11630

J. Phys. Chem. 2002,106,11630-11636

Energetics of Concerted Two-Electron Transfer and Metat-Metal Bond Cleavage in
Phosphido-Bridged Molybdenum and Tungsten Carbonyl Complexes

Introduction

Concerted multielectron transfer reactions occur widely in
chemistry and biology-* Although seemingly paradoxical, the
electrostatic restrictions on such processes are lifted when an
accompanying structural or compositional change (proton
transfer ligand bindingf or ion-pair formatio) makes transfer
of a second unit of charge more favorable than the first. Some
years ago, we encountered a family of ligand-bridged binuclear
complexes that undergo one-step, two-electron transfer by a
mechanism wherein the stoichiometry of the redox center does
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The kinetics and thermodynamics of concerted two-electron transfer and—medtdl bond cleavage in the
binuclear phosphido-bridged complexes ;[MPPR)(CO)]??~ [M = Mo (1°%7), W(2¥?>7)] have been
determined by variable scan-rate cyclic voltammetry in 0.3 M TBé&tetone. The reductions af and2°

are accompanied by an increase of 1.08 A ir-M distance and expansion and contraction b§ 80the
M—P—M and P-M—P angles, respectively, within an intact(d-PPh), unit. The one-electron electrode
potentials of these systems are highly invertéd®' = E;' — E;' = +0.17 V for 1%~ and +0.18 V for

292- and the rate constant of the second heterogeneous electron-transfer reaction is smaller than the first:
ksh,Zksn1= 0.1 for Mo and 0.018 for W. Results are consistent with progressive cleavage of the-metal

bond in two one-electron steps, of which the second is rate-limiting, because it is accompanied by a larger
part of the structural change. EHMO calculations reveal that the redox-active orbital is a-metal
antibonding ¢*) orbital with substantial bridging-ligand character that decreases markedly in energy on passing
from the metatmetal bonded M(} state to nonbonded M(@) Despite this feature, electron-transfer
thermodynamics and kinetics are not significantly metal-dependent. Rather, comparisons with structurally
similar sulfido-bridged complexes reveal that electron-transfer energetics are influenced more extensively by
the bridging ligand, with more positive potentials and larger electron-transfer rates observed foerR&s

R.P~ bridged species.

a polynuclear Me-Fe—S cluster in which an increase by two

in the valence electron count of the molecule results in a
lengthening of one FeFe bond by 1.0 A. Recent electrochemi-
cal studies of FeMoco extracted from the MoFe protein of
nitrogenase reveal that a one-step, two-electron reduction of the
cofactor can be achieved at negative potential under an atmo-
sphere of CG8Finally, the FgS; P-cluster in the MoFe protein

of nitrogenas® and the FgS; center in its conjugate Fe
protein3® which supply electrons in a serial manner to FeMoco,
each has been shown to exhibit two-electron redox behavior.

not changé: ! Experimental > and computation#2?studies ~ cHART 1
have been conducted on many such systems, from which it is

. . 2-

evident that metatmetal bond cleavage accompanied by CO pp, CO Co ph, CO I

structural reorganization provides the necessary driving force oc_| _~P~_| _-co *+2e OC\M/ P\JA/CO

for a multielectron event. M——M - ~

or a multielectron event oc” | g [ Sco oc” | g Sco
Concerted multiple electron transfer and metaletal bond Co Ph, CO Co Ph, CO

cleavage within a compositionally invariant redox center has
relevance to biological processes including nitrogen fixatfon.
The site of this important biological transfomation is thought
to be the polynuclear (MoF8&y) iron—molybdenum cofactor
(FeMoco) within the MoFe protein of nitrogenase. The inter-
metal distances found in the semi-reduced state of Fekoco
are consistent with metaimetal bonding but are too short to
permit binding of substrate NIt has been suggest&dhat
electron transfer accompanied by metaletal bond cleavage

(M = Mo, W)

In this paper, we report on the electrochemical kinetics and
thermodynamics of coupled two-electron transfer and metal
metal bond cleavage in the binuclear phosphido-bridged com-
plexes [My(u-PPh)2(CO)]¥?~ (M = Mo, 1927; M =W, 202~;
Chart 1)31-33 These reactions occur by sequential one-electron
steps

could loosen the MeFe—S framework of FeMoco to provide _ _
access to substrate binding as the enzyme is reduced to itd™M2-PPRACO)l + € = [My(u-PPh),(CO)

catalytically competent level. Several pieces of evidence support (Ef", oy, k) (1)
this possibility. Coucouvanis and co-work&& have prepared

[M,(u-PPh),(CO)] ™ + € = [M,(u-PPh),(CO)]*~
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of which the second is thermodynamically more favorable than tance was calculated from the equati®),= p/4wmr,,38 where
the first €' < EJ'). This inverted potential behavite® I, is the electrode radius (0.0314 cm) agnis the resistivity of
results from the structural changes that accompany reductionthe solvent and supporting electrolyte. The resistivity of 0.3 M
of the metat-metal bonded M(h center to nonbonded M(Q) TBAPFg/acetone was measured with a Yellow Springs Instru-
During this process, the MM distance increases by 1.08 A ment resistance bridge and a Model 3401 dip-type cell and found
and the M-P—M and P-M—P bridge angles expand and to equal 66Q2 cm, from whichR, = 168 Q. Quantitative
contract, respectively, by29° as the M(u-PPh), unit remains analysis of electrode kinetic data was limited to results obtained
intact31-33 at 0.5< » < 100 V st and C < 0.3 mM. Under these
The phosphido-bridged complexes in Chart 1 are selected for conditions, the largest uncompensatgddrop encountered was
study for two reasons. One is that they are experimentally more10 mV. The lower limit of v was adopted because the
tractable than the corresponding sulfido-bridged complexes, electrochemical response at smaller values was too reversible
which are susceptible to CO loss by solvolysis in the M(I) to yield useful kinetic information. The double-layer capacitance
oxidation staté.A second reason is that it has not been possible in 0.3 M TBAPFRy/acetone was measured @g = i/v from
to determine accurate values for the kinetic and thermodynamic background scans by cyclic voltammetry and found to equal
parameters of reactions 1 and 2 for the RBidged complexes, 6.2 x 1078 F.
because the electron-transfer kinetics of these systems are quite Final values of electrode kinetic parameters were obtained
fast10 Study of 192~ and2%2- was undertaken in the hope that by fitting simulated voltammograms to experimental ones using
the phosphido-bridged couples might exhibit more sluggish Digisim 2.1 or 3.0 (BAS)? Initial estimates ofE;’, ksh.1, 04,
charge-transfer kinetics, which would permit a mechanistic E5', ksha and oy, determined as described in the Results
analysis of multielectron behavior. This paper presents the section, and experimental valuesRf = 168 Q, Cy = 6.2 x
results of such an investigation and an interpretation of the 108 F, D = 1.3 x 105 cn? s7%, Hg drop mass= 1.63 mg,
influence of metal atom and bridging ligand on the concerted and C = 0.1-0.3 mM were used as input parameters for
two-electron transfer and metainetal bond cleavage exhibited  simulations employing spherical electrode geometry and Butler
by these compounds. Volmer kinetics. Simulated voltammograms were fit to experi-
. ) mental traces at four sweep rates between 10 and 100 fois
Experimental Section each couple. The simulations were initiated usiki’ = E3'
Materials. The complexes Mgu-PPh)2(CO) and Wh(u- — Ey' as the varied parameter. After a fit was obtainkg >
PPh),(CO) were prepared following the procedures in ref 31 was allowed to vary and the process was repedgdwas fit
and characterized by UV-visible and infrared spectroscopy. The after every third cycle. Final values were taken when the first
M(CO)s(PPhH) (M = Mo, W) starting materials were prepared three significant figures of the varied parameters did not change
as described in ref 36. Reagents and solvents were obtainecver three cycles.
commercially in the purest form available and used as received. EHMO Calculations. Extended Hakel molecular orbital
Synthetic operations were carried out on a Schlenk line under calculations of the KPP~ bridged analogues df®2- and 20/2-
an atmosphere of nitrogen. were carried out on a Gateway 2000 personal computer using
Electrochemical measurements were carried out in acetonethe CACAO progrant® Bond distances and bond angles were
containing 0.3 M tetrarbutylammonium hexafluorophosphate  gbtained from X-ray structural data of [M@-PP),(CO)],3?
(TBAPFs) supporting electrolyte. Acetone was obtained as “B  [Li(THF) 3] s[M02(u-PPh),(CO)g],32 [Wo(u-PPh)2(CO)), 3L and
& J Brand” solvent from VWR Scientific Products and put [Li(THF)3]o[W2(u-PPh),(CO)].3! A value of 1.47 A was
through several freeze-pump-thaw cycles and purged with Ar assumed for the PH distance. Structures were confined to
before use. TBAPFwas used as received from Southwestern idealized Do, symmetry. Eight intermediate structures were
Analytical Chemicals or obtained from GFS Chemicals and re- calculated usig a C program on an SGI computer by taking
crystallized from ethanelwater and dried in vacuo at 10C. the coordinates of the atoms in the neutral molecules and
Electrochemical MeasurementsElectrochemical measure-  changing them in a stepwise fashion to the atomic coordinates
ments were conducted in a three-electrode cell containing ain the dianions. EHMO calculations were performed on the 10
Bioanalytical Systems (BAS) mercury drop (CGME) working  structures, and the energies of the metal atom d orbitals were

electrode having an area of 1.1610 2 cn¥, a BAS Ag/AgCl plotted versus the MP—M angle to create a Walsh diagram.
(3M NaCl) reference electrode, and a Pt wire auxiliary electrode.
Cyclic voltammetry experiments at scan ratespf 0.01-50 Results
V s71 were conducted with a BAS CV-50W potentiostat. Electrochemical Behavior. Figure la displays a cyclic
Experiments atv > 10 V s! were conducted with the  voltammogram for the reduction of M@-PPh),(CO) at a scan
laboratory-built three-electrode potentiostat described in ref 37 rate of 0.15 V s. Single forward and reverse waves are
and employed an EG&G PAR 175 waveform generator. observed that correspond to the reductiodoénd reoxidation
Experimental traces were captured on a Nicolet 4094C digital of 12~ by the sum of eqs 1 and 2. The apparent formal potential,
oscilloscope, transferred to a personal computer, and analyzedss, = (Epc + Epa)/2, is —0.917 V. The cathodic peak current
using a modified version of the Nicolet file transfer software parameterj,d2?AC, equals 150Q:A s2 V=12 cm=2 mM~1
(Henry, version 1.2). A diffusion coefficient @ = 1.3 x 1075 and is consistent with an overall two-electron transfer. Scans
cn? s was determined for Mgu-PPh),(CO) in 0.3 M recorded over a sweep rate range of 6:0000 V s reveal
TBAPFg/acetone by chronocoulometry. Other species were only the single reduction and oxidation waves shown in Figure
assumed to have the same valueDof 1, indicating that the one-electron electrode reactions are not
Electrochemical kinetic parameters were determined from resolved under the experimental conditions. The difference
scan-rate dependent cyclic voltammetric data. Electronic com- between the cathodic and anodic peak potentials, equals
pensation of solution resistand®, was not employed. Rather, 78 mV aty = 0.15 V s and increases to 280 mV at= 100
reactant concentrations and sweep rates were selected to limitv s~* (Figure 1b). Similar behavior is exhibited Y2, for
Ry to acceptably small values, and the existing resistance waswhich E3,= —0.880 V andAE; increases from 148 mV at

obs
included in digital simulations. Uncompensated solution resis- = 0.15V s1to 380 mV atv = 100 V s. The large scan-rate
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Figure 2. Plots of experimental peak potentials versusddgr 192~

(®) and2%2- (O). Values ofE,c andEy, obtained as a function of scan
rate from digital simulations using the parameters in Table 2 are shown
as solid and dashed lines fa#2~ and 292-, respectively.

(b)

TABLE 1: Electrochemical Data for Two-Electron Redox
Couples of Phosphido- and Sulfido-Bridged Complexes

couple Edbs(V)C AE, (MV)? ipdipr ip/v?ACE
[Mo2(u-PPh)(CO)%2-2  —0.92 78 0.80 1500

Lo [Wo(u-PPh),(COX]922  —0.88 148 0.70 1300
[Moa(u-SPhY(CO)]”2- b —0.36 25 0.94 1980
[Wa(u-SPh)(CO)]%2- > —0.38 25 0.94 1850

a Obtained by reduction of neutral forms at 0.15 ¥ én 0.3 M
TBAPFs/acetone? Obtained by oxidation of dianion forms at 0.1 V
stin 0.1 M TBABFJ/CH;CN, from ref 9.6 (Epc + Epd/2. ¢ |Epc —

05 06 07 08 00 1.0 11 12 13 Epdl. ©Units of uA s¥2 V=12 cpm2 mM 1,
E V) :
Figure 1. Cyclic voltammograms of 0.28 mN° in 0.3 M TBAPR/ of linear equations derived from the experimental dependence
acetone at (ay = 0.15 V st and (b)y = 100 V s*. of AE, and the cathodic peak widtlEd. — Epc2) on scan rate.

(3) The initial estimates are used as input parameters for digital
dependent separation between the cathodic and anodic peakimulations, which are fit to experimental voltammograms to
potentials of the [M(u-PPh)2(CO)]%?" couples is illustrated  obtain final values oE’, E5', keh 1, andksna

in Figure 2. The Rate-Limiting Reaction and Transfer Coefficiadéen-

The kinetic behavior o192~ and2%2- contrasts with that of tification of the rate-limiting step requires that a system be
the corresponding sulfido-bridged complexes, »(MSR)- observed under conditions that cause one of the electrode
(COX]¥?~ (M = Mo, W; R= Ph, Bz,t-Bu), for whichAE, ~ reactions to become noticeably slower than the other. This
30 mV at slow-scan ratésnd increases to 120 mV at= 40 circumstance is achieved for the phosphido-bridged complexes

V s~lwhen M= W and R= Bz (3%27).2%|n addition, the RS atv > 0.5V s, where the anodic peaks @2~ (Figure 1b)
bridged species are reduced at much less negative potential&nd 2°2- become smaller and broader than their cathodic
than their PP~ bridged counterparts. Electrochemical data for counterparts. This observation indicates that the second electron
the two families of compounds are compared in Table 1. The transfer (eq 2) is rate-limitingf2

thermodynamics of M(b) to M(0), reduction is influenced The transfer coefficient of the slow electrode reaction can
dramatically by the donor atom of the bridging ligand but is be evaluated in the following ways. These are based on (i) the
relatively independent of metal. relationship betweea, and the anodic-to-cathodic peak current

Mechanism Analysis.The principal objective of this work ~ ratio (eq 3), (i) the scan-rate dependence of the anodic peak
is to obtain values for the electrochemical rate constants andPotential (eq 4), and (iii) the width of the anodic peak (eq 5):
formal potentials of egs 1 and 2. In doing so, it is important to

recognize that the existence of potential inversion (defined as ipafipe = [(1 — a)/(1 + 012)]1/2 3)
AE® = Ey' — E}') places a “kinetic burden” on the reactién,

which causes charge-transfer kinetics to appear more sluggish AE,,/Alog v = 0.0295/(1~ o) (4)
than they actually are. This interdependenc@&Bf’ andkg is

resolved by use of the following procedure based on Ryan's Epa = Epaz= 0.0477/(1— o) (5)

analysis of two-electron electrochemical reactibhél) The

rate-limiting electron-transfer step is identified, and its transfer For 192-, values ofa, = 0.38, 0.39, and 0.38 are obtained by
coefficient, a, is evaluated. (2) Initial estimates &E*" and use of egs 3, 4, and 5, respectively. The mean value,ct
the rate-limitingks, value are obtained by simultaneous solution 0.38 is used as the initial value in the simulations. B¢#,



Energetics of Concerted Two-Electron Transfer J. Phys. Chem. A, Vol. 106, No. 47, 2001633

values ofa, = 0.29, 0.43, and 0.34 are obtained by use of eqs TABLE 2: Thermodynamic and Kinetic Parameters for the
3, 4, and 5, respectively. The value = 0.43 from eq 4 is  [MO2(u-PPhp)(CO)e¥2~ and [Wa(u-PPhy)o(CO)e] 7>

used in the simulations. Couples

Estimation of AE> and kp 2 Because the second electron [Mo2(u-PPh)2(COX]¥2  [Wa(u-PPh)(CO)] >
transfer is the slow step, it is assumed tkat; is large and EP' (V) —1.01 (1) —1.00 (2)
thatoy = 0.5. This assumption is based on the observation that ks,:(cm s?) 0.4 (1) 0.8 (5)
the cathodic peak width is close to the reversible value of 28 a1 0.50 0.50
mV at low sweep rates. Estimates®E" andksn 2are obtained EZ V) L _8'33 élé _06802122) 2
from the sweep-rate dependence of two experimentally based ;:'Z(Cm $9 0.38 (©) 0.43 @)
parameters. The first quantity is;, which is a dimensionless  Age' (mv)p +170 +180
electron-transfer rate parameter defined by eq 6: Egbs (V)© —0.925 -0.91

a bpEor _ o ¢ or or
log 4 = log ksh,z_ |Og(.7tFDU/RT)l/2 _ In 0.3 M TBAPFR/acetone? E3' — Ef'. ¢ (Ef' + E5')/2.
(1 — a,)FAE®'/4.6RT (6) For 292~ the experimental relationship #8Egc = —0.011 log
v + 0.0071, which in conjunction with eq & = 1.3 x 1075
Log 5 is obtained from values akiE, measured as a function  cn? s, anda, = 0.43 yields the second linear equation for
of sweep rate by use of eq 7, which is obtained by rearrangementthe W couple:
of eq 41 in ref 4142 A plot of experimental values of log)

log 15 = (1 — a)log(ef27)/
41+ o0y) — (1 — azz)log[(l — o)/ 2]/ Simultaneous solution of egs 8a and 10a yiellEY)vwo =
12 0.161 V and Kshamo = 2.0 x 1072 cm s1. Simultaneous
A1+ o) +0.339~ (1~ a;)ARJ/0.118 (7) solution of eqs 8b and 10b yieldAE*")w = 0.149 V and Ksp Jw
= 4.9 x 102 cm s1. Recognition thahE* = E;' — E}' and
ELs= (Er' + E3')/2 leads to the following initial estimates of
the kinetic and thermodynamic parameters ¢~ and 20/2-,
For the Mo couple:Ey’ = —0.998 V,ksp 1= 1.0 cm s, a1 =
0.50,E5" = —0.837 V,ksh2= 2.0 x 102cm s'%, ap, = 0.50;
for the W couple:Ey' = —0.954 V,ksh1= 1.0 cm s, a; =
0.50,E5" = —0.805 V,ksh2= 4.9 x 102cm s%, 0, = 0.43.
lo =521(AE*).. — 2.54 8a Digital Simulations.The values ofg;’, Ksh1, a1, E5', Ksha
90kn Ao GE o (8a) ando, determined above and experimental valueRof 168

A similar approach fo2%2- produces a linear relationship of Q, Cd'_: 6.2 x 10°°F, D_: 1.3 x 107 cn? s, Hg dTOP
log v, = —0.54 logy — 1.62, which in conjunction with eq 6, ~Mass= 1.63 mg, andC = 0.1-0.3 mM are used as input
D=1.3x 10-5cn?s L, anda, = 0.43 results in the following ~ Parameters for digital simulations. Simulated voltammograms

relationship for the W couple: are fit to experimental curves at four sweep rates between 10
and 100 V s! as described in the Experimental Section.
log(Kg, Jw = 4.84(AE*"),, — 3.03 (8b) Numerical results are presented in Table 2. The uncertainties
’ correspond to a variation a£10 mV in simulated values of

The second kinetic paramete”Egc, accounts for the  AEpatv =100V st Figure 3 shows the agreement between
influence of slow electron-transfer kinetics on the observed Simulated and experimental traces at two sweep ratekfor
potential of reductionAEgc is determined from the broadening  The agreement between simulated and observed peak potentials
of the cathodic peak with increasing scan rate under conditionsOver the scan-rate range= 0.1-100 V s* is illustrated in
where the first electron transfer exhibits rate-limiting behavior. Figure 2.

This occurs atv = 0.5 V s, Values of AEgc are obtained The results in Table 2 reveal several aspects regarding the
from the working curve ofAEgc versusE* ez in Figure 5 of one-electron reaction_s aP/Zf and2%2-, The thermodynamics

ref 41a, whereE* pper2 = (Epe — Eped/(1 + o) is the cathodic of egs 1 and 2 are highly inverted. ValuAg® = +170 and
peak width normalized by (¥ ay). Equation 9 describes the +180 mV are obtained forl®2~ and 292, respectively,

dependence akEgc onksn 2, AE® and other kinetic parameters:  indicating that the second charge transfer is thermodynamically
more favorable than the first. However, the second electron-

AEg: = [0.059 logky, /(1 + op)] — transfer reaction exhibits slower kinetics. The valu&kgf, is
1/2 . 10 times smaller thaksp 1 for M = Mo and 60 times smaller
[0.059 logFDu/RT /(1 + )] than ksp1 for M = W. The thermodynamic and kinetic

[0.059(1~ 0,)FAE®'/4.6(1+ 0)RT] + AE*'/2 (9) parameters of the one-electron electrode reactions are metal-
] ] _ ) dependent only to a small extent. Valueskff andE;’ are
A plot of AEgc versus log yields a linear relationship adfEgc 0.01-0.02 V more positive for M= W than for M= Mo, and
= —0.021 logv + 0.0320 for1%2-. The slope is in good (ksh.dw is ~3 times smaller thank{n Jwio.

agreement with the predicted value €0.021. The intercept Disproportionation A further consideration in multielectron

of the AEgc versus logv plot in conjunction with eq 9 and  reactions is the extent to which disproportionation (eq 11)
values ofD = 1.3 x 10> cnP st anda, = 0.38 establishes a  participates in the electrode reaction mechanism.

second linear relationship betweaE®" and kgn 2 for the Mo
couple: 2 [M(u-PPh),(CO)]+~ =M s(u-PPh),(CO)I° +
log(Ksp Jmo = —6.53AE®"), — 0.648 (10a) M ,(u-PPh),(CO)]* Kaisp (11)

log(ken Jw = —7-3LAE™),, — 1.23 (10b)

versus logy for 192~ yields a linear relationship of logy, =
—0.53 logv — 1.14. The slope of the line is in good agreement
with the value—0.50 predicted by eq 6. The intercept of the
log 5 versus logy plot in conjunction with eq 6 and values of
D =1.3x 10°cm? st ando, = 0.38 establishes one linear
relationship betweeAE®" andksp 2 for the Mo couple.
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. . . . ) Filling of the o* orbital cancels the metalmetal bond in the
Figure 3. Fits of experimental and simulated cyclic voltammograms

for 192~ at (a)» = 10 V s and (b)s = 100 V s*. molecule. , ,
A Walsh diagram obtained from EHMO calculations on the
0/2— ; in Ei
Reaction 11 is thermodynamically favored becakigg = kg H,P~ analogue of th@”?~ couple is presented in Figure 5. The

Kodisp = eXpIF(ES’ — EZ)RT = 1 x 10°. However, we significant feature of the diagram is the dependence obthe

conclude that disproportionation does not contribute to the O'Pital energy on the MP—M bridge angle. The energy of

experimental response for the jig-PPh),(COX]2 systems this orbital decreases markedly on passing from the neiitral
i o _p_ ~ o 2— 2—

Voltammetric experiments conducted at concentrations o 0.1 Nd 2” forms, where§(M~P—-M) ~ 75°, to the1* and2

0.3 mM do not exhibit a dependence on concentration, and dianions, wheré(M—pP—M) ~ 104°. The energies of the other

simulations conducted witE = 0.1-10 mM. » = 1—1000 V metal-based orbitals remain relatively unchanged. The result in
s, andkgisp = 10108 M~ sL using the’electrode kinetic  Figure 5 supports the interpretation that metaletal bond
paramete?s in Table 2 exhibit no contribution from eq 11. cleavage and its accompanying nuclear reorganization are major

contributors to the driving force for coincident two-electron
transfer. Solvation and ion-pair formation also may be factors
in this procesd? The Walsh diagram suggests that, as an electron
EHMO Calculations. The electrochemical reduction af is added to ther* orbital of 1° or 2°, weakening of the MM
and2° to 12~ and2?-, respectively, occurs by concerted electron bond causes the metals to move apart and thePMM bond
transfer and metalmetal bond cleavage. The redox active angle to increase. These nuclear displacements produce a
orbital is the B, o* orbital that arises from antibonding decrease in the* orbital energy, which enables a second
interaction between they, orbitals of the two metals. This  electron to be added at a potential equal to or lower than the
orbital is the vacant LUMO in the M(})oxidation level and first, resulting in a multielectron event.

Discussion

the filled HOMO in the M(0) level (Figure 4). The orbital Electrochemical Parameters.The electrochemical results
exhibits significant metal,d-» (22%) plus phosphorus f12%) confirm the near-coincident nature of th&2- and 202~
character in the M(pstate. The metal content increases to 36% conversions and provide insight into the extent to which the
and the phosphorus content decreases to 8% in the; Igl@e. energetics associated with structural change are partitioned

The remainingy, 7, andd orbitals in the metatmetal bonding between the individual steps of the electrode reaction. The large
manifold are largely metalcarbonyl in character. They contain  potential inversion AE® = 0.18 V) indicates that significant
little or no contributions from the bridging ligands, and their thermodynamic stabilization occurs in the second step of the
compositions are not influenced by the change in oxidation state.1%2- and 292~ reductions. However, addition of the second
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Figure 5. Walsh diagram from EHMO calculations on theRH
analogue oR%%-,

electron is rate-limiting for both couples. The latter fact is

indicated by the relative breadths of the anodic versus cathodic
peaks (Figure 1b) and is confirmed by digital simulations, which

produce small values d&&p 2in comparison withks, 1. The rate
constant ratiosksh 7ksh 3, correspond to a difference of-@0
kJ mol~t in free energy of activation at 298 K. Because outer-
shell reorganization energies are the same for-Gilthd 1-/2—
electrode reaction$;*4it is concluded that inner-shell reorga-
nization is responsible for the smaller valuekgf, Thus, we
conclude thatthe major fraction of structural change ac-
companying the two-electron reduction X¥fand 2° occurs in
the second step of the reaction

It is of interest to compare results for the {(l-PPh),-
(CO)X]2~ couples with those of other two-electron reactions
characterized by large structural change. The behavia?/&f
and 2%2 is closely paralleled by that of the arsenido-bridged
complex,cis-[Rux(u-AsPh)(Cpl(CO))2" (4%1), which under-
goes two-electron reduction accompanied by cleavage ofa Ru
Ru single bond>4> For 4270, AE* = +180 mV, ksh1 > 0.1
cm st andksh, = 7 x 1072 cm s Thus, in these three
examples of concerted two-electron transfer and metedtal
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influence values oE®" and ksn. One expectation is that it is
more difficult to reduce the heavier elements within the same
group of the periodic table. For example, in high oxidation state
oxo compounds of Mo and W, where the added electron is
localized in a metal-centered orbitalE® = E},, — E}, =

0.6 V4748 In M—Fe-S clusters, where the redox orbital is
delocalized over sulfur-bridged metal centedg® = 0.0—

0.2 VA9-51 For 192 202- ‘and the corresponding R®ridged
couples (Table 1), values &;', E3', andES . are effectively
metal-independent. This observation is attributed tortfaeid
character of the CO ligands, which is effective in distributing
charge over the entire molecule, and to the fact that the vacant
o* orbital in 1° and2° is delocalized over the four-atom#
center by mixing of metal ,d-y2 and phosphorusyporbitals.

The significant bridging-ligand contribution to the* redox
orbital is consistent with the large difference.5 V) in E*
values between BR~ and PhS bridged complexes. Thus, the
bridging ligand exerts a greater influence than the metal on the
thermodynamics of the electron-transfer reactions.

Both the metal atom and bridging ligand influence the kinetics
of electron transfer. The expectation in this regard is that bonds
involving W are stronger than those involving Mdwhich
should lead to larger inner-shell reorganization energies and
slower rates of electron transfer for tungsten-containing species.
The rate ratio Ksnh 9mo/(kshdw = 2.7 is consistent with this
expectation, but its value is smaller than anticipated. Previous
interpretations of concerted electron transfer and metedtal
bond cleavag€-*°have utilized the dissociative electron-transfer
model of Savearf wherein the inner-shell contribution to the
free energy of activation is equated to one-fourth of the bond
dissociation energy. The Mavlo and W-W single bond
energies ifl° and2° are calculated to equal 74 and 98 kJ nipl
respectively, from the equation of Hughes and Whédeing
metal-metal distances al(Mo—Mo) = 3.022 &3 andd(W—

W) = 3.026 A3l From these data, it is predicted th&tn(Qmo/
(ksh2w = 11.2, which is larger than the value observed. This
result suggests that inner-shell reorganization is distributed to
some extent between the two charge-transfer steps and that
factors in addition to metalmetal bond energies influence
inner-shell reorganization barriers.

The bridging ligand exerts a larger influence than does the
metal on the kinetics of the second electron-transfer reaction.
Previously, we estimateld, = 0.1 cm s for the second step
of the [Wx(u-SBz)p(CO)] %2~ reactiont® Although the bridging-
ligand substituent groups differ, comparison to the dat2%8r
in Table 2 indicates that electron transfer is faster for sulfido-

bond breaking, potential inversion is large and the rate-limiting bridged than for phosphido-bridged species. The origin of this
reaction is the second step in the reduction, which completesdifference is unclear. Examination of X-ray structural data for

cleavage of the metaimetal single bond.

[Wa(u-SPh)(CO)e], % [EtsN]o[W2(u-SPhy(CO)],° [Wa(u-

It also is of interest to compare results with those found for PPh)2(CO)g],%* and [Li(THF)s]o[W(u-PPh)2(CO)g]! reveals

the two-electron reduction of ijf-CeMeg),RUP** to [(17*-Ce-
Meg)(178-CsMeg)RU® (52179),46 wherein the structural change is
a decrease in hapticity of one hexamethylbenzene rincc¥6y
AE® = 4+30 mV, ksh1= 2 cm s'1, andksn 2= 4.5 x 1074 cm

s 1 in CH3CN. Although these parameters are qualitatively
similar to those ofl%2-, 202- and4?*/0, the individual steps

that metrical changes within the four-atom, ligand-bridged unit
resulting from two-electron transfer are almost identical for W
(u-SPh) and Wi(u-PPh), complexes? It is possible that
differences in metatligand force constants for WS versus
W-—P bond-length and bond-angle deformations could account
for the difference in rates through their impact on inner-shell

of the 5270 reaction can be resolved at large-scan rates and reorganization energies. Empirically, electron-transfer kinetics
disproportionation (eq 11) is observed. Thus, small quantitative often parallel thermodynamic trends, with stronger meligand

differences inAE®’ and individualks, values can lead to large

interactions correlating with more difficult reduction and a

qualitative differences in experimental response and behavior. slower rate of reactiob>°On this basis, slower electron transfer
Further detailed study of inverted two-electron-transfer reactions is anticipated for W(u-PPh), versus W(u-SPh) species given

would be of interest in this regard.
Influence of Metal and Bridging Ligand. It is anticipated
that the identity of the metal atom and bridging ligand will

the 0.5 V difference in electrode potentials. However, the bond-
distance/force-constant equations of Woodruff éadredict
identical values for WS and W-P bond deformation constants
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on the basis of the structural information cited above. Spectro-
scopic data and normal coordinate analyses of vibrations within

the four-atom WS, and W,P, cores would be helpful in

understanding the differences exhibited by these systems. It is

Uhrhammer and Schultz
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1497.

(22) Baik, M.-H.; Ziegler, T.; Schauer, C. K. Am. Chem. So200Q

evident that the bridging ligand plays an important role in 122 9143.

controlling the kinetics and thermodynamics of concerted two-

electron transfer and metametal bond cleavage.

Conclusion

The phosphido-bridged Mo(l) and W(l) carbonyl dimersf{M

(u-PPh)x(CO)]° (M = Mo, W), undergo concerted two-electron
transfer accompanied by metahetal bond cleavage upon
reduction to their corresponding dianions. Large electron-
transfer-induced structural changes within the four-atop M
(u-PPh)2 unit lead to an inversion of one-electron redox
potentials. Although addition of the second electron, which

completes the cleavage of the metaletal bond, is rate-

limiting, inner-shell reorganization is divided to some extent
between the two charge-transfer steps. EHMO calculations

reveal that the redox-active orbital is a metaietal antibonding

(0*) orbital with substantial bridging-ligand character that

decreases markedly in energy on passing from the metatal
bonded M(I} state to nonbonded M(&)The thermodynamics
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(24) (a) Chan, M. K.; Kim, J. S.; Rees, D. Science1993 260, 792.
(b) Mayer, S. M.; Lawson, D. M.; Gormal, C. A.; Row: S. M.; Smith, B.
E. J. Mol. Biol. 1999 292 871.
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