Inorg. Chem. 1994, 33, 3121-3126 3121

Oxidation of CpM(CO);* and CpM(CO)3(NCMe)* (M = Cr, Mo, W): Kinetic and
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The electrochemistry of the anions, radicals, and cations CpM(CO);~/*/+ (M = Cr, Mo, W) in acetonitrile has been
reinvestigated by cyclic voltammetry and digital simulation techniques. For M = Cr, oxidation of the persistent
radical to the cation is directly observed at a potential ca. 1.0 V more positive than the anion oxidation potential.
For M = Mo and W, oxidation of the 17-electron radicals cannot be directly observed due to the rapid follow-up
dimerization reactions. Thermochemical considerations establish that the generation of the cationic products CpM-
(CO)3(NCMe)* (M = Mo, W) even at the anion oxidation potentials cannot be due to the direct oxidation of the
radicals CpM(CO),*. Digital simulation results demonstrate that the 19-electron radicals CpM(CO);(NCMe)*,
which are stronger reducing agents than CpM(CO);* by about 1.4 V, arekinetically and thermodynamically competent
intermediates for the production of the cations by heterogeneous and homogeneous electron transfer. A thermochemical
cycle shows that acetonitrile binds more strongly to the 16-electron cations CpM(CO),* than to the 17-electron

radicals CpM(CO);* by ca. 135 kJ/mol.

Introduction

The chemistry of 17- and 19-electron organotransition-metal
radicals has been vigorously investigated during the last decade.?
The group 6 radicals CpM(CO);* (M = Cr, Mo, W) and
substituted derivatives arguably are some of the most intensely
studied neutral organometal radicals. The Mo- and W-centered
radicals are commonly produced by photochemical homolysis? of
the metal-metal-bonded dimers (eq 1) and have been seen to
engage inatomabstraction*and in the frequently coupled ligand
substitution and disproportionation’ reactions.

[CPM(COBL; — 2CpM(CON’ (M

CpM(CO);» ——= CpM(CO)* + & )

The chemical or electrochemical oxidation of metal anions
represents another commonplace method for the generation of
the radicals (eq 2).6 Dessy and co-workersS: found that [CpMo-
(CO)}; undergoes a chemically irreversible reduction to give
CpMo(CO);~. When oxidized, the anion yielded CpMo(CO)s,
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which rapidly reacted with the Hg electrode to yield [CpMo-
(CO);3],Hg. The anion oxidation proceeds irreversibly also at
the Pt electrode, and this has been attributed primarily to radical
dimerization which produces [CpM(CO);]; (M = Mo, W).5f
For M = Cr, the dimer exists in equilibrium with the monomeric
radical in solution” due to the rather weak Cr—Cr bond in the
dimer; substituted analogs have even weaker Cr—Cr bonds and
in some cases exist as monomers (radicals) in solution and in the
solid state.”™ Asa consequence, the oxidation of the Cr-centered
anions proceeds reversibly to give quite persistent radicals.’»<&b

In 1986, Kadish and co-workers noted that the cyclic
voltammograms of the anions CpM(CO);~ (M = Mo, W) revealed
that not only were the dimers formed during the anion oxidation
but also the cationic species CpM(CO);(Sol)* (Sol = MeCN,
THF, dichloromethane) were formed. Significantly, the cations
were produced at potentials that should not lead to oxidation of
the dimers. This observation was interpreted as an indication
that the radicals CpM(CO),* are oxidized at the electrode
potential where the anions CpM(CO);™ are oxidized. Such an
event would indeed be rather surprising, since intuitively the
electron-deficient 17-electron radical should be more resistant
toward oxidation than the electron-rich 18-electron anion. This
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is in accord with the notion that “direct”, 2-electron-transfer
processes usually take place with intervening chemical reactions,
including conformational changes or ligand additions, that render
the second electron transfer more favorable than the first.?

It still remains to be rigorously established whether the
electrochemical generation of the solvates CpM(CO);(Sol)*
occurs by direct oxidation of the radical followed by rapid capture
of the resulting 16-electron cation by the solvent (eq 3) or by
prior coordination of a solvent molecule and subsequent oxidation
of the more electron-rich 19-electron radical adduct (eq 4). The
coordination of 2-electron donors at neutral 17-electron radicals
has been shown to produce highly reducing 19-electron
radicals,5bo2!

ol cpm(cop(solr  (3)

CpM(CO)»* —&m CpM(CO)+

cpM(CO)r S50l CpMCONSolr —L»  CpMCO)Sol*  (4)

Heppand Wrighton? first reported that photogenerated CpW-
(CO);*is able to reduce Cp,Fe* in acetonitrile and other solvents
and found that the relative rate of radical oxidation vs atom
abstraction was greater in acetonitrile than in dichloromethane.
Espenson and co-workersSs extended this work in a recent kinetic
study in which it was reported that CpW(CO);* generated by
laser flash photolysis in acetonitrile acted as a reductant toward
Cp;Fe* and as an oxidant toward Cp*;Fe (Cp* = n5-CsMes).
For these homogeneous electron-transfer reactions, the question
again arises as to what the exact nature of the true reductant
toward Cp,Fe* is: Is it CpW(CO);- itself, or is it the solvent
adduct CpW(CO);(NCMe)* ? On the basis of kineticarguments,
Espenson et al.% convincingly argued that the equilibrium between
CpW(CO);* and CpW(CO)3(NCMe)* in acetonitrile must be
rather unfavorable. It was still considered kinetically possible
that the reactive species which reduced Cp,Fe* was CpW(CO);-
(NCMe), although the authors favored the alternative direct
reduction by CpW(CO)3*. On the other hand, the enhanced rate
of reaction between Cp,Fe* and CpW(CO);* in the presence of
PPh; was attributed to the generation of the 19-electron radical
CpW(CO);(PPhj)°.

In this paper, we take a new look at the electrochemical
oxidation of the CpM(CO);- anions (M = Cr, Mo, W) in
acetonitrile and dichloromethane. The question regarding the
nature of the species being oxidized during the cation generation
is addressed specifically. Implications regarding the mechanism
of the homogeneous electron-transfer reactions are discussed.
The experimental results are obtained by cyclic voltammetry (CV)
at moderate voltage sweep rates (v = 0.1-10 V/s). Digital
simulations of the electrode processes, made possible by recent
important advances in electrochemical simulations, are included
to furnish quantitative kinetic data for the discussion.

Results

Oxidation of CpCr(CO);"PPN*. Figure 1 shows cyclic vol-
tammograms for the oxidation of CpCr(CO);-PPN* in aceto-
nitrile/0.1 M Bu,N+PF¢~ (d = 0.6 mm Pt disk electrode, 19 °C,
voltagesweepratev = 1.0 V/s). Thetoptraceshows the reversible
couple labeled I, II centered at E = -0.68 V vs the Cp,Fe/Cp,-
Fe* (Fc) couple. The bottom trace shows a voltammogram which
is taken to a more positive potential and which shows a broader,
chemically irreversible oxidation wave with a peak potential at
0.42 Vvs Fc, labeled ITI. Inaddition,an accompanying reduction
wave labeled IV is seen with a peak potential at -0.92 V vs Fc
during the reverse scan. This wave is not seen in the top trace;
nor was any evidence for it seen under the same conditions as
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Figure 1. Cyclic voltammograms for the oxidation of CpCr(CO),"PPN+
in acetonitrile/0.1 M BuyN*PFs~ (1.0 mM substrate, 0.6 mm diameter
Pt disk electrode, voltage sweep rate v = 1.0 V/s, 19 °C).

used when the top trace was recorded except that the scan rate
was lowered to 0.1 V/s.

The 1, II peaks can be unambiguously assigned to the
CpCr(CO);~/* couple. It wasdiscussed recently that the irrevers-
ible wave I1I could be due either to the oxidation of CpCr(CO);*
to CpCr(CO);* or to the oxidation of [CpCr(CO);],, which is
in equilibrium with the monomeric radical in solution.” It is not
too important for our discussion whether wave III is caused by
dimer or monomer oxidation; it is more important to note that
the potential of this wave represents a minimum value for the
oxidation potential of the monomer. Monomer oxidation yields
the electron-deficient 16-electron cation CpCr(CO);*, at which
the solvent undoubtedly coordinates to yield CpCr(CO);-
(NCMe)*. The wave at IV is caused by the reduction of this
cation. This cation has never been isolated but has been previously
generated by the 2-electron oxidation of CpCr(CO);H.% The
IR vco absorptions of the cation closely match those of the Mo
and W congeners, and its reduction potential is more negative
than that of CpCr(CO);, in analogy with the behavior of the Mo
and W counterparts. In support of the notion that wave IIl may
be caused by monomer oxidation, we note that TpM(CO);* and
Tp’M(CO);*® (M = Cr, Mo, W), which exist as radicals even
in the solid state,!® undergo oxidation at potentials 0.8-0.9 V
more positive than the corresponding anion oxidations,!0de1!

Two important conclusions may be drawn from this part of the
work: (1) CpCr(CO),’ is more difficult to oxidize than CpCr-
(CO);- by at least 1.1 V, disregarding non-Nernstian behavior
and kinetic potential shifts that contribute to the position of wave
III; (2) CpCr(CO);(NCMe)* is generated only when the CV
experiment encompasses wave III. The cation CpCr-
(CO)3s(NCMe)* is not produced at the oxidation potential of the
anion CpCr(CO)y.

Oxidation of CpMo(CO);-PPN* and CpW(CO);-PPN* in
Acetonitrile. Figure 2 shows cyclic voltammograms for the
oxidation of CpMo(CO);"PPN* and CpW(CO);-PPN* under
the same conditions as those employed for the oxidation of
CpCr(CO)sPPN* in Figure 1. The peak potentials for the
oxidation of both anions are practically identical at 0.48 V vs Fc.
The radicals that are produced undergo dimerization at rates
near diffusion control® (3.9 X 10 and 6.2 X 10° M-! s-! for
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Figure2. Cyclicvoltammograms for the oxidation of CpMo(CO)sPPN*
(top) and CpW(CO);-PPN* (bottom) in acetonitrile/0.1 M BuyN*PF¢~
(1.0 mM substrate, 0.6 mm diameter Pt disk electrode, voltage sweep
ratev = 1.0 V/s, 19 °C).

Moand W, respectively, in acetonitrile), and this causes the waves
to be chemically irreversible and subject to cathodic kinetic
potential shifts of slightly more than 0.1 V, assuming a Nernstian
electron transfer.!2 During the cathodic scans, both voltammo-
grams show that product peaks at —1.0 and -1.1 V vs F,
respectively, are formed. These wavesare caused by the reduction
of CpMo(CO);(NCMe)* and CpW(CO)3;(NCMe)*, verified by
running cyclic voltammograms of authentic samples of their PFg~
salts. The waves due to reduction of the dimers [CpM(CO);],
were seen at potentials more negative than those shown in the
figures. This is in agreement with previous studies.bcf

At more positive potentials (not shown here), another irrevers-
ible oxidation wave was seen for both metals. These waves have
been attributed to the irreversible oxidation of the dimers.% Since
dimer formation from the radicals is extremely fast and irreversible
for the Mo and W species, the radicals have insufficient lifetime
to be detected on the relatively slow time scale of our CV
experiments and therefore we also consider that this assignment
of the second oxidation waves is unambiguous.

For our purpose, the most important observation in these
experiments is that the cations CpM(CO)3;(NCMe)* (M = Mo,
W) are generated at the potentials at which the anions are
oxidized. This behavior is in obvious contrast to the results
obtained for the Cr analogue.

Oxidation of CpMo(CO);-PPN* in Dichloromethane. Figure
3 shows a cyclic voltammogram for the oxidation of CpMo-
(CO);PPN*indichloromethane/0.2 M Bu,N*PF¢-but otherwise
under identical conditions to those used above. The oxidation
peak potential has been shifted ca. 0.1 V to more negative values
in the new solvent. The direction of the shift is as might be
expected because the reduced state (anion) is more stabilized by
solvation in the more polar solvent acetonitrile for the substrate,
whereas it is the oxidized state that is more stabilized in the polar
solvent for the ferrocene reference couple. The oxidation of
CpMo(CO); is still irreversible. The wave that begins at the
end of the reverse scan is caused by onset of reduction of the
dimer, which is produced by radical dimerization. Importantly,
during the reverse scan there is no evidence for the generation
of any cationic products that are reducible. This contrasts with
Kadish’s finding® that, even in dichloromethane, a cation was
detected which was assumed to be the solvate and which was
reduced at a potential ca. 0.3 V more negative than the anion
oxidation wave. In that study, Bus,N+ClO4~ was used as the
supporting electrolyte. Since ClO4-is a more potent ligand than
PF¢-, we surmise that the reduction wave was caused by a
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Figure 3. Cyclic voltammogram for the oxidation of CpMo(CO); PPN+
in dichloromethane/0.2 M BusN+PFs (1.0 mM substrate, 0.6 mm
diameter Pt disk electrode, voltage sweep rate v = 1.0 V/s, 19 °C).

perchlorate, rather than a dichloromethane, adduct. The tendency
of ClO4 to coordinate at 17-electron cations even when the
reasonably good ligand acetone is employed as the solvent!** and
to lead to reduced chemical reversibility when compared with
PF¢ in voltammetric experiments!3® has been demonstrated. In
conclusion, our experiments show that no dichloromethane adduct
is detectable. The same result was obtained for the oxidation of
CpW(CO)5.

Digital Simulation of the Cyclic Voltammetry Response for the
Oxidation of CpMo(CO);-. Digital simulation techniques have
proven of utmost value for the modeling of electron-transfer
reactions at electrode surfaces.!“s® Simulation often is the only
way to theoretically predict the I vs E response for electron-
transfer reactions coupled by homogeneous reactions. Theexplicit
finite difference algorithm, applied to cyclic voltammetry by
Feldberg in 1969,!4 has been particularly attractive, in part
because it is easily understood and programmed. However, a
serious limitation is met when k/v is large, i.e. when the
homogeneous reactions are very fast relative to the voltage sweep
rates, because the number of iterations required will be immense.
These problems were overcome by a recent development in digital
simulations. The program DIGISIM,!% described recently by
Rudolph, Reddy, and Feldberg,!s® uses a fast implicit finite
difference algorithm rather than explicit methods for solving the
complex differential equations. As a result, even the fastest
reactions can now be simulated in a few seconds on a desktop
personal computer. Digital simulations were performed, and the
correspondence between experimental and simulated data were
optimized, with the DIGISIM program.

At the beginning of the Results, we demonstrated that CpCr-
(CO);* is more difficult to oxidize than CpCr(CO);~byca. 1V,
It is reasonable (see also the Discussion) that the same applies
to the Mo and W analogues. Consequently, in CV experiments
where the switching potential is located well in advance of the
second oxidation wave (as for Figure 1, top) the 17-electron radical
will not be oxidized to any extent that will generate detectable
amounts of the cation CpM(CO);(NCMe)* on the reverse scan.
This was substantiated by digital simulations of the process
depicted in Scheme 1. It proved impossible to reproduce
voltammograms similar to those in Figure 2 on the basis of this
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Simulation and Analysis of Reaction Mechanisms, VCH: Weinheim,
Germany, 1993. (c) Feldberg, S. W. In Electroanalytical Chemistry,
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CpM(CO)" + CpM(COR(NCMe) = CpM(CO)s™ + CpM(COR(NCMe)* (9)

scheme using reasonable values for Eggicat — Eanion (0.5 V or more).
Peak IV could under no circumstances be reproduced in the
simulated voltammograms—not even if the second electrode
process was assumed to be a Nernstian electron transfer that was
driven by diffusion-controlled trapping of CpM(CO);* by the
solvent acetonitrile.

On the other hand, successful simulations based on Scheme 2
were readily achieved. Obviously, a great number of adjustable
parameters are involved. In addition to the kinetic parameters
for the homogeneous reactions, the electrode potentials E, the
transfer coefficients e, and the heterogeneous electron transfer
rate constants k, for reactions 5 and 7 must be taken into account.
The CV behavior of the anions was excellent, but even with the
little extent of experimental variations (see Experimental Section
for details) it would be meaningless to claim high accuracy for
each parameter in an optimization process. Not surprisingly,
the work established that a range of choices for most parameters
could result inacceptable fits between experimental and simulated
data.

The major goal of doing the simulations was to establish values
for the equilibrium and rate constants for reversible reaction 6.
Fortunately, the optimized values for ks and k_g were not highly
dependent on the exact value of the other parameters. This finding
reflects that it is the relative rate of reaction 6 compared to the
dimerization reaction 8 that is the most important factor for
deciding the intensity of peak IV on the reverse scan. Thus,
fixing the values for « and k, for reactions 5 and 7 at values quite
different from the optimized values in Table 1 (as long as grossly
distorted voltammograms did not result) affected the optimized
values for the rate constants pertaining to reaction 6 by less than
20-30%. ‘

Espenson and co-workers recently reported® a rate constant
kg = 3.9 X 10% M-! s-1 for the dimerization of CpMo(CO),® in
acetonitrile, obtained from photochemical experiments, and this
value has been used in all simulations. The highly exergonic
cross-electron-transfer reaction 9 was included in the simulation
model. Equilibrium constant Ky is defined by E; and E, through
the Nernst equation. The forward reaction rate must be limited
by diffusion control; i.e. kg < 3 X 10!0 M-! s-1.3¢ Variations in
ky while other parameters (except those pertaining to eq 6) were
kept constant had no significant (<10%) effect on the optimized
ks values when kg was adjusted from diffusion control to 108 M-1
s1. The reason for this is that an unfavorable equilibrium 6
renders reaction 9 slow in comparison with the radical dimerization
even for a diffusion-controlied reaction 9. This means that the
generation of CpMo(CO);(NCMe)* in essence takes place only
at the electrode surface and not in solution by eq 9.

In the simulations, diffusion coefficients for all electroactive
species weretakentobe 10-5cm2s-!. A dimensionless equilibrium
constant K ’s = Ks[MeCN] = ks[MeCN]/k_s was used for input
in the simulations; K ‘s simply equals the equilibrium [CpM-
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Table 1. Digital Simulation Data for the CV Response for the
Oxidation of CpMo(CO);-atv = 1.0 V/s@

E,
k's K¢t ke ks (Vvs ks
Ks  (s7) M) (Mst)  (s7) FC) (ems!) o
1072 6.3X10° S.6X 10+ 3.5%x10* 63x107 -0983 0.012 0.69
1072 6.1 %108 56X 103 34Xx10% 6.2X10° -1.037 0050 0.67
104 6.0%x 107 5.6x10¢ 33x10¢ 60X 10! -1.08 0.17 0.65
1075 60X 108 56%107 3.3%x107 60X 10 -1.147 0.83 0.65

9kg =39 X 10° M1 5713 E; = —0.489 V vs Fc, as = 0.20, and k;s

= 0.029 cm s! for all simulations. ® Kg = K's/[MeCN]. ¢ k¢ = k's/
[MeCN}.

(CO);(NCMe)*]/[CpM(CO);°] ratio. The value for K’y was
systematically varied from 10-2 to 10-5. Values lower than ca.
10-5 require reverse reaction 9 to proceed faster than typical
bond vibrations (vide infra) and were not used. For each value
of K /4, the values of the pseudo-first-order forward rate constant
for eq 6, k ’s = ks[MeCN], and E, a, and k, for reactions 5 and
7 were optimized by the iterative procedure included in DIGISIM.
First, separate optimizations were performed for each of the two
peaks [ and IV of the voltammogram. The values for Es, as, and
k,s did not depend on the corresponding values for reaction 7, and
essentially identical values were obtained for all simulations.!6
Then, the results of the two separate optimizations were used as
input for a full iterative optimization. As mentioned earlier, we
are fully aware that a great deal of uncertainty is involved for
some parameters. However, the important thing to note is that
the optimized values for ks were not sensitive to the exact value
of these parameters. For K s = 10-3, the best fit assuming a =
0.5 and Nernstian behavior for both electrode processes was not
good but the best value for kg deviated only by 50% from the
value in Table 1. Even a deviation of this magnitude will not
affect any of the qualitative conclusions that may be drawn from
this work.

Good agreements between simulated and experimental vol-
tammograms were obtained for a range of K’ spanning from
10-2t0 10-5. Table 1 summarizes the digital simulation data for
CpMo(CO);~. For a given value of K4, the optimized value for
kg never deviated by more than 20-30% from the values in Table
1 when the less important parameters were adjusted. Moreover,
the parameters in Table 1 led to good agreement with the CV
response for measurements performed atv = 0.1 and 10 V/s but
with otherwise identical conditions. The variable sweep rate
voltammograms did not serve to further narrow the range of
possible K ‘s or k /g values.

Table 1 shows that, in the range 10-5 < K/ < 10~2, the product
kK at best-fit conditions was essentially constant at 18 M-25-1,
In other words, k¢ and K, are inversely related; a small value for
K, requires kg to be large in order for sufficient quantities of the
cation CpM(CO);(NCMe)* to be generated at the electrode for
detection during the reverse scan. A similar pattern was seen
when the voltammograms for CpW(CO);- were simulated. In
this case, ksKs was constant at 25 M-2s-1 for 10-2 < K /s < 105,

For Mo, the optimized values for k¢ range from 3.5 X 104 M-!
s7l for K’ = 102 to 3.3 X 107 M-! sl for K’s = 105,
approximating the activity of acetonitrile ape.cn as [MeCN] =

(16) (2) The optimized E, a, and k, values in combination have the effect that
the peak potential for the oxidation of CpMo(CO);- coincides with the
reversible potential; i.e., the kinetic potential shift is nearly offset by the
distortions caused by a being different from 0.5 and the slightly non-
Nernstian behavior caused by the small k, value. In a previous paper
dealing with estimating M~H bond energies from thermochemical cycles
on the basis of electrochemical data, Nernstian behavior was assumed
when a kinetic potential shift was used to arrive at the reversible £ value
for metal anion oxidations.'®® The simulation data (this work) leads to
E values ca. 90 mV more negative than previously reported for oxidation
of CpMo(CO);~and CpW(CO)y-. As a consequence, the homolytic bond
dissociation energies that were reported!é® for CpMo(CO);H and CpW-
(CO)sH may have been overestimated by nearly 8 kJ/mol. (b) Parker,
}’I.sD.;ggndoo, K. L.; Roness, F.; Tilset, M. J. Am. Chem. Soc. 1991,
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Figure 4. Simulated (circles) and background-subtracted experimental
(line) cyclic voltammograms for the oxidation of CpMo(CO);5- in
acetonitrile. The simulation parameters are found in the X /s = 10-3 row
in Table 1.

18 M. The corresponding range for k_g is from 6.3 X 107 t0 6.0
X 1013 ¢-1, It is meaningless to consider k_g values greater than
the rates of bond vibrations (ca. 1013 s-1), and therefore a lower
limit to K ‘s of less than 10-3, or K less than 10~ M., is imposed.

Ina recent paper, Espenson and co-workers convincingly argued
that equilibrium 6 lies far to the left, and kinetic considerations
led to the conclusion that Ks must be less than 103 M-1.68 In
conjunction with our simulation data, this result narrows the
possible range for Kg to the 10-3-10% M-! range. The cor-
responding limiting values for kg are 10#-107 M-1s-1,

Discussion

Oxidation Potentials for the 17-Electron Radicals CpM(CO),°.
The CV peak potentials for the chemically irreversible couples
CpCr(CO)z(PR;)*/* (R = Et, Ph, OMe) have been previously
measured to beat least 0.9-1.4 V more positive than the electrode
potentials for the reversible CpCr(CO),(PR;)~/* couples.’s
Similarly, for the persistent radicals TpM(CO);* and Tp’M-
(CO);* (M = Cr, Mo, W),%10 the corresponding potential
differences were intherange 0.8-0.9 V.11 Thus, for these relatively
stable radicals, radical oxidation is more difficult than oxidation
of the corresponding anions by ca. 1 V (96 kJ/mol).

Due to the short-lived nature of CpM(CO);* (M = Mo, W),
their oxidation potentials cannot be directly measured with CV
techniques at moderate sweep rates. However, it is unlikely that
the differences in oxidation potentials for the Mo and W anion/
neutral and neutral/cation couples are much different from the
differences in the Cr systems. IR pco frequencies are a sensitive
probe for the electrondensity at a metal center; differences between
the vco bands for the anions!? and radicals!8e for the three metals
are rather similar and provide additional support for this view.

The solvates CpM(CO);(NCMe)* (M = Mo, W) are ir-
reversibly reduced with CV peak potentials ca. 0.3-0.5 V more
negative than the anion/radical couples. The chemical irrevers-
ibility arises from rapid loss of acetonitrile from the 19-electron
radicals CpM(CO)3;(NCMe)-.

Overall, these considerations lead to the conclusion that CpM-
(CO)s(NCMe)* (M = Mo, W} are better reducing agents than

(17) IR data for CpM(CO);-in acetonitrile fromref 11: M = Cr, 1768, 1888
cm-!; Mo, 1770, 1891 cm-!; W, 1765, 1886 cm-!.

(18) (a) IR data for CpM(CO),* (CO matrix): Cr, 1986, 1910, 1902 cm-1;!8b
Mo, 2009, 1915, 1908 cm=';!% W, 1999, 1900, 1897 cm-!1% (b)
Mahmoud, K. A.; Rest, A. J.; Alt, H. G. J. Chem. Soc., Chem. Commun.
1983, 1011. (¢) Mahmoud, K. A; Rest, A. J.; Alt, H. G. J. Chem. Soc.,
Dalton Trans. 1984, 187.
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CpM(CO)s* by ca. 1.4 V or more.'* The simulations have shown
that it is this situation, coupled with a sufficiently favored and
rapidly established 17/19-electron equilibrium between the two,
that causes the facile oxidation of CpMo(CO);~and CpW(CO);-
to the cationic species. When CpCr(CO);- does give the cation
not by this mechanism but rather by a direct oxidation at much
higher potentials, this suggests that the 17/19-electron equilibrium
is much less favorable, kinetically and/or thermodynamically,
for Cr than for Mo and W. This is qualitatively in agreement
with the less pronounced tendency of Cr complexes to undergo
coordination-sphere expansion than Mo and W analogues.!920

Kinetics of Homogeneous Electron-Transfer Reactions of CpW-
(CO)s* and CpW(CO)3(NCMe)*. The conclusion just presented
has important consequences regarding the nature of the species
that are homogeneously oxidized by Cp,Fe* to give the cationic
products CpW(CO);(NCMe)*. For example, approximating
E(CpW(CO);*/*)as+0.4 Vvs Fcand E(CpW(CO);(NCMe)*/+)
as —1.0 V vs Fc, the electron-transfer equilibrium constants for
eqs 10 and 11 can be calculated as 1.3 X 10-7 and 1.8 X 107,
respectively.

k,

CpW(CO);* + MeCN .—;j;— CpW(CO);(NCMey ()
>
k

CpW(CO)* + CpsFer -—;%— CpW(CO)* + CpoFe (10)

¥
CpW(CO)NCMe)® + CpaFer -—;TL'I— CPW(CORINCMe)+ + CpsFe  (11)

A maximum attainable forward rate constant for reaction 10
of about 4 X 103 M- 57! is obtained by assuming that the reverse
reaction proceeds at the diffusion-controlled rate (k_jo =3 X 1010
M-1 s-1 3¢), This upper limit to ko conflicts with the observed
rate constant Koy = 1.9 X 107 M-! s-! for the reaction between
laser flash photolysis generated CpW(CO);* and Cp,Fe* in
acetonitrileat 23 °C. The thermodynamics of the electron transfer
dictate that CpW(CO);(NCMe)* cannot be produced via a direct
electron transfer (eq 10) at this rate.

However, even a very small equilibrium constant for eq 6 will
provide sufficiently high concentrations of CpW(CO);(NCMe)*
for it to be kinetically of greater importance than CpW(CO);*
as a reductant toward Cp,Fe*. The relationship between the
equilibrium constant K and the observed rate constant ko, for
electron transfer to Cp;Fe* is ko = k11 Ks[MeCN]. The highly
exergonic forward reaction (11) is likely to proceed at the diffusion-
controlled rate (k;; = 3 X 1019 M-! s-!), Using the reported
value for kg = 1.9 X 107 M-! 57, one calculates Kg = Kobs/
{k1,[MeCN]} = 3.5 X 10-5 M-1, which is in the range suggested
by the simulations. This binding constant is significantly lower
than the ones reported for the coordination of PPh, (6 M-!) and
pyridine (0.16 M-!) at CpW(CO);*.%¢ Since, for W, the
simulationsindicated that K¢k = 25 M~25-1, the rate of association
of MeCN at CpW(CO),* is obtained as kg = 7 X 105 M- 57},
and the rate of MeCN dissociation from CpW(CO);(NCMe)*
is ks = 2 X 10'9 5-1, In comparison, constants for MeCN and
(BuO);P binding at (n5-mesitylene) W(CO);** are 0.1 and 3 X
103 M-1; association rates 10° and 107 M-! s-1; dissociation rates
106 and 3 X 103 s-1.

Inarecent paper, Pugh and Meyer¢/demonstrated that CpMo-
(CO);* is unstable toward disproportionation in acetonitrile by
0.49 V (47 kJ/mol). Yet, it has been demonstrated that this

(19) (a) Similar arguments show that CpW(CO);(NCMe)Mer* is a better
reducing agent than CpW(CO);Me by 1.35 V.19 For other related
cases, see ref 19c and 20. (b) Skagestad, V.; Tilset, M. Organometallics
1991, 10, 2110. (c) Therien, M. J; Trogler, W. C. J. Am. Chem. Soc.
1987, 109, 5127.

(20) (a) Doxsee, K. M.; Grubbs, R. H.; Anson, F. C. J. 4m. Chem. Soc. 1984,
106, 7819. (b) Zoski, C. G.; Sweigart, D. A.; Stone, N. J.; Rieger, P.
H.; Mocellin, E.; Mann, T. F.; Mann, D. R.; Gosser, D. K.; Doeff, M.
M.; Bond, A. M. J. Am. Chem. Soc. 1988, 110, 2109. (c) Zhang, Y.;
Gosser, D. K.; Rieger, P. H.; Sweigart, D. A. J. Am. Chem. Soc. 1991,
113, 4062.
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Scheme 3

AG® =M*’
-RTIn K(M*)

CpM(COY+ “MeoN CpM(CO)(NCMey*

= AG° =

-FECox(M") FE®gx(M-NCMe*)

CpM(CO)* % CpM(CO);(NCMe)*

-RTIn K(M")
In [K(M*YK(M®)] = FIRT [E°ox(M") - E°ox(M-NCMe*)) (12)

radical disproportionation does not occur in acetonitrile.* The
relative rate of dimerization and disproportionation is given by
kgim/{ksKs[MeCN]}. Even the highest values allowed for K
based on the simulation results combined with the diffusion-
controlled rate for ko will lead mostly to dimerization because
kaim is large. Oxidation of the 17-electron radical via the 19-
electron radical intermediate can compete with dimerization only
in the presence of oxidizing agents more potent and/or stable
than CpM(CO);*. These criteria are obviously satisfied by Cp,-
Fe* and by an electrode held at the anion oxidation potentials.

Relative Acetonitrile Affinities of CpM(CO)3* and CpM(CO)3*
inSolution. Following Breslow’s seminal paper,2! thermochemical
cycles that make use of electrode potential data have been
frequently used to extract quantitative data for the energetics of
homolytic and heterolytic bond cleavage reactions in organic and
organometallic moleculesand ions.22 Suchcycles are particularly
useful when transient species, for which thermochemical data
cannot be obtained by more direct methods, are involved.

The thermochemical cycle in Scheme 3 may be used toestimate
the relative equilibrium constants for binding of acetonitrile to
CpM(CO);*, K(M*), and CpM(CO);*, K(M*). The cycle is
quite similar to that employed to determine hydride affinities of
organic cations and radicals.2> The only experimental data that
are needed are the oxidation potentials of CpM(CO),*, E° :(M*),
and CpM(CO);(NCMe)*, E°,,(M-NCMe*), both of which can
be estimated as discussed already. Combination of the free-
energy terms in Scheme 3 yields eq 12, which allows the
determination of K(M*)/K(M*). For this analysis, we use as an
estimate E°(M*) — E°(M-NCMe*) = 1.4 V. The available
data do not allow for distinctions to be made between the
magnitudes of E°o,(M*) — E° ,(M—NCMe"*) for the three different
metals.

Taking E°,(M*) — E°,(M-NCMe*) = 1.4 V, one obtains
K(M*)/K(M*) = 1.4 X 102%. This number translates to a
difference in bond energies of 135 kJ/mol (32 kcal/mol) for the
binding of acetonitrile to CpM(CO)s* and CpM(CO);*, respec-
tively. The energetics of acetonitrile dissociation from the
resulting 18- and 19-¢lectron species, both of which are heterolytic

(21) Breslow, R.; Chu, W. J. Am. Chem. Soc. 1973, 95, 411.

(22) For recent reviews, see: (a) Arnett, E. M.; Flowers, R. A,, I1. Chem.
Soc. Rev. 1993, 9. (b) Bordwell, F. G.; Zhang, X.-M. Acc. Chem. Res.
1993, 26, 510. (¢) Wayner, D. D. M,; Parker, V. D. Acc. Chem. Res.
1993, 26, 287.

(23) Handoo, K. L.; Cheng, J.-P,; Parker, V. D. J. Am. Chem. Soc. 1993,
115, 5067.

Tilset

bond cleavage processes in which the /igand retains both electrons,
are therefore strongly dependent on the oxidation state, or valence
electron count, of the metal. We have previously foundsd7s1!
that the deprotonation of metal hydrides, heterolytic processes
in which the metal retains both electrons, is greatly facilitated
(by 110-140 kJ/mol) by the 1-electron oxidation of stable 18-
electron hydride complexes to their 17-electron cation radicals.

Final Remarks. Available or estimated electrochemical data
for the CpM(CO);-/* (M = Mo, W), CpM(CO),*/*, and
CpM(CO)3;(NCMe)*/* couples suggest that the 17-electron
radicals cannot be the species that are electrochemically oxidized
to give CpM(CO);3;(NCMe)* at the oxidation potentials of the
anions. Digital simulations of the cyclic voltammetry response
show that the radicals CpM(CO);* are capable of reversibly
binding acetonitrile with binding constants and at rates that imply
theintermediacy of CpM(CQ)3(NCMe)* in the oxidation process.
These 19-electron radicals are kinetically competent intermediates
and probably act as the true reducing agents when Cp;Fe* is
reduced to Cp,Fe in the presence of CpW(CO);" in acetonitrile.

Experimental Section

The compounds CpM(CO);"PPN* (M = Cr, Mo, W) were prepared
by metathesis between the sodium metalates and PPN*CI- as described
elsewhere, ¢ and CpM(CO)3(NCMe)*PF¢-(M = Mo, W) were obtained
by hydride abstraction from CpM(CO)3H with PhyC*PF¢- in aceto-
nitrile.24®

Electrochemical Measurements. Acetonitrile and dichloromethane
were distilled from P,Os and CaH,, respectively. Acetonitrile and
dichloromethane containing BuyN*PF¢~ as the supporting electrolyte
were passed through a column of active neutral alumina before use to
remove water and protic impurities before electrochemical measurements.
The electrolyte was freed of air by purging with purified argon, and all
electrochemical measurements werecarried out undera blanket of solvent-
saturated argon. Electrochemical measurements were performed with
anEG&G-PAR Model 273 potentiostat/galvanostat driven by an external
HP 3314A sweep generator. The signals were fed toa Nicolet 310 digital
oscilloscope and processed by an on-line personal computer. The working
electrode was a Pt disk electrode (d = 0.6 mm), the counter electrode
was a Pt wire, and the Ag wire reference electrode assembly?® was filled
with acetonitrile/0.01 M AgNO3/0.1 M BuyN*+PFs~. The reference
electrode was calibrated against Cp,Fe, whichis also used as the reference
in this work. Positive-feedback iR compensation was employed; the
separation of anodic and cathodic peaks for the Cp,Fe oxidation was
59-61 mV. With the exception of Figure 4, the experimental voltam-
mograms are not background subtracted. The appearance of the
voltammograms was quite reproducible: Peak potentials were reproduced
to 10 mV for oxidation of the anion and %20 mV for reduction of the
product cation when independent measurements were performed on
separate solutions. The intensity and shape of the anodic peak were
largely unaffected, whereas the.cathodic peak was affected (£20% intensity
variations) depending on the electrode history (washing and polishing).
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