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Temperature-dependent measurements of potential, £°', and electron-transfer rate constant, ks, are reported for
electrochemical reduction (in 0.3 M TBAPFs/CHsCN) of a series of oxomolybdenum(V) complexes, [(Tp*)MoO-
(X,Y)], where Tp* = hydrotris(3,5-dimethyl-1-pyrazolyl)borate and X,Y is a series of hidentate 1,2-disubstituted
aliphatic or aromatic ligands in which oxygen donors are replaced sequentially by sulfur. E°' values shift in the
positive direction, and ks; values increase as O is replaced by S and as the framework of the ligand is changed
from aliphatic to aromatic. The electrochemical enthalpy of activation, measured under conditions of zero driving
force as AH = —R d[In(ks))/d(1/ T) and corrected for an outer-shell component by the mean spherical approximation,
is ~10 kJ mol~* larger for complexes with O versus S donors and with an aliphatic versus aromatic ligand framework.
Thus, the rate of Mo"/" electron transfer is modulated primarily by differences in inner-shell reorganization. Following
a recent description of electronic structure contributions to electron-transfer reactivity (Kennepohl, P.; Solomon, E.
. Inorg. Chem. 2003, 42, 679 ff), it is concluded that more effective charge distribution over the entire molecular
structure, as mediated by electronic relaxation in S versus O and aromatic versus aliphatic systems, is responsible
for the influence of ligand structure on the kinetics and thermodynamics of Mo-centered electron transfer. There is
no evidence, based on experimentally measured pre-exponential factors, that sulfur donors or an aromatic ligand
framework are more effective than their structural counterparts in facilitating electronic coupling between the electrode
and the Mo d,, redox orbital.

Introduction thiolate about its Me-S bond can produce strong Mog-S
3p z interactions. On the basis of spatial extent and the
energy match of S with Mo orbitals, it is presumed that these
interactions create a means of modulating the thermodynam-
ics and kinetics of electron transfer.

In recent years, wWeand other$ have explored the
influence of sulfur coordination on molybdenum-centered
electron transfer through electrochemical studies of com-

The active sites of oxomolybdenum enzymes contain one
or two ene-1,2-dithiolate ligands and, in many cases, a
terminal sulfide and/or cysteine thioldté.These sulfur
donors appear to be crucial to enzyme reactivity. Of particular
interest is the possibility that MeS orbital overlap provides
an effective low-energy pathway for electron transfer to and
from the metaf There is evidence from spectroscopic and
computational model compound studies that a three-center, (4) (a) inscore, F. E.; McNaughton, R.; Westcott, B. L.; Helton, M. E.:

pseudos overlap is created by interaction of the filled in- Jones, R; Dhav\(/g)n, I. K.; Enemark, J. H.; Kirk, M. “Jorg. Chekm.

; ; e ; 1999 38, 1401. Jones, R. M.; Inscore, F. E.; Hille, R.; Kirk, M.
plane S orb|talls of coordnjgted ene_dlthlolate(s) W|tr_1 the Mo L. Inorg, Chem 1999 38, 4963. (¢) McNaughton. R. L+ Helton, M.
dy, redox orbital In addition, folding of a coordinated E.; Rubie, N. D.; Kirk, M. L.Inorg. Chem200Q 39, 4386.

enedithiolate along its-S'S vectof or rotation of a saturated ~ (5) (&) Joshi, H. K.; Cooney, J. J. A Inscore, F. E.. Gruhn, N. E.;
9 Lichtenberger, D. L.; Enemark, J. Hroc. Natl. Acad. Sci. U.S.A.

2003 100, 3719. (b) Waters, T.; Wang, X.-B.; Yang, X.; Zhang, L.;
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chem.iupui.edu. 126, 5119.
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Rev. 2004 104, 1175. Helton, M. E.; Cosper, M. M.; Enemark, J. H.; Kirk, M. Ilnorg.
(3) Carducci, M. D.; Brown, C.; Solomon, E. I.; Enemark, J.J HAm. Chem.2004 43, 1625.
Chem. Socl1994 116, 11856. (7) Olson, G. M.; Schultz, F. Alnorg. Chim. Actal994 225, 1.
10.1021/ic040082i CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 23, 2004 7389

Published on Web 10/16/2004



Uhrhammer and Schultz

Chart 1 Specifically, Maran et al. have produced evidence that the
@) dissociative electron-transfer reductions of organic peroxides
and peresters, which are characterized by small values of
. Mo ksn and unusually low pre-exponential factors, are strongly
/ O\ / nonadiabatié® Related sulfur-containing molecules do not
§I@I ‘ X exhibit such behaviot
/M\ N In this paper, we explore the basis of enhanced-80
™~ N/ versus Moe-O reactivity through temperature-dependent
measurements oE® and ks, for the following electrode
reaction:

X—Y [(Tp*)MoYO(X,Y)] + & =
[(TpMoYOX, V)]~ E”, kg, (1)

¢} 0o
1a ] 2a ]@ Here, Tp*= hydrotris(3,5-dimethyl-1-pyrazolyl)boratéand
1-X,Y and 2-X,Y are a series of bidentate 1,2-disubstituted
aliphatic and aromatic ligands, in each of which O donors
o o) are replaced sequentially by S to produce the oxomolybde-
1b ] 2b D num(V) complexeda—c and2a—c in Chart 1. Temperature-

-8 -8 dependent measurements are carried out in acetonitrile
solvent by use of cyclic voltammetry and the nonisothermal
_ _ cell technique of Weavép,in whichks is determined under
S S conditions of zero driving force at the operative value of
Te j 2c ]@/ E®. Results are interpreted in terms of classical Marcus
-8 -8 theory for heterogeneous electron tran$fer

pounds such as those shown in Chart 1. Systematic substitu-
tion of S for O produces a positive shift B’ (the potential

of MoV reduction) and an increasekg, (the heterogeneous
electron-transfer rate constant). Thermodynamic modulation
of Mo(lV) stability by Mo—S covalency frequently is

Ksn= Zner Ker€XPE-AG'IRT] 2)

whereZn. = (KT/2zm)*¥? is the collisional frequency factor
with m = molecular massqe; = the electronic transmission
proposed as an explanation for the influence of sulfur Coefficient, andAG* = the free energy of activation. To
coordination onE®'.2 However, the origins of the kinetic ~ 2SS€SS the “real” activation parameters, which are derived
differences are less well understood. One explanation is that ™o temperature-dependent measurementkspfat zero
the larger force constants of M@ versus Me-S bonds ~ driving force;” eq 2 is expressed as

should produce larger inner-shell reorganizations accompa- +

nying reduction and result in smaller valuesgf. A second ~ Ksn= Zyet ke €XPIASTR] -exp[-AH'/RT] =

possibility is that the greater covalency of M8 versus Ahet.exp[—AH*/R'q 3)
Mo—O bonds produces larger electron transfer rates via more

effective electronic coupling with the metal. The latter \hereAS is the apparent entropy of activation an#i* =
consequence would be reflected in relative values of the pre-Ap*, + AH*.. is the sum of the inner- and outer-shell
exponential factor in the rate law, which will be larger for enthalpies of activation. It is anticipated that rate effects
electron transfer reactions that are fully adiabatic compared gyising from differences in nuclear reorganization will be
to those that are not. Nonadiabatic electrochemical behavioryeflected in the relative values afH¥, whereas those arising
has been claimed for a number of oxygen-rich reactdnts.  from differences in electronic coupling will be reflected in
the relative magnitudes df.e. In the following sections,

(8) (a) Cleland, W. E.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.;
Mabbs, F. E.; Ortega, R. B.; Enemark, J.IHorg. Chem.1987, 26,
1017. (b) Chang, C. S. J.; Collison, D.; Mabbs, F. E.; Enemark, J. H. (11) CIO,” oxidation: Sinkaset, N.; Nishimura, A. M.; Pihl, J. A.; Trogler,

Inorg. Chem.199Q 29, 2261. (c) McElhaney, A. E.; Inscore, F. E; W. C. J. Phys. Chem. A999 103 10461.
Schirlin, J. T.; Enemark, J. Hnorg. Chim. Acta2002 341, 85. (d) (12) Tris(hexafluoroacetylacetonato)ruthenium(lll) reduction: Weaver, M.
Graff, J. N.; McElhaney, A. E.; Basu, P.; Gruhn, N. E.; Chang, C.-S. J.; Phelps, D. K.; Nielson, R. M.; Golovin, M. N.; McManis, G. E.
J.; Enemark, J. Hinorg. Chem.2002 41, 2642. Phys. Chem199Q 94, 2949.

(9) (a) Westcott, B. L.; Gruhn, N. E.; Enemark, J. HAm. Chem. Soc. (13) Antonello, S.; Daasbjerg, K.; Jensen, H.; Taddei, F.; Mara, &m.
1998 120, 3382. (b) Helton, M. E.; Kirk, M. LInorg. Chem.1999 Chem. So0c2003 125 14905.
38, 4384. (c) Helton, M. E.; Gruhn, N. E.; McNaughton, R. L.; Kirk,  (14) Trofimenko, SScorpionates The Coordination Chemistry of Poly-
M. L. Inorg. Chem200Q 39, 2273. (d) McNaughton, R. L.; Tipton, pyrazolylborate Ligandsimperial College Press: London, 1999.
A. A;; Rubie, N. D.; Conry, R. R.; Kirk, M. LInorg. Chem.200Q (15) Yee, E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P.; Weaver, M. Am.
39, 5697. Chem. Soc1979 101, 1131.

(10) Organic peroxide and perester reduction: (a) Donkers, R. L.; Maran, (16) (a) Marcus, R. AElectrochim. Actal968 13, 995. (b) Weaver, M. J.
F.; Wayner, D. D. M.; Workentin, M. SJ. Am. Chem. Sod. 999 In Comprehensie Chemical KineticsCompton, R. G., Ed.; Elsevier:
121, 7239. (b) Antonello, S.; Formaggio, F.; Moretto, A.; Toniolo, Amsterdam, 1987; Vol. 27, pp-160.

C.; Maran, F.J. Am. Chem. So001, 123 9577. (17) Weaver, M. JJ. Phys. Chem1976 80, 2645.
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we report and comment on valuesAf* andAne obtained
for electrochemical reduction of compountis—c and2a—
C.

1000 T T T T

Experimental Section 500 |-

Materials. Complexesla—c and 2a—c were prepared and
purified by previously described methot®.The acetonitrile solvent
for electrochemical experiments was obtained as distilled-in-glass

l-norm
o
I

-500

I-norm
o
1

-1000

reagent from Burdick and Jackson and put through three freeze
pump-thaw cycles and purged with Ar prior to use. Tetra-
butylammonium hexafluorophospate (TBAPFupporting elec-
trolyte was obtained either from SACHEM and used as received
or from G. F. Smith Chemical Company. The latter material was
recrystallized from ethaneilwater and dried in vacuo for 24 h at -1000 6 _4'00 -8I00 _12'00 -1600
100 °C prior to use. E (mV)
Electrochemical MeasurementsElectrochemical experiments
were conducted in C¥CN containing 0.3 M TBAPE: Solutions 1000 T T T T
were deoxygenated with and maintained under a blanket of argon. b N ~ /‘\
Measurements were performed by use of a Bioanalytical Systems \
(BAS) CV-50W potentiostat and employed a three-electrode cell 500 |- - .
configuration consisting of a 1.6-mm (0.020 Ynor 250um K/ I i
(0.00049 crd) diameter Pt disk working electrode, a BAS Ag/AgCl ! // 7
reference electrode, and a Pt wire auxiliary electrode. The 1.6-mm . - |
diameter electrode was purchased from BAS; the 250diameter / H
electrode was constructed locally by published meth&ugorking ' . ’
electrodes were p_oInshed with an aqueous slurry of alumina -500 \} \\,\/ i
(Buehler), rinsed with KO and solvent, and dried before use. _ / \
Temperature-dependent measurements were conducted in a non- 2.8.5 2.0,S 2-0,0
isothermal electrochemical céfl,in which the working and | . | .
reference electrode compartments were thermostated independently 200 -200 -600 -1000 -1400
by circulating water baths. The reference compartment was E (mV)
maintained at 24C, and the temperature of the working compart- Figure 1. Normalized current cyclic voltammograms in 0.3 M TBAPPF
ment was varied from-20 to 24°C. Temperature-dependent values  cp,cN for reduction of (a) [(Tp*)MoO(1-X,Y)] complexes at 297 K and
of the specific resistivityp, of 0.3 M TBPAR/CH3;CN solutions v =5V s71; reactant concentration and electrode diameters are 0.5 mM,
were taken from ref 19. Temperature-dependent values of diffusion (1b§5 [r(T']rm*gi/l_c?c')(()%; )%\S()ﬂ\gm 2?2)2 s(latozgg% i-g:;'\/l, %iwvmg(}-_?é?:gr]\?
coefflments,D, were determined by chronocoulome%PyVaIues_ concer?tration and7electr0d2 diameters are 2.0 mM,pﬂE((Z-b,O); 11
obtglned forlaand2awere used for all members of the respective mM, 250m (2-0,S); 0.5 mM, 25(m (2-S,S)J-norm = i/ 12AC, where
series of compounds. Thus, fba—c, In D = —6.96— 12031 (D i is current inuA, v is scan rate in V3!, A is electrode area in ¢iand
= 1.67x 105cn? s 1at 297 K), and foRa—c, InD = —5.38— C is reactant concentration in mM.
17561 (D = 1.27 x 1075 cn? st at 297 K).
Electrode kinetic parameters were determined from the sweepwhereo. = (1 — ) = 0.50 is the transfer coefficient. Positive
rate dependence of cyclic voltammetric peak potential separations,feedback compensation of solution resistance was not employed.
AE,, using strategies described previousi§:? Peak potential Rather, conditions of reactant concentrati@ € 0.2—1 mM),

separations were corrected for the influences of uncompensatecelectrode sizer(= 800 or 125um), and scan rates(= 0.02-50 V
solution resistanceR|) and nonlinear diffusion by subtracting the ~ s™*) were controlled to keep corrections A&, to <10 mV in all

quantities AEy)ir = 2 x ipRy (i, = peak currentR, = 4p/r, p = cases.
specific resistivity,r = electrode radius) andAE)edge (Obtained
from tabulations of HeinZ8) from the measured values &fE,. Results

Values ofks , were obtained from previously published tabulations . . .
of AE; versus the kinetic parametgr= ks /(7DF/RT)¥2in cases The cyclic voltammetric behavior of complexéa—c and

where AE, < 200 mV2223 Beyond this limit,ks, was calculated 2a—c at constant temperature is illustrated in Figure 1. Each

from the expressich process is assigned to the diffusion-controlled, metal-
centered, one-electron reaction described by eq 1 on the basis
k., = 2.180B*FDuIRT)™? exp(—aSFAE JRT) ) of a lineari, versusv*? response and a reverse-to-forward
’ peak current ratio of-1. Substitution of S for O in 1-X,Y
(18) Wightman, R. M.; Wipf, D. OElectroanal. Chem1989 15, 267. and 2-X)Y produces large changes in electrochemical

(19) Bowyer, W. J.; Engelman, E. E.; Evans, D.HElectroanal. Chem. behavior. Redox potentials shift in the positive direction by

1989 262, 67. ~ :
(20) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals 06_07 V, and e|ECtr9n transfer rate ConStan.tS Increase
and Applications2nd ed.; Wiley: New York, 2001; Chapter 5. significantly on the basis of changesAt,. There is about

(22) Heinze, JBer. Bunsen-Ges. Phys. Cheh®81, 85, 1096.
(23) (a) Nicholson, R. SAnal. Chem1965 37, 1351. (b) Schmitz, J. E.
J.; van der Linden, J. G. MAnal. Chem1982 54, 1879. (24) Schultz, F. AJ. Electroanal. Chem1986 213 169.
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Table 1. Electrochemical Data for Reduction of (Tp*)MoO(1-X,Y) and (Tp*)MoO(2-XaY)

Uhrhammer and Schultz

bidentate E°'297 AS’re ks 1297 AH* AHRP Anet
complex ligand V) (I molFtK-1h (cms? (kJ mol1) (kJ mol1) In Apet (cmsh
la 1-0,0 —~1.145 —28(30) 0.0077 36(8) 17 9.5(3.6) 1:310°
1b 1-0,S -0.813 —53(6) 0.028 35(5) 16 10.7(2.6) 4410
1c 1-S,S —0.402 —42(5) 0.24 27(4) 8 9.4(1.6) 12 104
2a 2-0,0 -0.721 —48(4) 0.026 23(3) 8 5.5(1.4) 25610
2b 2-0,S —0.445 —26(7) 0.16 14(2) -1 3.9(0.9) 0.5x 102
2c 2-S,S -0.112 —50(5) 0.31 13(1) -2 3.9(0.1) 0.5x 102

2In 0.3 M TBAPR/CH3CN at a Pt electrode. AH*s = AH* — AH*,s, whereAH* is evaluated by use of eq 5 with valuesegf = 1.800,es = 37.5,
anddeoy/dT = —0.00121 K from ref 26; values obed/dT = —0.160 K%, 6s = 41.0 pm, andddg/dT = 0.094 pm K* from ref 27; and values af = 380
and 500 pm for compoundisa—c and2a—c, respectively. Reactant radii are evaluated by use of the Stdkiastein equationdd = kT/6myr) with n = 3.4

x 1074 Pa s (ref 26).

-1120 -690
1130 -700
< —
E £
~ -1140 E 710
N g
w 1w
-1150 -720
- | 1 ! 1 -730 1 1 1 1
N8 260 270 280 290 300 250 260 270 280 290 300
T (K) T (K)
-780 T T T T -420 T T T T
2-0,S
-790 4301 o i
S S
E 800 E a0l ¢ 1
-OLLI ol"u
-810 -450 |- i
-820 ! 1 1 I -460 I 1 1 1
250 260 270 280 290 300 250 260 270 280 290 300
T (K) T (K)
-370 . . : . -80 . , . ,
1-S,S
-380 -90
S S
£ -390 £ -100
w W
-400 -110
- 1 i 1 1 _12 1 1 1 1
41%50 260 270 280 290 300 %50 260 270 280 290 300
T (K) T (K

Figure 2. Plots of E* versusT for [(Tp*)MoO(X,Y)] %~ couples in 0.3 M TBAPFCH;CN.

10-fold enhancement for compounda—c. Values of E*' chemical half-reaction entroppS’.. = F(0E®'/9T), obtained
andks precorded at 297 K are reported in Table 1 and are in from the slopes of th&®' versusT plots are collected in
good agreement with results obtained in an earlier study of Table 1. The quantities range fron26 to—53 J mol* K1,
these compounds at ambient temperature. There is no discernible dependence A8, on ligand
The temperature dependence of the thermodynamics ofcomposition, and values are consistent with results antici-
reaction 1 is illustrated in Figure 2. Values of the electro- pated for a 0/%+ redox couple in CHCN in which no
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In k
s,h
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Figure 3. Temperature dependencelgf, for (a) [(Tp*)MoO(1-X,Y)]%-
and (b) [(Tp*)MoO(2-X,Y)P'~ couples in 0.3 M TBAPFCH;CN.

relative magnitudes of this quantity are informative. Values
of Anetfall in the range 1.24.4 x 10* cm s'* for compounds
la—cand 0.5-2.5 x 10? cm s* for compound®a—c. These
ranges are withinv1 order of magnitude of the result>3

10° cm s! calculated agner= (kKT/2zm)¥2 for a 500 g mot?t
reactant. This is a typical value for the prefactor of a simple
adiabatic electrode reaction in a nonaqueous soleatlt

is evident from the data in Table 1 that.;is not influenced

by the change from O to S donor atoms in either series of
compounds. However, complexes with aliphatic X,Y ligands
exhibit a pre-exponential factor that is-5200 times larger
than that of the corresponding aromatic ones.

Discussion

Sulfur has a significant influence on the thermodynamics
and kinetics of the [(Tp*)MoO(X,Y)}{~ electrode reactions.
The potential of MJ" reduction shifts in the positive
direction by~0.3 V upon each systematic replacement of
O by S. In additionE® values are 0.30.4 V more positive
for X,Y ligands with aromatic versus aliphatic frameworks.
Similar effects have been observed in a number of in-
stance$82°but the results obtained in the current study are
dramatic evidence of such behavior.

The influence of ligand structure and composition on
metal-centered redox potentials frequently is explained in
terms of an isolated orbital model, in which the energy of
the redox active molecular orbital, here, the nonbonding Mo
dy, increases or decreases in response to the amount of
negative charge donated by the ligad¥iOur present
findings are consistent with this interpretation and the
expectation within the context of hard and soft aclithse
theory! that ligands with O versus S donors or aliphatic
versus aromatic frameworks are more effective negative
charge donors to an electropositive metal center. However,
it is important to recognize that other factors contribute to
thermodynamic stability. In a recent series of papers,

compositional or large structural change accompanies elec-Kennepohl and Solomon conducted a thorough analysis

tron transfe?® The large uncertainty inS’. for compound

of electronic structure contributions to electron-transfer

la is attributed to the large peak potential separations reactivity3?-3* An important conclusion of their work is that

observed for this compound.

The temperature dependencekgfis illustrated in Figure
3. Values ofAH*, In Ane, andAne; determined from the slopes
and intercepts of plots of Iksy versus 1T as AH* = —R
AIN(Ks N)/A(LIT), IN Aner= In(ks) + AH¥/RT, andApe; = K

the electronic relaxation, which accompanies valence ioniza-
tion and electron attachment processes in mdigand

complexes, makes an important contribution to redox ther-
modynamics. Relaxation involves a change in the repulsive

exp[AH*/RT] are presented in Table 1. The results indicate (26) Riddick, J. A.; Bunger, W. B.; Sakano, T. lOrganic Solents:

that there are detectable influences of ligand composition

Physical Properties and Methods of Purificatjetth ed.; Wiley: New
York, 1986.

on electrochemical activation parameters. Within each family (27) Fawcett, W. R.; Blum, LJ. Chem. Soc., Faraday Tran992 88,

of compoundsAH* decreases by-910 kJ mot™ on passing
from ligands with two O donors to ones with two S donors.
Moreover, values oAH* are 13-21 kJ mot™ larger for each
compound in familyla—c than the corresponding member
in sequenc&a—c. Thus, compounds containing bidentate
ligands with O donors and an aliphatic framework exhibit
larger barrier heights.

33309.

(28) For comparison of O versus S ligation see: (a) Bond, A. M.; Martin,
R. L.; Masters, A. FJ. Electroanal. Chenil976 72, 187. (b) Schultz,

F. A.; Ott, V. R,; Rolison, D. S.; Bravard, D. C.; McDonald, J. W.;
Newton, W. E.Inorg. Chem1978 17, 1758. (c) Lukat, G. S.; Kurtz,
D. M., Jr. Biochemistryl985 24, 3464. (d) Reference 8b.

(29) For comparison of aromatic versus aliphatic ligand frameworks see:
(a) Hagen, K. S.; Watson, A. D.; Holm, R. H. Am. Chem. Soc.
1983 105 3905. (b) Zanello, PCoord. Chem. Re 1988 87, 1. (c)
Reference 8a.

Although there is considerable uncertainty in the experi- (30) Perkins, P. G.; Schultz, F. Anorg. Chem.1983 22, 1133.

(31) Pearson, R. GCoord. Chem. Re 1990 100, 403.

mental determination of the pre-exponential factor, the (32) Kennepohl, P.. Solomon, E. lhorg. Chem 2003 42, 679.

(25) Hupp, J. T.; Weaver, M. Jnorg. Chem.1984 23, 3639.

(33) Kennepohl, P.; Solomon, E.lhorg. Chem.2003 42, 689.
(34) Kennepohl, P.; Solomon, E.lhorg. Chem2003 42, 696.

Inorganic Chemistry, Vol. 43, No. 23, 2004 7393



Uhrhammer and Schultz

interactions between metal-based electrons upon a changé¢heir metat-thiolate analogues. A further consideration is

in oxidation state. The process is influenced by ligand
composition and structure as well as mefaand covalency
and operates in conjunction with orbital energy effects in
modulating the charge density at a metal center and in
determining thée®' value for a particular redox system. The
magnitude of electronic relaxation is not known for com-
poundsla—c and2a—c but undoubtedly makes an important
contribution to their relativee®' values.

Electrochemical activation parameters provide insight to
the influence of ligand structure on electron-transfer kinetics.
The activation enthalpies measured in this work equal the

that the entirety of each molecule is available to mediate
redox-induced charge redistribution. Hence, an aromatic
ligand framework should be more effective than an aliphatic
one in this regard and exhibit small&H;s* values. We
conclude that the greater charge redistribution available via
electronic relaxation to MeS and aromatic complexes in
comparison to Me-O and aliphatic ones is the principal
mediator of [(Tp*)MoO(X,Y)P'~ kinetics and is manifested
experimentally in inner-shell reorganization barrigs&
Thus, as is evident from the data in Table 1, enthalpic effects
are the primary determinant of the electron-transfer rate

sum of inner- and outer-shell reorganizations that accompanydifferences among the compounds investigated.

the electrode reaction described by eq 1. To obtain an
estimate of their inner-shell contributions, experimental

values ofAH* are corrected by subtraction of an outer-shell

componentAH*,s, which is calculated to equal 19 kJ mbl

for compoundda—c and 15 kJ mol* for compound®a—c

by use of the mean spherical approximatidn.

AH' o= NEIBI[T(de, /0T)/e%,, — (1 — Lleg) +
{(1 — 1le) — T(dedaT) /(A + O r) +
T(1 — Ue)(004aT)r(L+ 6Jr)? (5)

Here,eqp andes are the optical and static dielectric constants
of the solventys is the solvent polarization parameter, and
r is the radius of the reactant. Values AH*s = AH* —
AH*ys are collected in Table 1. For compoun2ls and 2c,

the outer-shell contribution equals the total barrier height
within experimental error; thug\H*s is effectively zero for

Pre-exponential factors were measured in an attempt to
assess the influence of donor atom character on the adiaba-
ticity of reaction 1. It was anticipated that relative values of
Anet might point to instances of poor electronic coupling
between the electrode and the Mo-centered redox orbital,
which could be taken as evidence that< 1.3° However,
the results in Table 1 show no systematic correlation between
the pre-exponential factor and the O or S content of the
ligands. Therefore, although M orbital overlap may be
effective in modulating metalligand covalency and various
physical and chemical properties of molybdenum enzyme
model system$;® it apparently is without effect on the
adiabaticity of Mo-centered electron transfer in these elec-
trochemical reactions. On the other hand, we do observe a
measurable influence of aromatic versus aliphatic ligand
character on the experimentally observed prefactor. The
origin of this difference is not understood, although the

of 8 kJ mol* for compound2a (X,Y = 2-0,0). In a similar
manner, the residual activation enthalpy for complex
which contains two O donors is 9 kJ mélarger than that
for complex1c, which contains two S donors. Alsp\H¥s

is systematically 10 kJ mol or more greater for all
complexes with an aliphatic framework versus those with
an aromatic framework.

Insufficient structural data are available for representative
MoV and Md¥ complexes to evaluate the influence of
molecular structure on the experimental barrier heights in
Table 1. However, the recent study of Kennepohl and
Solomon includes a consideration of the influence of
electronic relaxation on electron-transfer kinefitsThe
results of their investigation provide a basis for qualitatively
interpreting the differences iAH;s*. An importance kinetic
consequence of electronic relaxation is that the bond-

distorting forces and bond-distance changes, which comprise

inner-shell reorganization, are relieved to various extents by

the electronic charge redistribution that accompanies metal-

centered oxidation or reduction. Because of their covalency,
metal-thiolate bonds are particularly effective in this regard.
However, the ameliorating effects of electronic relaxation
do not occur as extensively in metalkoxide or metat
phenoxide complexes; hence, these systems will exhibit
significantly larger inner-shell reorganization energies than

(35) Fawcett, W. R.; Blum, LChem. Phys. Lettl99], 187, 173.
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on the report of Kennepohl and Solomon that electronic
relaxation decreases electronic coupRfhg-lowever, the
effect is small {20%) and should be influenced by S content
as well as ligand framework. A second possibility follows
from the recent study of Compton et al., which correlates
the electrochemical rate constants of a series of anthracene
derivatives with their molecular siZ&.Qualitatively, the
behavior reflects the effectiveness of the reactant in ap-
proaching the electrode surface and can be incorporated as
an additional term in the pre-exponential factor of eq 3. Our

(36) On the basis of a simple harmonic oscillator model of inner-shell
reorganization AH%s = 1/2:3f(Aa/2)? (ref 16), and force constants
of f = 300 and 150 N m! for Mo—O and Mo-S single bonds (ref
37), respectively, it is calculated that bond-length displacements of
Aa ~ 20 pm must occur to account for thel0 kJ mof? difference
in AH*s between the 0,0 and S,S entries in Table 1, if reorganization
is limited to the bonds between Mo and the donor atoms of the
bidentate X,Y ligand. This value seems large for electron-transfer
involving an effectively nonbonding Moy orbital, which speaks
against a highly localized model of inner-shell reorganization.

(37) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

dination Compounds4th ed.; Wiley: New York, 1986.

We also have noted similarly large difference&thandks nfor two-

electron transfer in sulfido- vs phosphido-bridged metal carbonyl

dimers, [Mb(u-SPh)(CO)]%2~ and [Mx(u-PPh)2(CO)] Y2~ (M = Mo,

W), and surmise that a parallel explanation may apply in this case:

Uhrhammer, D.; Schultz, F. Al. Phys. Chem. 2002 106, 11630.

(39) This conclusion also rests on the generally held assumption that the
intrinsic activation entropy of a simple adiabatic electrode reaction
(AS'in eq 3) is near zero (ref 16b).

(40) Clegg, A. D.; Rees, N. V.; Klymenko, O. V.; Coles, B. A.; Compton,
R. G.J. Am. Chem. So2004 126, 6185.

(38)
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results are consistent with the explanation of Compton in ksj indicate that differences in the electron-transfer rate
that (beyond a limiting small size) smaller reactants produce constant arise primarily from differences in the inner-shell
a larger pre-exponential term. However, only a factor-e#2 enthalpy of activation. There is no indication that sulfur
can be accounted for on the basis of the analysis in ref 40donors or an aromatic ligand framework are more effective
and the hydrodynamic radii of our reactants, which is small than their structural counterparts in enhancing electronic
in comparison to the experimentally observed factor 6f50  coupling between the electrode and the Mgredox orbital.
200. Thus, further investigation is needed to account for the
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