectros-

4.5, pseudo-first-order behavior is obtained, and the ratecopy_lH NMR experiments performed under the conditions

constants are insignificantly affected by the addition of 5 of [Mo(V)] = 10.0 mM, [TGA] = 50.0 mM, [dipic]= 5.0

mM PBN. In order to obtain meaningful results below pH m\ at pH 6.56 and 10.20 in deaerated®(with DSS as

6.5 and to maintain consistent conditions, all kinetic studies yeference) clearly revealed the production of dithiodiglycolic

reported below were thus conducted in the presence of 2,.q by its resonance at 3.47 ppm (Figure 1-S, Supporting

mM PBN o Information). Unlike for the reaction of TGA with [IrGJF—,*
Stoichiometry and Product Characterization. Under the NMR spectra obtained with [Mo(CHJ~ as oxidant

typlca'lll conditions (excess TGA, ""P'de,d dipic and. PBN), provided no evidence for the production of the sulfonic acid.
repetitive scans show that the reaction is characterized by 8The above results imply that the overall reaction is
loss of absorbance in the UV due to the consumption of

[Mo(CN)g]®~. The product mixture has a weak broad a i

absorbance extending into the visible, which results in an 2[Mo(CN)gl” + 2HSCHCOO —

isosbestic point at 427 nm. 2[Mo(CN)g]*” + "TOOCCHSSCHCOO + 2H" (1)
The stoichiometry of the reaction in the presence of dipic

and PBN was determined by spectrophotometric titration.

A 2.5 mL portion of 1.0 mM deaerated TGA solution at 1.0

mM dipic, 2.0 mM PBN, 0.02 M carbonate buffer, and pH

Vol of Mo(V) Solution, mL

Kinetics. The rate of reduction of [Mo(CN)*~ by TGA
in the presence of 2 mM PBN and 1 mM dipic was

11.0 was taken in a stoppered cuvette and titrated against E;’nvestigated at 28C at various con(_:en_trations of reductant
mM degassed Mo(V) solution. The absorbance was measurecd from pH 1.7-12.0 at constant ionic strength & 0.1
at 388 nm after addition of 0.1 mL increments of Mo(v) M. NaClQ,). A first-order dependence of the rate on
solution, yielding the titration plot shown in Figure 1. Before [MO(CN)g]*” was established by the linearity of plots-elog
the end point is reached, the Mo(V) is consumed completely. A VSt (whereA, is the absorbance at tinpover more than
At end point there is an abrupt change in slope due to the 3 half-lives. Pseudo-first-order rate constaitsy(s *) were
increase in absorbance as excess Mo(V) accumulates. Figur€valuated by exponential fits of the kinetic curves, and
1 indicates that the consumption ratio is 1.01rikw)/Nrca, replicate runs agreed to better thai5%. Studies of the
where n represents the number of moles of reactants. A kinetic dependence on [TG#]were performed at pH 5.0
similar experiment in the absence of PBN also yields a and 11.9, the results of which are given in Table 1-S
stoichiometric ratio of 1.0 fono)/Nrea. (Supporting Information); here, [TGA] refers to the total
Products of the reaction were identified and quantitated concentration of TGA irrespective of its state of protonation.
by UV—vis and *H NMR methods. The molybdenum- Plots ofkops Vs [TGA]i: (Figures 2-S and 3-S, Supporting
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5.0 T ] A test for the effect of Mo(IV) was performed under the
F 3 conditions of [Mo(V)p = 0.1 mM, pH= 9.5,4 = 0.1 M
40 E (NaCIlQy) and in the presence of 0.2 mM Mo(lV), but no
s0b 3 evidence for kinetic inhibition was noted.
x s ] A rate law based on the above data and interpretation is
5 20F :
S XKafH ] + YK KAH T
& 10F E Kobs = T T Z[TGA] tot (5)
Ex 1+ Ka/[H'] + KK /[H ]
0.0 F 3
1ob . 3 A nonlinear least-squares fit of eq 5 with all the experi-
s 3 mental data (Tables 1-S and 2-S) provides evaluated
2.0 PRI S BRI B R B parameters oK =1.94+ 0.1 M tstandY = (3.704+ 0.14)
0 2 4 6 8 0 12 14 x 10* M~1 s71. The excellent quality of the fit is demon-
pH strated in Figure 2 by the overlap of the calculated solid line
Figure 2. Log (kobd[TGAl1ot) Vs pH for the reduction of [Mo(CN)*~ by and the experimental data points (solid circles).
thioglycolic acid at [Mo(V)]= 0.1-0.2 mM, [PBN]= 2.0 mM, [dipic] = It is fairly common for reactions between [MO(CJ}P[

1.0 mM,u = 0.1 M (NaClQ), and temperature 25C. Reactions were . . B
carried out under anaerobic conditions. Calculated values are representec@Nd anions to have rate laws that are first order in redox-

by the solid line, and experimental points are shown by solid circles (Table jnert cations such as the alkali metals. The oxidations of
2-5). asrenite, sulfite, and thiosulfate are examples of this behav-
. . .. jor.5614 We have not attempted to resolve this potential
Information) are linear and pass through the origin, indicating . .
) feature of the current rate law, but this omission should not
a first-order dependence of rate on [TGA] . ; . . .
) , introduce spurious terms in the rate law since the predomi-
A complex pH dependence was revealed in a series of ,ant cation in all of our experiments is always the same,
kinetic runs over the pH range 3:41.0, the values Okops Nat. Any such catalytic effects should simply be included
being summarized in Table 2-S (Supportmg Information). in the values ofX andY reported above.
A plot of log(kond[TGA] o) VS pH (Figure 2) shows that the
rates increase dramatically with increasing pH and attain Discussion

plateaus at pH-5.0 and _11.0: Thls ratg p_roflle is clearly The reaction of TGA with [Mo(CNJ* has several
related to the two proton dissociation equilibrium constérifs . o . : . )
important qualitative points of comparison with the reaction

of TGA as follows. of TGA with [IrCl g2~ Points of similarity include the high
susceptibility to copper catalysis, the general form of the
rate law for the uncatalyzed reaction, and the net one-electron
reduction of metal complex without any perturbation to its
coordination sphere. An important point of difference is in

) _ . the overall stoichiometry, where the reaction of [Mo(GJR)

For completeness we also consider the tautomerizationyie|gs the disulfide exclusively but the reaction of [Ig2F
equilibrium between HSC}COO™ and "SCHCOOH as  yie|ds a mixture of the disulfide and the sulfonic acid.

HSCH,COOH= HSCH,COO +H" pK_,=3.53 (2)

HSCH,COO = "SCH,COO +H" pK,,=10.10 (3)

shown in eq 4, Another difference is the requirement for PBN in order for
- the reaction of [Mo(CNy®~ to obey pseudo-first-order
HSCH,COO = SCHCOOH K; 4) kinetics in acidic media. This requirement for PBN probably

arises from the relative slowness of the [Mo(GJR) reaction,
although the magnitude d¢; has not been reported. From  which renders it more susceptible to short-chain reactions
the known values of lg.; and [Ka2 and the approximation involving free-radical intermediates. PBN, a known free-
that the two acidic groups do not interact with each other radical spin trap, presumably functions in the present system
very strongly, a value of about 7 is predicted fd¢; pand by terminating these short-chain reactions. In view of the
hence equilibrium 4 should lie far to the left. A qualitative above, it is reasonable to propose that the main uncatalyzed
interpretation of the pH dependence in Figure 2 is that the reaction of TGA with [Mo(CN})]3~ has the same mechanism
thioglycolic acid molecule is essentially unreactive, and the as for the [IrC§]?~ reaction, except for some of the post-
singly deprotonated form of TGA is moderately reactive and rate-limiting steps.
leads to the plateau at pH 5, while the dianion is highly  One likely mechanism consists of the acid/base equilibria

reactive and generates the plateau at pH 11. given in reactions 24 plus the following steps:
(11) Gullner, G.; Josepovits, G.; Mikite, ®Restic. Sci.1989 26, 253~ HSCHZC007 + [MO(CN)8]37 —
259.
(12) sSmith, R. M.; Martell, A. E.; Motekaitis, R. BlIST Critically Selected [MO(CN)8]47 + 'SCH2C007 + HJr ka (6)

Stability Constants of Metal Complexes Database;, W.&. Depart-
ment of Commerce: Gaithersburg, MD, 1997.

(13) Shi, T.; Berglund, J.; Elding, L. llnorg. Chem.1996 35, 3498— (14) Lamprecht, G. J.; Leipoldt, J. G.; Dennis, C. R.; Basson, 8eact.
3503. Kinet. Catal. Lett.198Q 13, 269-275.
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“SCH,COOH+ [Mo(CN)B]?’* - Somelfufr]:cher cor?]ment Or? the role of I?BN relateﬁ to ri]ts
. potential effect on the stoichiometry. We first note that the
[MO(CN)|" +"SCHCOOH  k, (7) stoichiometry measurements were performed at relatively
_ _ _ high pH, and at this pH PBN has no significant kinetic effect.
3 —_—
SCHCOO +[Mo(CN)gl . If the role of PBN at lower pH is to terminate short-chain
[Mo(CN)g]* +"SCH,COO k. (8) radical side reactions, then it should have no effect on the
stoichiometry. If it is more centrally involved in the
RS +RSH=RSSR +H" K., ky, k, % mechanism and scavenges virtually all the R@licals, then
the overall reaction could be
RSSR™ + [Mo(CN)g]*~ — [Mo(CN)g*” + RSSR  k,
(10) [Mo(CN)gl*~ + TGA + PBN—

The mechanism proposed for the [Igl2 reaction includes [Mo(CN)gl*™ + TGA—PBN' (13)

i f additional st that lead to RS®y direct ) . .
a series of additional steps that lead to RSOy direc In this case thé\[Mo(V)]/ A[TGA] ratio would still be 1:1.

oxidation of RS It is reasonable to omit this pathway in . .
the reaction with [Mo(CNg®~ because this oxidant is weaker We have previously reported evidence that thgDMPO

. ; T o 18
than [IrCk]?~, and therefore the rate of direct oxidation of Spin a(:j%uct IS OX|d|zed.Otl)'y [Ic:Ql; ,Cg;d;hatr;[he E'/PBNd
RS should be slower and less able to compete with steps gSPIn a uct Is not oxidized by s the observe

and 10. Another route to the disulfide product could be stpichiometry in the present reaction is .1:1 bOth with a_nd
important at low pH where reaction 9 is shifted to the left, without PBN, these measurements provide no information

and this is the dimerization of RSor simplicity we omit relating to the mechanistic role of PBN. Further study on

this possibility, although its inclusion would not drastically th‘fwox'da“?;‘ of P alddfmsf fhou'dtbe 'rt‘f.ortma“"g: o o
affect the rate law. arcus eory. Analysis 0 e rates at intermediate p

An estimate of the driving force for reaction 8 can be values is problematic because of the kinetic proton ambiguity

obtained from the standard potentials of the respective redoxrEIatIng to tauto.merlzatlon of the TGA maonoanion. On the
couples. TheE® value of the -SCH,COO /SCHCOO" other hand, at high pH the rate constant is unambiguously

couple has been calculated by combining ed¢3)(and eq reiolveol and ;15 d'SCIUS?ed Itn grefater de’:]all._ _ o
1115 This E* value was calculated from th&E of TGA f oUter-sphere electron-transter mechanism is suggeste

for this step (oxidation of the TGA dianion, reaction 8) by
the fact that the coordination sphere of the Mo-containing
product is not altered by the overall redox reaction. More-
HSCHCOO E” =134V (11)  over, no inner-sphere species was detected as a transient
during the reaction. An outer-sphere mechanism can also be
relative to the CIPz half-reaction considering the potential anticipated because [Mo(C§j- is often found to react in
of the CIPZ*"* couple to be 0.83 ¥ From the relatiorE® this way3202L0n the other hand, an inner-sphere mechanism
= E* + 0.059(logK4y), we calculate tha® of the “SCH- in which a weak (CNY-S link exists in the transition state
COO /'SCHCOO" couple is 0.735 V. With thé&® value  cannot be completely excluded; the basis for this suggestion
of the [Mo(CN)]*~ couple at 0.1 M ionic strength in hand s the reports that [Fe(CR}~ reacts with S@~ and RS to
(0.751 V)}7 we obtain a value of 1.86 for the equilibrium  form a similar (CN)Y-S linkage?>2® Irrespective of this
constant of reaction 8. Since this value is not highly consideration, this appears to be only the second report of
unfavorable and the product radical is rapidly scavenged, it the kinetics of oxidation of an aliphatic thiol by a classical
is reasonable to treat reaction 8 as an irreversible process intouter-sphere” oxidant that is uncompromised by potential

H" +'SCHCOO +e =

deriving a rate law from this mechanism. copper catalysis.
With the steady-state approximation made for {R#id In view of the possibility that thek. rate constant
[RSSR], the above mechanism leads to corresponds to a genuine outer-sphere electron-transfer
process, it is of interest to explore the application of the cross
dMo(V)] 2 (Kaka + KagkoK)[H T + kKK, relationship of Marcus theory. In order to compare the results
dt [H+]2 + K H 1+ KK with those obtained for the oxidation of TGA by [l it

is necessary to include work terms to account for the differing
charges of the two oxidants. Thus, the form of the cross
relationship to be used is given by

[Mo(V)I[RSH] o (12)

Comparison of eq 12 with the observed rate law, eq 5, shows
that the two are equivalent and establishes values of 8.95 (18) Ram, M. S.; Stanbury, D. M. Phys. Chem1986 90, 3691—3696.

0.05 Mt st and (1.85+ 0.07) x 10* Mt s for (ky + (19) Awad, H. H.; Stanbury, D. MJ. Am. Chem. S0d.993 115 3636~
. 3642.
koKi) andk., respectively. (20) Campion, R. J.; Purdie, N.; Sutin, Morg. Chem.1964 3, 1091
1094.
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Reduction of Octacyanomolybdate(V)
ki, = (k11k22K12f12)ll2W12 (14)

[N Kyt (wy, — w,))/RT)?
ANk ko Z0) + (Wy; + W) /RT]

12 (15)

Wi, = expl(—Wy, = Wy + Wiy + W,))/2RT] (16)

w, = 4.2%.Z/[a(1 + 0.328/u)] (17)

(0.75 A). The radius of 2.6 A for SCHLCOO  was
approximated from its CPK modél.

With the above parameters, the valuekaf calculated
above (1.86), and the experimental valuekgf iterative
solution of eqs 1417 yields a value of 2.& 10° M1 s?!
for kyy, the effective SCHCOO /*SCHCOO™ self-exchange
rate constant. This result is lower than the value of 1.5
x 10 M~! s71, which was derived from the reaction of
[IrClg)?~ with TGA. However, considering the high charges

wherek, is the observed cross electron-transfer rate constant,involved, the potential catalytic effects of “inert” cations,
ke, andky; and k,; are the self-exchange rate constants of and the tendency of this method to magnify errors, the results

the [Mo(CN)]**~ and "SCH,COO/*SCH,COO" redox
couples?* We use a value foky; of 3.0 x 10* M~ s120Z

is the collision frequency for which we use a value k0
10" M~1sL Z andZz are the ionic charges on the reactants,
R is the universal gas constant (1.9810°2 kcal mol™?),

anda s the center to center distance (A) when the reactants

are in contact. The radius of [Mo(CNj~ (4.7 A) is obtained
from the radius of [Fe(CN)*~ (4.1 A) by correction for the
difference in ionic radius between ¥¢0.69 A) and Mo(V)

(24) Inorganic Reactions and Methaodguckerman, J. J., Ed.; VCH:
Deerfield Beach, FL, 1986; Vol. 15, pp +37.

may be regarded as consistent with an outer-sphere electron-
transfer mechanism for the oxidation of the TGA dianion
by both [Mo(CN}]®~ and [IrCk]?".
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