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The metal-mediated cleavage of suffisulfur bonds, such
as those in organic disulfides, is a reaction of substantial
importance in both chemistry and biology® In spite of this,
little mechanistic information is available on these transforma-
tions. One of the most interesting organometallic reactions in
this class is the activation of organic disulfides by binuclear
organometallic complexes (eq 1), a useful method for the

preparation of metal thiolates. These reactions are normally

RS-SR

M—M = 2M' — 2M—SR (1)

assumed to proceed via dissociation of the binuclear complex

into metal radical intermediates. Because of the difficulty of

isolating the reactive organometallic radicals, mechanistic studies

of organic disulfide activation have so far been limited to

reactions in which the metal radicals have been generated as
transient species, e.g., in the photochemical dissociation of

dinuclear complexes containing metahetal bondg:°
A major advance in understanding the mechanism of this

process would be achieved through the direct study of the

reaction of disulfides with isolable monomeric organometallic
radicals. We now report a system in which an organometallic
radical reacts cleanly with organic disulfides, allowing us to
study its mechanism carefully using kinetic, temperature

dependence, solvent effect, and substituent effect techniques

Earlier we reported the synthesis of La(-CH,),CoCp,1,
a monomeric heterobimetallic radical species in which the
unpaired electron is localized at the cobalt metal celftene
have now found that treatment dfwith aromatic disulfides at

room temperature in toluene, benzene, dichloromethane, or

acetonitrile solution rapidly affords the corresponding diamag-
netic monothiolate complexes, &@awu-CH,),Co(SR)Cp_2 (see
Table 1 for compound numbering), in quantitative yield (eq 2).
Solution NMR and IR spectroscopic data and elemental analyse
are consistent with the formulation of the products shown in
eq 2.
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In order to confirm this structural proposal, a single-crystal
X-ray diffraction study of compleXe was undertaken. An
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Table 1. Rate Data for Reaction df and3 with RSSR at 15C

compd R solvente®) ki (M71s™hP ke
1 p-CH3CeH4 (2&) CeHs (23) 1.13x 102 1.0
1 p-CHsCeHas(29) CH.Cl,(8.9) 4.06x 102 3.6
1 p-CHsCeHs(22) CH:CN (36.6) 0.377 33
1 p-OCHCeHs(2b) CH.Cl,(8.9) 0.132 12
1 CeHs(20 CH.Cl,(8.9) 3.81x 102 3.4
1 p-CFCeHa(2d) CHCl,(8.9) 0.892 79
1 2,6-(CH).CeHs (260 CHCl,(8.9) 2.66x 103 0.24
3 p-CHsCeHas CHCl,(8.9) 4.8x 104  0.042
3 p-OCHsCsHa4 CHCI,(8.9) 4.3x10* 0.038
3 CeHs CHCI,(8.9) 1.1x 1073 0.097
3 p-CRCeH, CH.Cl;(8.9) 0.32 28
3 2,6-(CH)2CeHs CH.Cl,(8.9) 9.7x 104  0.086

a Dielectric constant? Reproducibility is typically+5—10%.
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Figure 1. ORTEP diagram oRe

ORTEP diagram of the structure of the complex is shown in
Figure 1. The most notable features of the structure are that
the four-membered dimetallacyclic ring is planar and the-Ta
Co distance of 2.8005(8) A is approximately the sum of the
atomic radii* Thus the molecule’s core is similar to that of
the structurally characterized pareint©

Preliminary insight into the reaction mechanism of disulfide
activation was obtained by kinetic studies carried out on the
reaction ofl with di-p-tolyl disulfide in CH,Cl, solution. The
guantitative reaction ofl with di-p-tolyl disulfide in di-
choloromethane at 18C was studied separately under two
different flooding regimes=4.5 molar equiv of disulfide and
>10 mol equiv of bimetallic complex; additional conditions for
the kinetic experiments are discussed in the supporting informa-
tion). This indicated that the reaction is first order in bdth
and dip-tolyl disulfide and second order overall (eq 3). The

d[24]

o = 2k1[di-ptolyl disulfide]

3)

second-order rate constaki, for the reaction determined by
flooding in disulfide is (4.3+ 0.3) x 1002M~1s™ 1. The value
found by flooding inlis (3.8+ 0.3) x 102M~1s1 The
agreement of these data reflects a well-behaved second-order
reaction. The temperature dependence of the rate corgtant
(T = 14.9-455 °C; see supporting information) allowed
calculation of the following activation parameterg; = 11.4

=+ 0.2 kcal/mol,AH* = 10.8 4+ 0.3 kcal/mol, logg A = 7.29,
andASt = —27 £+ 5 eu. TheASf value is consistent with a
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Scheme 1 corresponding cobaltocenium thiolate salt (eq44)A kinetic
outer sphere study under conditions identical to those used in the reaction
1+ RS—sR oransfer [ cpZTa<>Cocp ] of 1 with disulfides (flooding in disulfide) was performed while

the progress of the reaction was monitored by -tiNs

thiyl transfer R =p-CFaCefs spectrosco

R=p oGy SR P by

28 My Cats CoCp, + 0.5RSSRE-% [CoCp,][SR] (4)
3 4
+
5.0 A~ All kinetic experiments demonstrated typical pseudo-first-
Crla 00, 5 | — Pl Seer%® 4 esR order behavior and confirmed the operation of an electron-

S8 C™ N\ TSR ; ;
[ it transfer mechanism. Rates were measured for the reaction of
R 3 with bis(2,6-dimethylphenyl), biptmethoxyphenyl), bigt

(trifluoromethyl)phenyl), dip-tolyl, and diphenyl disulfide by
bimolecular reaction in which substantial translation entropy is using a 20-fold N excess of disulfide in methylene chloride at
lost in bringing the two reacting particles together in the 15°C (Table 1). Electron-donating groups decrease the reaction
transition state. rate relative to electron-neutral groups, while the strongly

Two mechanisms consistent with the measured rate law areelectron withdrawingp-trifluoromethyl group induces rate
illustrated in Scheme 1. One involves direct attack of the cobalt acceleration. If a purely outer sphere pathway was operative
center inl at sulfur, and the second possibility involves single in hoth cases, then by examination of the reduction potential
(outer sphere) electron transfer frabto RSSR, followed by values for oxidation, E° = —0.38 V (NHE)103, E° = —0.95
cleavage of the SS bond in the disulfide radical anidAWe V (SCE)®) one would predict largek; values for the cobal-
sought to distinguish these mechanisms by examining the effectiocene reactions. The absolute rate constant values obtained
of solvent and substituents on the rate of reaction. To determinefor the reaction o3 with disulfides are significantly less than
the effect of changing solvent on rate, the kinetics of the reaction those obtained for the reaction afwith disulfides. Also in
of 1 with a 20-fold excess of dp-tolyl disulfide at 15°C in contrast to the reaction of bis(2,6-dimethylphenyl) disulfide with
acetonitrile, benzene, and methylene chloride solution were 1, methyl substituents attached at the ortho positions of the aryl
examined. The second-order rate constants and their relativering do not slow the analogous reaction wih The rate of the
values are listed in Table 1. The rate increases by a factor of reaction of3 with di-p-tolyl disulfide is significantly increased
9 in going from methylene chloride & 8.9) to acetonitrile{ when the reaction is carried out in acetonitrile solvent. This
= 36.6). The modest rate difference observed suggests thatate enhancement, which is 110 times faster than in methylene
there is some degree of polarization in the transition state. chloride, contrasts with the 9-fold rate increase that is observed
However, the rate acceleration is small over this substantial in the analogous reaction dfwith di-p-tolyl disulfide 13-1519
solvent dielectric constant change compared to what is normally These data clearly show that the reactiorBafith disulfides
observed for reactions that involve full outer sphere electron occurs by outer sphere electron transfer, while the reaction of
transfert3-1 1 with disulfides that have electron-neutral and electron-donating

The effect of changing substituents on the aryl ring of the groups involves a transition state structure with a much smaller
disulfides was also examined. Rates were measured for thedegree of charge separation.
reaction ofl with bis(2,6-dimethylphenyl), bistmethoxyphen- For the reaction ofl with electron-neutral and -donating
yl), bis(p-(trifluoromethyl)phenyl), and diphenyl disulfide by  substituents, the strong steric effect suggests a tight transition
using a 20-fold N excess of disulfide in methylene chloride at state, such as the one illustrated in Scheme 1 in which the cobalt
15°C (Table 1). The most important features of these data are center directly attacks one sulfur atom of the disulfide reactant.
(1) the absence of a linear trend, which reflects the similarity |n the case of bigt(trifluoromethyl)phenyl) disulfide, the
in rates of the hydrogen-, methyl-, and methoxy-substituted substituent effect data suggest that there may be a change to
systems, and (2) the dramatic acceleration produced by attachinghe outer sphere path.
the more electron withdrawing Gfgroup to the ring. Methyl In summary, careful studies of the kinetics of tantalum/cobalt
substituents attached at the ortho positions of the aryl ring slow radical1 with organic disulfides have established thatSbond
the reaction rate by about an order of magnitude; in view of activation can occur by either initial radical attack or outer
the small rate change caused by thenethyl group, this is  sphere electron transfer. The mechanistic choice appears to be
undoubtedly due to a steric effect. dependent on the electronic character of the disulfide, with

In order to better interpret the data, a model study was electron-withdrawing groups inducing a change to the outer
undertaken in which an electron-transfer pathway is expected. sphere mechanism.
The 19-electron complex cobaltoceBgis known to react with
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