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Cleavage of the sulfurhydrogen bond at metal centers is a
key reaction in many biochemidais well as industrial catalytic
processes. In spite of the importance of thiol activation by
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Kinetic data for reaction 1 were obtained in toluene solution
using a specially constructed flow cell mounted on an FTIR
microscopé. The simple third-order equation, rateko,d*Cr-
(COX%CsMes]4RSH], was found true over the entire range of
available concentrations for the chromium radical and thiophenol
concentrations out to 1 M. The values of the rate contstants at
room temperaturekfps = 234+ 3 M—2s1 (R = Ph) and 5.0+
1 M2 s1 (R = n-Bu)] showed no significant change over a
40°C range [calculated activation parameters in the temperature
range 25-65°C: AH*¥ = +0.1+ 1 kcal/mol,ASF = —52+ 5
cal/mol deg for PhSH, andH* = +0.2 £ 1 kcal/mol,ASF =
—55 + 6 cal/mol deg for R= BuSH]. The near zero enthalpies
of activation and high negative entropies of activation are
consistent with other reports for third-order reactidnghe fact
that thiophenol only reacts 5 times faster than butanethiol is

metals there are few thermodynamic or kinetic studies of these @S0 surprising in view of a 10 kcal/mol difference in bond

reactions. Radical processes have a long history in thiol
chemistry? and we wish to report reaction of a stable chromium-
centered radicélwith thiols as shown in eq 1:

2'Cr(CO)C;Me; + RSH— RS—-Cr(CO)C;Me; +
H—Cr(CO)xC,Me; R =Ph,n-Bu (1)

Calorimetric measurements of reaction 1 yield absolute-RS
Cr(CO)%CsMes bond strengths of 3% 3 (R= Ph) and 43t 3
(R = n-Bu) kcal/mol®> These values are the first direct
calorimetric measurement of a transition metsdiifur bond
strength in solutiof. They provide a basis for determining other

strength. All of these observations point to a termolecular
transition state in which 2 mole of the chromium radical attack
the sulfur hydrogen bond.

The proposed third-order mechanism for reaction 1 is shown
in the potential energy diagram in Figure 1. The first step is
binding of thiol to the 17-e radical forming a proposed 19-e
adductl® This pre-equilibrium is probably rapidly established
but thermodynamically disfavored. The second step is attack
of the second mole of radical on the sulfthydrogen bond of
the adduct leading to the termolecular transition state. The near
zero observed enthalpy of activation implies that enthalpy of
binding in the first step cancels the barrier to H atom transfer

metal-thiolate bond stengths by measurement of enthalpies of in the second step.

transfer of the*SR fragmenf. Two possible second-order
mechanisms for reaction 1 are shown in egs 2 and 3:

Cr + RSH=RS-Cr+H'+ Cr —H-Cr (2)
Cr+ RSH=H-Cr+ 'SR+ Crr—RS-Cr (3)
The Cr—SR bond strength estimates derived above can be use
to rule out mechanism 2. The R$&l bond strengths of 79 (R
= Ph) and 89 (R= Bu) kcal/moP would make the first step in

eg 2 endothermic by-44 (R = Ph) and+46 (R = Bu) kcal/
mol. The Cr-H bond strengh of 62 kcal/mtican be used to

Additional support for the mechanism shown in Figure 1 was
gained from study of reactions of stable 18-®omplexes of
thiols. We have recently studied reaction of W(@@hen)-
(EtCN) with disulfide$! and thiophenol2 both of which
undergo oxidative addition. In the case of butanethiol, however,

quilibrium amounts of a thiol compl&3are formed as shown
n eq 4:

W(CO),(phen)(EtCN}+ BuSH==
W(CO),(phen)(BuSH)+ EtCN (4)

calculate that generation of free thiyl radicals as shown in eq 3 Addition of 2 equiv of*Cr(CO)%CsMes to solutions of W(COy

is only endothermic by-17 (R= Ph) or+27 (R= Bu) kcal/
mol. The low nature of the GtSR bond strength makes 3 the
preferred second-order path.

(phen)(BuSH)/BuSH results in rapid consumption of 2 mol of
the radical on the millisecond time scHl@nd produces 1 mol
of H—Cr(COxCsMes and 1 mol of W(COyphen)[BuS-
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Figure 1. Reaction profile (kcal/mol) for Zr(COxCsMes + PhSH
— H—Cr(CO}xCsMes + PhS-Cr(CO)CsMes.

Scheme 1

Cr(CO%CsMes). The W(O) complex of the chromium thiolafe

can be detected in solution, but we have not been able to isolate

it.14d |t is labile to ligand exchange with free butanethiol. This
provides the basis for the catalytic cycle in Scheme 1.

The first step in Scheme 1 is H atom transfer to generate 1
mol of HCr(CO}CsMes and the proposed radical complex
W(CO)(phen)(SBe). This complex is not detected spectro-
scopically since it undergoes rapid radical combination with a
second mol of the chromium radical to form W(G(phen)-

[BuS—Cr(COXxCsMes] in the second step. This proposal is

reasonable since we have recently prepared analogous W(l)

thiolate radical complexéstabilized by the presence of bulky
phosphine ligands:
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W(CO),(PCys),(H)(SR)+ Cr'’ — W(CO),(PCys),(SR} +
H-Cr'  Cr' = Cr(CO)(PPh)C:Hs (5)

The first two steps in Scheme 1 correspond to “dissection”
of the sulfur-hydrogen bond as in eq 3 for free butanethiol,
but with the difference that the sulfur remains bound to tungsten.
The stable 18-ecomplex in Scheme 1 thus serves as a model
for the proposed unstable 19-eomplex in Figure 1. Kinetic
studies show a dramatic influence of metal coordination on
the rate of H atom transfer from sulfur to metal. The first two
steps in Scheme 1 obey the second-order equation: =rate
kondW(CO)3(phen)(BuSH]{Cr(COxCsMes]. The value ofkops
at 25°C , 5x 10* M~1s71 is in the range of those reported for
similar H atom transfer to metal radicdfs. The 27 kcal/mol
thermodynamic barrier to cleavage of the sulfur hydrogen bond
in eq 3 has been reduced to near 2&dor the bound thiol.
This is attributed to the increase in the metslilfur bond
strength that occurs concomitantly with H atom abstraction as
the weak metatthiol bond is converted to the stronger metal
thiolate bond. Increase in the acidity of thiols upon coordination
has been demonstraté&thowever this work demonstrates that
the sulfur-hydrogen bond of thiols is effectively reduced some
25—30 kcal/mol upon coordination.

Few metals have strong enough bonds to hydr&géem
“single-handedly” cleave the sulfethydrogen bond and gener-
ate a free thiyl radical as shown in eq 3. Prior coordination to
a metal changes that picture. The large reduction in the sulfur
hydrogen bond strength observed in the stable 18emplex
W(CO)(phen)(BuSH) is proposed to be similar to that in the
postulated 19-ecomplex RSH:-Cr(COxCsMes. Independent
of its exact order of assembly, reaction 1 requires the presence
of all three reactants in the transition state. The weak nature
of the Cr—SR and CtH bonds relative to the HSR bond is
why the termolecular mechanism is the lowest free energy
pathway in spite of a large entropic barrier: which might be
reduced in properly designed complexes. Dinuclear oxidative
addition of thiols to 2 mol of the weak chromium radical has
been shown to be catalyzed by presence of a third mol of metal
complex, (W(COj(phen)(EtCN)), which can be viewed as a
more efficient thiol receptor. The mechanisms proposed here
may be relevant to enzymatic and surface reactions in which
simultaneous (or near simultaneous) attack of the sulfur
hydrogen bond by two or more metals occurs.
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[1901 and 1785 cm] with the difference that the bands of the chromium
thiolate are shifted to higher wavenumber by about 4 twhereas the W
complex bands are shifted a comparable amount to lower wavenumber.
These are the shifts expected on the basis of simple complex formation
and quite different from those that would occur If oxidative addition
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reaction with free thiol to produce HCr(CO)xCsMes, CO, and W(COy
(phen)(SR) (previously characterizé). This happens in the stoichiometric
and toward the end of the catalytic cycles.
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