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Photolysis of complexes of the type,dO)(RCsHy4), (where M= W, Mo, Cr and R= H (Cp) or CH; (Cp))

leads to the production of short lived 17-electron radicals. Direct electrochemical characterization of these
intermediates has been achieved using a technique known as photomodulated voltammetry (PMV). The results
from PMV analysis are in excellent agreement with literature estimates for CpMg@u)CpCr(COy. However,
CpW(COY is found to be shifted oxidatively 115 mV relative to previous literature estimates. The change in the
value for the tungsten complex changes previous estimates to the bond dissociation energy for tungsten metal
hydrides by 3.0t 0.9 kcal/mol. Lifetime information on the radicals is also reported based on the phase shift of
the electrochemical signal observed by PMV under limiting current conditions.

Introduction the past decad®e'® Structural information has also recently been
obtained with the use of time-resolved infrared spectroséépy.
Thermodynamic data is also crucial to the understanding of
chemical reactivity. Several groups have attempted to provide
additional thermodynamic data in these systems through elec-
trochemical analysi¥& On the basis of cyclic voltammetry of
the dimeric precursors to the 17-electron complexes, Kadish et
al. first reported that an ECE mechanism was most likely
involved. The results show that electrolysis of the dimer at
reductive potentials leads to the formation of the dimer anion.
In this form the anion is unstable and undergoes metadtal
bond homolysis resulting in the anion, [M(Cp)(GP) and
generated in this fashion subsequently recombine by secondadical, CpM(COY. At this potential, the radical is immediately
order kinetics to form the parent dimers on time scales of requced to the corresponding anion, [M(Cp)(GIO) setting an
microseconds to milliseconds.Due to the reactive nature of upper limit for the reduction potential of the radical. The
these radical intermediates, a variety of reactions have also beenyyigation observed following reduction has been assigned to
studied including ligand substitution, halide/proton abstraction, the dimerization process of the anion [CpM(GD)
and electron transfér. - _ _ At least three methods of determining the electrochemical
The majority of the information that has been gathered in potentials of the transient odd-electron complexes have been
the past decade has focused on mechanistic aspects of 17pgedls-16 Ag early as 1981, Wrighton and co-workers estab-
electron chemistry. Intermolecular reactions have been inves-|ished that intermolecular electron transfer reactions involving
tigated extensively and provide basic information on the the ferrocent® couple could be initiated with 17-electron
potential role these intermediates may play in catalytic cycles. intermediated® Though this was later extended to a series of
Mechanistic characterization has been facilitated by advancesg|ectron transfer guenchers, the estimates that resulted were
in time-resolved spectroscopies, that have been developed injmited and did not provide information as to the nature of the
> Abstract published Adance ACS Abstraciaune 1, 1096 electron_transfer agent. Fast_scan elect_rochemistry _has also been
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The existence of organometallic radicals that deviate from
the conventional 18-electron rule is now well established.
In particular, the 17-electron complexes of chromium, molyb-
denum, and tungsten have received considerable attefftion.
Intermediates of the form CpM(C@)an be readily generated
by visible photolysis of the metaimetal bond in precursor
dimer complexe8,eq 1. The 17-electron complexes that are
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results in relatively stable 17-electron complexes of the form deoxygenated solvents. UV-Vis spectra were recorded on a Perkin-
(Tpb)M(CO)* or CpCr(COY, respectively, for which the Elmer Lambda 2s UVvis spectrometer with 1 cm matching quartz
electrochemistry has been obseryedTilset and Parker have cells. Infrared 'Spectra were recorded on a Nicol_et 20SXC FTIR
also reported the electrochemistry of the radical anion preparedSPectrometer with a 1.0 mm path length NaCl solution cell.

directly as a salt® By application of relatively straightforward Electrochemistry. An EG&G PAR 273A potentiostat coupled to
kinetic corrections they were able to assig, values to the a personal computer performed all conventional electrochemical

/e - - - measurements. A typical electrochemical experiment was performed
[CPM(CO)| ™ couple. While thermodynamic data on transient on a N-degassed, 0.001 M solution of dimer in 4.2 M TBAH/

intermediates (e.g. CpW(C@®)and CpMo(COy) can be (cp,cN, DMF, CHCl,, THF) solution. In the case of the chromium
inferred from these results, direct observation of the electro- gimer, cyclic voltammetry was performed in a Vacuum Atmospheres
chemical potentials would be far more valuable. N glovebox. A platinum button working electrode (BAS), a coiled

In addition, the nature of the electron transfer agent in the platinum wire (20 gauge) counter electrode, and a freshly prepared
dimer photolysis needs to be addressed. While the 17-electronsilver/silver chloride (22 gauge) reference electrode comprised the three
species is one possibility, it is known that the solvento species eIectroqie system used in all electrochemical experiments. Scan rates
is also generateH.On the basis of careful cyclic voltammetry ~ for cyclic voltammetry ranged from 50 to 500 mV/s. _
studies and digital simulations, Til$€thas recently suggested =~ Photomodulated Voltammetry. For PMV the 488 nm continuous
that the 19-electron radical CpM(CE)NCMe) is the most wave line from an argon ion Ia_ser (Spectra Physics 171) was modulated
likely species being oxidized in the cyclic voltammetry studies by a low voltage electrooptic light modulator (Lasermetric AF1). The
of the dimer CpM5(CO). This result is certainly consistent power_supply/amplmer (La:_sermetrlc) for the Ilg_ht modulator was drlve_n

. . ) . by a sine wave from a variable 10 MHz function generator (Tektronix
with the estimates of the electrochemical potentials known t0 \jode| CFG250). The sinusoidally modulated light is then incident
date. upon the electrochemical flow céfi?> The ac component of electro-

We describe here the results of direct electrochemical chemical signals received by a PAR 273A potentiostat is compared to
investigations of 17-electron complexes using a recent electro-the reference signal of the function generator within an EG&G PAR
chemical technique known as photomodulated voltammetry 5210 lock in amplifier. Determination of the phase shift for lifetime
(PMV). This technique has been shown to be well suited to analysis was corrected by measuring the signal from a fast photodiode
electrochemical investigations of organic radi¢alnd, more ~ assembly (EG&G FFD-100) against the signal of the function generator
recently, for short-lived excited staté. Given the recombina- on a Tektronix digitizing oscilloscope (Model TDS 540). All potentials
tion rates ¢10° M~1 s71) of the odd-electron transition metal are report_ed versus the _Saturated Calomel_eledmde (SCE).
complexes being described here, the electrochemical potentials For typical PMV experiments, the argon ion laser was tuned to 488

. _ . . nm with a power, incident at the cell, of 0.250.350 W as measured
of CpM(CO)* (M = Mo, W) are readily accessible. We also by an Ophir 30A-P power meter. The modulation frequency was set

have the opportunity to look at more stable odd-electron nq measured at a specific frequency from 100 Hz to 10 kHz. The
complexes such as CpCr(COPy both cyclic voltammetry and  observed potentials were independent of the excitation frequency over
PMV to confirm the validity of our transient measurements. a range of several kHz. In each experiment, a solvent solution of
The frequency domain nature of PMV also provides access to analyte (106-150 mL, 0.001 M) and supporting electrolyte (60.2
information on the kinetics of the intermediate being inter- M) was N, degassed for 15 min within a closed system. In the case of
rogated. Analysis of the observed electrochemical potentials the chromium dimer, the solution was prepared in a glovebox with
combined with preliminary kinetic information can be used to Aldrich Sure Seal solvents and kept within a sealed system and shielded
help elucidate the nature of the electroactive species. from light. T_he solutlo_n is delivered through an el_ectrochemlcal flow
cell by applying a positive pressure of §as to achieve a rate of5
Experimental Section mL/min.® In order to _rT_laintain a voltammetr_ic steady s_tate, scan rates
of 4—10 mV/s were utilized. For each experiment, cyclic voltammetry
Materials. The cyclopentadienyl ligand was prepared by fractional was performed on an internal ferrocene standard to determine the actual
distillation from dicyclopentadiene followed by degassing (Aldrich). potentials observed versus the silver/silver chloride reference electrode.
The methylcyclopentadienyl ligand was prepared by vacuum distillation
from the methylcyclopentadiene dimer (Aldrich). The oxidized surface Results
of sodium (Fisher) was removed prior to use. The metal hexacarbonyls,
M(CO)s, where M= Mo (Strem), and W (Aldrich), were recrystallized Dimer Electrochemistry. Electrochemical measurements of
in acetone prior to use. Cr(C@JAldrich) was used as received and the dimeric precursors to the 17-electron photoproducts dem-
stored under nitrogen. Tetrabutylammonium hexafluorophosphate onstrate the purity of the materials used. In the casesy%f (
(TBAH) (Sachem) used in all electrochemical experiments was used CsHs),Wo(CO)s, (17°-CsHs)2M02(CO)s, and ¢75-CsHs)2Cra(CO),
asreceived. The spectrograde solvents acetonitrile, dimethyl formamidethe results of cyclic voltammetry have been previously reported
(DMF), methylene chloride, and tetrahydrofuran (THF) (Burdick and in acetonitrilel216b Each reduction/oxidation process, eqss2

Jackson), used in all spectroscopic and electrochemical measurement%,ouowS an ECE mechanism as described previously. The results
were stored under an inert atmosphere and used as received. P Y-

Synthesis. The preparation of the precursor dimey8RCsH,).M,-

(COX% (M = Mo, W, Cr; R=H, CHs) has been previously reporté&t2* 2e + M,(Cp)(CO);, — 2M(Cp)(CO) (1) (2)

All reactions were carried out under nitrogen with dried;ldubble- B B
2M(Cp)(CO)~ — M,(CpL(CO) +2¢ (I)  (3)

17) (a) Wayner, D. D. M.; McPhee, D. J.; Griller, D. Am. Chem Soc _

4 £9)88 1{0 132. (b) Nagaoka, T.; Griller, D.; Wayner, D. D. M. My(Cp)(CO)s — 2M(Cp)(CO)3+ +2e (Il (4)

Phys. Chem1991, 95, 6264. B
(18) (a) On the basis of the pseudo-first-order simulation data from ref 2M(Cp)(CO)(solvent)” + 2&” — M,(Cp),(CO)s (IV)  (5)

17b, the phase shifty] for a first order reaction at the surface of the
electrode is limited te-45°. This suggests that a factor of 2 be included

in eq 6 as shown. (b) Jones, W. E.; Fox, M.JAPhys. Cheml994 (22) Hackett, P.; O'Neill, P. S.; Manning, A. R. Chem. Soc., Dalton
98, 5095. Trans.1974 1625.

(19) Birdwhistell, R.; Hackett, P.; Manning, A. R. Organomet. Chem. (23) Cooley, N. A.; MacConnachie, P. T. F.; Baird, M.Ralyhedron1988
1978 157, 239. 19, 1965.

(20) Manning, A. R.; Hackett, P.; Birdwhistell, R.; Soye,|Rorg. Synth. (24) Adams, R. D.; Collins, D. E.; Cotton, F. . Am. Chem. S0d.974
199Q 28, 148. 96, 749.

(21) Birdwhistell, R. The University of West Florida, Personnal com- (25) Smith, D. K.; Strohben, W. E.; Evans, D. Bl. Electroanal. Chem.
munication, 1995. 199Q 288 111.
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Table 1. Room Temperature Cyclic Voltammetry of the Dimer
Precursors to the 17-Electron Complexes vs SCE (V)

compound solvent ()  (ID° (e (V)

(17-CsHs)Wo(CO) CHCN —128 —0.06 1.03 —0.67
DMF —1.34 -0.05 1.07 —-0.61
(7°-MeCsHa)WACO%  CHCN —1.42 —0.09 1.03 —0.74
DMF —1.39 —-0.06 1.06 —0.62
(7°-CsHs)MoA(CO)  CHCN —1.13 —0.09 1.00 —0.60
DMF —1.05 -0.02 1.10 —-0.39
(;75-Me05H4)2M02(CO)5 CH,CN -1.12 —-0.09 0.98 -0.55
DMF —1.10 —-0.06 0.95 —0.44

2 Reported as peak potentials@.03 V) vs SCE at a scan rate of
100 mV/s. All solutions were 0.001 M analyte in 0.2 M TBAH/solvent
and were bubble deoxygenated for 10 min by NReactions +1V
correspond to egs-25 and the peaks labeled in Figure 1.

Table 2. Electrochemical Potentials vs SCE (v) for
(75-CsH4R)Cr(COY”~ Couples Determined by Cyclic Voltammetry

T T T T T T T B
300 200 100 0 -100 -200 -300 -400 -500 -600

couple Ei12 Potential (mV)
(75-CsHs)Cr(COYx~ —0.28 Figure 2. PMV vs Ag/AgCl trace of CpW(CQ) in DMF with 0.1 M
(7°-CsH4CH3)Cr(COY”~ —0.34 TBAH. Scan rate= 0.005 V/s.

a Solutions with 0.001 M analyte were prepared in acetonitrile (0.1
M TBAH) in an inert atmosphere glovebox. Electrochemical measure-

ments were made in an inert atmosphere glovebox at 100 mV/s. Room temperature solutions of theICr system have been

shown to contain substantial steady state concentrations of the
17-electron radicaly®-CsHs)Cr(COY*.426 The 1-10% con-
centrations are sufficient for direct observation by electrochemi-
I cal methods and can provide for measurement of dimerization
rate constant$’® The potentials determined for the reduction
of (#5-CsHs)Cr(CO)* here are in excellent agreement with

f literature resultd® The monomethylated dimers studied also
v show appreciable concentrations g¥-CsH4CHs)Cr(CO)'. The
reversible couple &, = —0.34 V, Table 2, is assigned to the
reduction of the [5-CsH4CHz)Cr(COX]”~. At more negative
/ Z 1 30 A potentials, reduction of the anion occurs.

17-Electron Electrochemistry.  5-CsH4sR)W(CO)3".

Phase-modulated voltammetry of°>{CsHs)W(CO)* and §°-
CsH4CH3)W(CO)* in DMF/0.2 M TBAH solution is shown in
I Figures 2 and 3. In both cases the modulation frequency was
calibrated at 1 kHz and the electrochemical signals were
T T T ' T T referenced to the ferrocene/ferrocenium couple using a freshly

1500 1000 500 0  -500 -1000 -1500 -2000 prepared Ag/AgCl reference electrode in the cell. By taking
Potential (mV) the first derivative of the sigmoid#E curve, the electrochemi-
Figure 1. Ground state cyclic voltammogram for @,(CO) in DMF cal potential of the jf>-CsHs)W(CO)]*~ one electron reduction
with 0.1 M TBAH. Scan rate= 0.100 V/s. was measured to bE.q = +0.04 V vs SCE in DMF. The

average between the forward and reverse scans in each experi-
determined here, reported as peak current potentials in Tablesment, Figure 2, was used to assign the potential. Upon methyl
1 and 2, are in excellent agreement with previous reports. substitution of the Cp ligand, the reduction potential fg#-(

The cyclic voltammetry of the methylated dimers (exf-(  CsHaCHs)W(CO) shifts reductively tdEeq = —0.11 vs SCE,
CsH4CHs):Mo(CO)) have not been reported previously. A Figure 3a. Table 3 shows the results of phase-modulated
cyclic voltammogram of 5-CsH4CHa)2W2(CO)s is shown in voltammetry for §°-CsHs)W(CO)* and {7°-CsHaCHz)W(CO)s".
Figure 1. The results of cyclic voltammetry of the dimey&(  When the potential was scanned fron9.9 to +0.8 V there
CsH4CHz),W,(CO) and >-CsH4CHs)o,M0o2(CO) in polar was no evidence of additional electrochemical signals from the
organic solvents are reported in Table 1. Four irreversible 17-electron complexes.
electrochemical waves were observed in a 0.2 M TBAH/CH (»5-CsH4R)M0o(CO)3*. Upon substitution of Mo for W a
CN solution of (GH4CH3),W,(CO). A two-electron irrevers- similar pattern is observed to the results described above. The
ible reduction occurs &, = —1.42 V vs SCE, followed by reduction potentials shift with methylation from0.08 V vs
an irreversible oxidation a2 = —0.09 V. A two-electron SCE for §°-CsHs)Mo(CO)s to —0.16 V vs SCE for £5-CsHg-
irreversible oxidation occurs &,>= 1.03 V and, on the return ~ CH3)Mo(CO)". The phase-modulated voltammogram fgt-(

scan, an irreversible reduction B* = —0.74 V. CsH4CH3)Mo(CO)s® is shown in Figure 3b. Under the same
The same pattern of waves is observed in the cyclic experimental conditions, the reduction shifts to more negative
voltammogram of (€H4CHz),M0,(CO) and occur atE,c = potentials for both#>-CsHs)Mo(CO)* and (7°-CsH4CHz)Mo-

-1.12 V,E2=0.98 V,E2= —0.09 V, andE,° = —0.55 V,
respectively. These processes are observed regardless of thé6) ((t?)) arfike, P-SRJ-;JBéi\ird, ('\:AH a. Osrgggggeltl. chigl%a 363 131.

i i i cLaln, 5. JJ. Am. em. S0 .

initial direction of the potential sweep. For both the Mo and ) (o5 ciceo 47 "G Geiger, W. E.+ Baird, M. Qrganometallics.994
W dimer electrochemistry the potentials are shiftee 500 mV 13, 4494. (b) Geiger, W. E. IiDrganometallic Radical Processes

more negative upon monomethylation. Trogler, W. C., Ed.; Elsevier: New York, 1990; p 142.
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Figure 3. PMV traces: (a) CRW(CO)® in CH.Cl, with 0.1 M
TBAH: (b) CPMo(CO)* in DMF with 0.1 M TBAH. Scan rate=
0.005 VI/s.

200 -500

Table 3. Electrochemical Potentials vs SCE (v) of the 17-Electron
Complexes Determined by Room Temperature PMV at 488 nm

electrochemical

couple solvent  potential lit. value
(75-CsHs)W(CO)"'~ DMF 0.0440.02 0.021 (CHCN)?
(75-CsH4CHg)W(CO)~ DMF —0.11+ 0.05
(75-CsHs)Mo(CO)'~ DMF —0.084+0.04 0.015 (CHCN)?
—0.08 (CHCN)®
(75-CsH4CHz)Mo(CO)~ DMF —0.16+ 0.06
(7°-CsHs)Cr(CO)~ @ CH;CN —0.30+ 0.05 —0.26 (CHCIy)®

—0.037
(benzonitrile)

—0.28 (CHCN)?

—0.298
(CH:CN)

aBackground measurements were made by performing PMV on a
0.2 M TBAH solution. All solutions were degassed for ten minutes
prior to the experiment As reported by Tilset and Parker, ref 16a,
Table 1.€ As reported by Pugh and Mey#r.Value corrected to SCE
by subtracting 0.05 W Solution was first prepared in the VAC drybox
and kept under nitrogen throughout the experimeAs reported by
Baird and co-worker® Value corrected to SCE by subtracting 0.045
V. f As reported by Madach and VahrenkafipValue corrected to
SCE by subtracting 0.20 \2.As reported by Tilset®® Value corrected
to SCE by addition of 0.40 V.

(CO)s relative to the corresponding tungsten radicals. The
results are reported in Table 3.

(7>-CsHs)Cr(CO) 3. The result of photomodulated voltam-
metry for ¢75-CsHs)Cr(CO)' is listed in Table 3. The reduction

Barbini et al.

of the (75-CsHs)Cr(CO)* radical occurs at-0.30 V vs SCE.

As in the case of both the Mo and W samples, no additional
signals that could be attributed to the 17-electron species were
observed. This result is identical to those obtained by cyclic
voltammetry as described above.

Lifetime Measurements. Additional information is available
from the frequency dependent measurements of the 17-electron
complexes. Careful determination of the phase shifin the
ac electrochemical signal provides information concerning the
lifetime of the intermediate under investigation. For first-order
or pseudo-first-order decay processes, eq 6 can be used where
fis the frequency of the modulation amds the lifetime of the
transientt® For bimolecular processes, it has been shown that
the relationship between the phase shift and the recombination
rate is more accurately described by ef/7In eq 7, kiecis the

tan(2p) = 2afr (6)
¢ O log(2kJR)/T) )

recombination rate of the radicals to form the initial dimer and
[R°] is the maximum steady state concentration of the 17-
electron radical.

While an in-depth study of a series of 17-electron radicals is
currently underway, we report here initial attempts to study the
kinetics of the M= W system by PMV. The W radicals formed
by photolysis recombine by second-order kinefiéd! The
phase shift determined by PMV was measured under diffusion
limited current conditions to minimize any phase shifts due to
electron transfer at the electroti®. The measurements de-
scribed here were obtained at a potential 150 mV more negative
than the observed reduction potential.

The phase shift was determined at a series of frequencies
from 100 to 1000 Hz and related directly t@ in eq 7 by
simulation?® A correction must be applied in each phase shift
determination for the RC time constant of the electrochemical
cell which introduced an additional shift ef5 to —12°. The
variability of the phase shift requires that it be measured
following each experiment. The cell RC time-constant also
limited the frequency range of our measurements to a maximum
of 1000 Hz (the majority of our data was collected below 500
Hz).

The recombination rate constants determined by PMV for
(175-CsHs)W(CO)s* and ¢7°-CsH4CHz)W(CO) are 24 1 x 10°
M~! s! based on phase shifts 6f30 to —40°. Within
experimental error, these data are in good agreement with
second-order rate constants determined by time-resolved infrared
spectroscopy and transient absorptidil* Further evaluation
of PMV-based kinetic analysis is ongoing in our laboratory.

Discussion

Ground State Electrochemistry. While the dimer electro-
chemistry is now well establishéd,the effect of ligand
substitution on the electrochemistry has not been reported. The
Cp data reported here are consistent with respect to the effect
of methylation on the electrochemical potentials. On the basis
of previous investigatio$ of substituted Cp’s in the Fc/Fc
system, a reductive shift upon methylation is anticipated. This
is observed for both the W and Mo complexes, Table 1.
However, the peak potentials reported are also very susceptible

(28) The simulated data in Figure 8 of ref 17b was used for this analysis.
This simulation uses an electron transfer fate 1 x 10°, a transfer
coefficiento. = 0.5, and a ratio of the diffusion coefficient of the
radical to the anionD, equal to 1. These estimates are reasonable
based on comparison to organic radical studies by PM¥(d, in some
cases, comparison to dimer electrochemical redaits.
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to the chemical kinetics (recombination rates) in the ECE
mechanism. This limits further analysis without simulation of
the voltammograms.

A more effective use of the dimer electrochemistry is in the
determination of the electrochemical window appropriate to run
PMV. The usable window for the PMV experiments was
limited to be withinE, c andE, 5 of the dimer precursors, Table
1 and Figure 1. There are two reasons for this limitation. Itis
necessary to minimize the “background” faradaic currents
generated by the dimer. Though the lock-in amplifier effectively

Inorganic Chemistry, Vol. 35, No. 13, 199@021

The direct electrochemical determinations reported here for
the 17-electron radicals are well within the limits set by the
cyclic voltammetry as described above. They also compare
favorably to previous estimates, Table 3, given the relatively
large error bars associated with many of those estimates and
the differences in solvents used. A common problem in the
literature is the assignment of different reference potentials.
For the purpose of this discussion, we have adjusted all of the
literature data in Table 3 relative to SCE. The actual values
are given in the table footnot®sand are based on established

removes relatively low frequency background currents as the corrections published previously by Geiger for ferrocene
potential is scanned, large background currents limit the dynamic electrochemistry in different solveidtsor Bard32

range that can be monitored effectively. Signals for background
electrolyte measurements ranged from 10 to 60 nA, while
analyte signals ranged from 100 nA teA. The second reason
for the limitation of the potential window was to ensure that

only the dimer was being excited by the modulated laser beam.

The monomer anions [CpM(Cg)) and cations [CpM(CQ)*
generated during cyclic voltammetry, eqs 2 and 4, have

The electrochemical potentials of the Cr system are in
excellent agreement with literature reports as mentioned aove.
For the Mo and W complexes, a discrepancy occurs between
our direct measurements and some of the literature values, Table
3. It is possible that the difference arises due to the different
solvents used previously. We were unable to achieve PMV
analysis in CHCN solutions of the W and Mo complexes due

absorptions in the visible region of the spectrum and could also to limited solubility.
be excited by the modulated laser source. This would introduce Prior to this study, the most direct measure of the 17-electron

additional photocurrents at the excitation frequency that are
difficult to discriminate against using the lock-in amplifier.

A closer examination of the ground state electrochemistry
provides some information concerning the radical reduction and
oxidation. In the seminal paper by Kadish et!8lgxidation
of the monomer anion, [CpM(CE)J, is reported to lead directly
to the formation of both the dimer and the monomer cation,
[CpM(CO)]™". Likewise, reduction of the monomer cation,
[CpM(CO)] ™, leads directly to the formation of the dimer and
the monomer anion, [CpM(CGg)y. Direct competition between
metak-metal bond formation and a slow reduction/oxidation
of the radical is the cause for the observation of both products.
However, observation of the cation at the oxidation potential

of the anion indicates that the intermediate product, the radical,

is also oxidized at this potential and represents an upper limit
for the oxidation of the radical, [CpM(CGJ)Y'*. In the case of
the cation reduction, observation of the anion at the reduction

electrochemistry was reported by Parker and Tilset in a study
where the Cr, W, and Mo anions were prepared synthetically
as stable salts. In that study, cyclic voltammetry was run in
CH3CN to determine the oxidation potential of the anions, Table
3. They reported their electrochemical potentials corrected for
the recombination rate of the radical. One concern with respect
to their data is the fact that different solvents were used in
estimating the recombination rates for the radical. Recombina-
tion rates are known to be very solvent dependent based on
spectroscopic determinatiofsin addition their potentials are
corrected based on the activities of the solutions in order to
estimate a potential vs NHE. It is the NHE referenced data
that Meyer and Pugh later assign to the CpM(€Oxouplel4
The value reported by Pugh and Meyer is in good agreement
with our results despite the difficulties described above in the
recombination rate.

Applications of Electrochemical Results. One use of the

potential of the cation indicates that the radical also undergoeselectrochemical potentials of the 17-electron radicals is in the

reduction at this potential. This provides the lower limit for
the reduction of the radical, [CpM(Cg)Y~.

17-Electron Intermediate Electrochemistry. While PMV
has been established for organic systéfthjs represents the
first direct observation of electrochemistry from transition metal
odd-electron complexes of W and Mo. To help validate the
approach, the [CpCr(Cg]y~ couple was crucial. The steady
state concentration of [CpCr(Cg)) is sufficient for direct
electrochemical determination &, by cyclic voltammetry.
The results from PMV analysis were in excellent agreement
with both our own cyclic voltammetry on the same system and
previous cyclic voltammetry investigatiof@:29.30

Within the window of the dimer redox potentials, there was
no evidence for additional electrochemical signals. We had

estimation of the bond dissociation energies (BDE) of metal
hydrides'®2 The differences observed between the anion
oxidation and the results by PMV have a direct impact on the
current estimates to the %H bond dissociation energies in
CpM(COX%(H) with M = W and Mo. Using established
thermodynamic cycles, we calculate that the BDE of CpM({#O)
(H) (where M = Mo and W) are 62 and 68 kcal/mol,
respectively. The molybdenum data is unchanged if we use
the activities reported by Norton and co-work&rsThe tungsten
data show an increase of 3 kcal/mol over the previous estimates
when handled in the same fashion. The increase in the BDE is
consistent with earlier data that suggested a BDE of 80.7 kcal/
mol for CpW(CO}(H).34

The intermolecular electron transfer chemistry of CopM(€0)

anticipated that additional information would be acquired Where M is Cr, Mo, and W has been investigated previously.

concerning the oxidation of the 17-electron radicals. The limit
of the oxidation potentials that we could scan, 0.8 V vs SCE, is
therefore assigned as the minimum value for this potential. In
an earlier investigation it was suggested that the oxidation
potential must sit at least 1.0 V more positive than the reduction
potentiall® Our “negative” result is consistent with this
observation, though work is continuing to try to observe the
oxidation potentials directly.

(29) Madach, T.; Vahrenkamp, H. Naturforsch 1978 33B, 1301.
(30) O’Callaghan, K. A. E.; Brown, S. J.; Page, J. A.; Baird, M. C;
Richards, T. C.; Geiger, W. EDrganometallics1991, 10, 3119.

A key question in the electron transfer reactions is the role that
the solvento complex CpM(Cgsolvent) plays in this chem-
istry. An equilibrium exists between the radical initially formed

(31) In ref 18, this resulted in an error in the literature value sited for the
Triphenylene reduction which is2.46 V vs SCE. In this paper we
have used a ferrocene internal reference for assigning all potentials,
see Experimental Section.

(32) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals
and ApplicationsWiley: New York, 1980.

(33) (a) Kristjansdottir, S. S.; Boody, A. E.; Weberg, R. T.; Norton, J. R.
Organometallics1988 7, 1983. (b) Moore, E. J.; Sullivan, J. M,;
Norton, J. RJ. Am. Chem. S0d.986 108 2257.

(34) Landrum, J. T.; Hoff, C. DJ. Organomet. Chen1985 282 215.
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and the substituted solvento complex, eq 8. The kinetics of The magnitude of the reduction potential would also be
affected by formation of the solvento complex. Coordination
CpM(CO);" + solvent= CpM(CO),(solvent]  (8) of a 2-electron-donating solvent forms a 19-electron {18)
complex? A shift in the reduction potential to significantly
this equilibrium have recently been described for the Cr complex more negative values is expected based on the electron-rich
by Richards, Geiger, and Baird using electrochemitry. nature of the 19-electron radical. The limited electrochemical
The literature suggests that the equilibrium in eq 8 sits to the data on established, stable 19-electron complexes of Mo, W,
left for Mo and W. Espensoat al, have discussed two issues and Cr however make this assignment difficult. Nonetheless,
which support the stability of CoM(C@)% The first is that  pased on the relatively weak reduction potentials observed here

krec for Mo and W approaches the diffusion limit. In addition, (<—0.30 V vs SCE), the data obtained by PMV appear to be
a theoretical kinetic treatment of electron transfer from the consistent with earlier results that suggest the equi]ibrium in

coordinated radical versus the bare radical points out the eq 8 sits far to the left¢
improbability of a coordinated radical. Alternatively, Tilset
recently presented electrochemical simulation data that suggestgnclusion
intermolecular electron transfer reactions in acetonitrile may
involve the solvento complex for molybdenum and tungstén. The assignment of accurate electrochemical potentials to odd-
This is consistent with earlier observations concerning the dimer electron complexes is critical to a complete understanding and
electrochemistry and the fact that the solvent coordinated cationapplication of their dynamic reactivity. The results presented
can be observed directly. here demonstrate for the first time the applicability of photo-
If the solvento complex plays a significant role in the electron modulated voltammetry to the study of inorganic radicals. The
transfer chemistry, PMV would indicate this in two ways. A electrochemical results provide direct support of the quality of
shift in the observed recombination rate would be expected. Themany of the previous estimates to these potentials and create
recombination rate constants are expected to be larger for openan opportunity for more in depth investigations of similar
shell complexes compared to expanded-shell solvento com-intermediates. The lifetime information obtained, though crude
plexes. The lifetime values reported here in DMF are similar in comparison to more established spectroscopic determinations,
to those reported from spectroscopy in4C#l.’2 On the basis can provide insight into the nature of the electroactive species
of literature assignment of the spectroscopic measurements tan intermolecular electron transfer reactions studied previously.
the bare radical, we could conclude that the bare radical is alsoMore work is necessary to further evaluate the utility of PMV
involved in these measurements. However, the shift in recom- for kinetic measurements.
bination rate upon varying solvent from cyclohexane (no
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