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Griffith model (eq 11). The inequivalence of these Dld reduced 
matrix elements is caused by anisotropy in covalency in less than 
cubic symmetry. When covalent one-electron antibonding orbitals 
are used to evaluate these reduced matrix elements (eq 13), it is 
found that the empirically deduced inequality results if the 
coefficient of covalent mixing for the d, orbital is greater than 
that for dxryr. 

Contributions to D in addition to those from 4Tla.c states arise 
once anisotropic covalency is included in the model. These con- 
tributions derive from 6T1 C T  states and the 4Tlb L F  state. In 
the FeC1,- complex these contributions individually have non- 
negligible contributions to D, but the net contribution is small 
because they oppose each other. The charge-transfer contribution 
to D is the hardest to obtain because the energies for the states 
involved must be estimated and because deriving accurate ex- 
pressions for the SO matrix elements between C T  states and the 
ground state is difficult. Alternatively, the total C T  contribution 
may be estimated experimentally through the use of eq 19 if the 
g values can be accurately determined. This method should be 
generally used to estimate the CT contribution to D in systems 
with low-lying C T  states that are strongly low-symmetry-split as 
is the case for ferric tetrathiolate complexes such as rubredoxin. 
It is also likely that high-spin ferric heme systems will show a large 
charge-transfer contribution to D. 

Further analysis of the ,Tla and 4T2a low-symmetry splittings 
provides an energy ordering of the oneelectron orbitals. It is found 
that the d, antibonding orbital is 1300 cm-' above the dxryz 
antibonding orbitals. This is consistent with the compressed Du 
geometry of the FeC1,- complex, which shifts the ligand p-a 
bonding orbitals toward the xy plane and away from the xz and 
yz planes. This is also consistent with the analysis of the sign of 
D, which leads to the conclusion that the d, orbital is more 
covalent than the d,, orbitals. It should be emphasized that the 
order of the 4T1 low-symmetry splitting and the anisotropy in 
covalency are coupled since they both derive from the low-sym- 
metry splitting of the t2 orbitals (which are a antibonding in T d ) ,  
and thus this effect will always quench the ,TIa contribution to 
D in distorted Td high-spin d5 complexes. 

The final application of the experimental band assignments has 
been to evaluate the ability of the three-parameter ligand field 
theory to account for the observed energies. This theory has been 
remarkably successful when applied to high-spin ions of the 
first-row transition metals in the + 2  oxidation state. But here 
the spectral fit is not very good, particularly for the higher energy 
4T* and ,Eb states. Such deviations from the predictions of ligand 

field theory can also be found in other compounds in the +3 
oxidation state (for example, CrX63-; X = C1, Br).32 These 
difficulties appear to result from the fact that the electron repulsion 
parameters appropriate for the free ion do not carry over to 
molecular symmetry when covalency is significant and that the 
covalent interactions are stronger in compounds of metal ions in 
higher oxidation states. Bird and Day33 have given a more general 
group theory treatment for electron repulsion in molecular sym- 
metry, but there are too many parameters to evaluate (17 for 
tetragonal symmetry). That covalency is particularly strong in 
high-spin d5 Fe3+ is suggested by the very large central field 
reduction in electron repulsion energies (nephelauxetic effect) ,34 

In particular, the ,Ea energy which depends only on electron 
repulsion terms is only 56% of the energy of the free ion term, 
whereas in the isoelectronic MIIC~,~- this state occurs a t  86% of 
the energy.35 Unfortunately, there are no theoretical treat- 
ments that directly relate coefficients of covalent mixing to the 
reduction of electron repulsion terms. A second possible source 
of the significant deviations from the Tanabe-Sugano theory could 
be spin polarization effects on the antibonding wave functions, 
which would be larger in a high-spin d5 ion due to electron ex- 
change interactions. An alternate approach toward describing 
the bonding in Fe(II1) compounds now being pursued is to cal- 
ibrate Xa-SW  calculation^^^ by using the detailed information 
on the ground and excited states provided by the present spectral 
study. In particular, the sphere size parameter can be adjusted 
in these calculations to fit the excited-state transition energies and 
thus get an experimentally calibrated estimate of the bonding 
parameters. These calculations should also provide significant 
insight into the effects of spin polarization on the description of 
bonding in high-spin d5 complexes. We anticipate reporting the 
results of these calculations and their correlation to variable-energy 
photoelectron spectra in the near future.27 
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The excited-state properties of frans-ReOZ(py),+ (Reoz+) in acetonitrile solution have been investigated. The excited-state 
absorption spectrum of Reoz+ is dominated by bleaching of the ground-state MLCT ((dJ2 - (dXY)l(r*(py))') and d-d ((d5,J2 - (d&dZz,d,J1) systems. A weak excited-state absorption at -500 nm is assigned to (dxY)l(dxz,dYz)l - (d,..,dYz)2. The reduction 
potential of Reo?+/+* is estimated from emission and electrochemical data to be -0.7 V (SSCE). The Reoz+ excited state 
efficiently (kf = 3.6 X lo8 M-' s-I ) r educes methylviologen and other pyridinium and olefin acceptors. The recombination 
electron-transfer reaction is diffusion-controlled (kb = 2.1 X 1Olo M-' s-l). The Re(V1) species which can be generated 
photochemically or electrochemically, is a powerful oxidant. Secondary alcohols and silanes are readily oxidized by Reoz*+. 
Acetophenone is the product of sec-phenethyl alcohol oxidation. 

Introduction 

electron transfer to form oxidants are under intense 

recent work in this area has centered on tranr-ReO2(py),+ (Reo2+; 
PY = Pyridine) whose lowest excited State (3Eg) is long-lived (7 
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Transition-metal complexes whose excited states undergo 
Our 
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= 10-15 ks) in nonaqueous solution.6 W e  have found that the 
one-electron oxidation of Reo2+, which occurs reversibly at  1.25 
V (SSCE) in aqueous s ~ l u t i o n , ~  can be effected conveniently by 
electron transfer from 'Eg Reo2+ (Reoz+*) in acetonitrile solution. 
Further, the d' product, ReOZ2+, readily oxidizes secondary al- 
cohols, halocarbons, and silanes. 
Experimental Section 

Materials. Solvents used for synthesis were reagent grade. Solvents 
used for physical measurements were freshly distilled from appropriate 
drying agents under vacuum or an inert atmosphere. KRe04(Aesar), 
tribenzylsilane (Aldrich), and sec-phenethyl alcohol (Aldrich, Gold La- 
bel) were used as received. Tetra-n-butylammonium hexafluoro- 
phosphate (TBAH) was prepared by the addition of a dilute HPF6 so- 
lution to a saturated aqueous solution of tetra-n-butylammonium brom- 
ide. White crystals were obtained after repeated recrystallizations from 
hot ethanol. Quenchers (mono- and bipyridinium ions, TCNE) were 
prepared, metathesized, and purified by standard techniques.s Proton 
NMR spectra were obtained by using a JEOL FX-90Q spectrometer. 

[Re0,(py)4XPF6]. The chloride salt was prepared by the method of 
Beard et The PFC salt was obtained by addition of a saturated 
aqueous NH4PF6 solution to an aqueous solution of the chloride. The 
yellow solid was recrystallized from 5:1 acetone/pyridine by the addition 
of petroleum ether. 

Electrochemistry. Cyclic voltammetry measurements were made by 
using a Princeton Applied Research (PAR) 173 potentiostat and a PAR 
175 universal programmer. Platinum-button working electrodes were 
prepared by polishing with 5-pm alumina, washing with water, and so- 
nicating in 1:l MeOH/water. Solutions were degassed with argon and 
kept under an argon blanket during the experiment. A Pt-wire/glass 
joint was used to hold the SSCE reference electrode and to prevent water 
from leaking into the cell. A Pt wire was used as the auxiliary electrode. 
Solutions were 0.1 M in TBAH and - 1 mM in Reo2+. Bulk electrolysis 
experiments were conducted at a Pt-gauze working electrode by using the 
PAR 173 potentiostat equipped with a digital coulometer. The bulk 
electrolysis cell was a two-compartment cell fitted with an argon inlet and 
a Pt-wire/glass joint for holding the SSCE. Argon flow and stirring were 
continued throughout the experiment. Electrolysis solutions were ex- 
haustively extracted with pentane for analysis of the organic products by 
UV spectroscopy. Standard solutions of appropriate concentrations were 
used for determination of the conversion efficiency. 

Photochemical Experiments. Nanosecond laser flash photolysis and 
resonance Raman experiments were performed at Columbia University 
in the laboratories of Turro.Io Time-resolved absorption measurements 
were made by using 308-nm excitation, and resonance Raman spectra 
were obtained by using single-pulse 532-nm excitation. Optical absorp- 
tion spectra were obtained by using a Shimadzu UV-260 recording 
spectrophotometer. Steady-state photolysis was performed by using a 
high-pressure Hg/Xe arc lamp equipped with water and air cooling and 
Corning cutoff filters. Emission spectra were recorded on an instrument 
that has been described." Emission lifetime measurements were made 
by using a pulsed Nd:YAG system (532-nm excitation).12 Emission 
lifetime quenching experiments were performed under vacuum by using 
a two-compartment cell.I3 
Results and Discussion 

Excited-State Properties. The absorption spectrum of Reoz+ 
in acetonitrile solution exhibits a very intense band at  360 nm that 
is attributable to d(Re) - r*(py)  MLCT.'*I4 A weak band a t  
416 nm has been assigned to a transition ((d,)2 - (dxy)l(dn,dyz)l) 
to the ]E, excited state.6 

Emission from 'E, Reo2+ in pyridine, THF, and CH2C12 so- 
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Figure 1. Excited-state absorption spectrum of Reo2' taken 80 ns after 
308-nm excitation in CH3CN. 
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Figure 2. Resonance Raman spectrum of Reo2+ in CH,CN (532-nm 
excitation). 

lutions has been reported.6 W e  have observed similar emission 
behavior (Amx 640 nm, T = 10 ps) in acetonitrile solution. 
Time-resolved absorption spectra taken 80 ns after laser flash 
photolysis of these solutions are dominated by bleaching of the 
ground-state MLCT and d-d systems at 340 and 420 nm (Figure 
1). This bleaching recovers by first-order kinetics with a lifetime 
equal to the emission lifetime. A broad, weak excited-state ab- 
sorption at -500 nm decays with the same lifetime as the emission 
and the ground-state bleach. 

The weak absorption is assigned to a (dv)I(dyd,$ - (dxz,dyz)2 
transition of the 'Eg excited state. O n  the basis of the energy of 
the ground-state MLCT, the r*(py) level is estimated to lie 
-28 400 cm-I above d,, thereby placing the energy of the ex- 
cited-state (d,) (d,,d,,,) - ( d,,dyz) (r* ( py ) ) transition much 
higher than that of the observed -500-nm absorption. Another 
candidate, (dxy)l(dxz,d,,z)l - (dv)I(r*(py))I, is expected to occur 
at -2270 nm (-4400 cm-I), which is much lower than the 
observed band. 

The resonance Raman spectrum of Reoz+ in acetonitrile so- 
lution is shown in Figure 2. This spectrum exhibits a very strong 
band a t  916 cm-I that is assigned to the symmetric R e 0  stretch. 
This frequency is the same as that extracted from the vibronic 
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Figure 3. Absorption spectrum of a CH,CN solution of Reo2+ and 
MVZ+ taken 2 CIS after 308-nm excitation. 

structure observed in the low-temperature emission spectra of 
Reo2+ in crystak6 

Electron-Transfer Reactions. The cyclic voltammogram of 
Reo2+ in 0.1 M TBAH/CH3CN solution consists of a single wave 
at 1.37 V (SSCE) corresponding to a reversible (AE = 60-70 mV, 
iw!ip - 1) one-electron oxidation. In CH2C12 solution, however, 
this wave is only quasi-reversible (AE = 100 mV, iw/ipa C 1). 

With the value of EW(Re02+*) taken from low-temperature 
emission data,6 the Re022+/+* reduction potential is estimated 
as3 

E(Re022+/+*) = 
E(Re022+/+)  - EW(Re02+*) = -0.7 V (SSCE) 

Given this potential, reduction of methylviologen (1 ,l'-di- 
methyL4,4'-bipyridinium, MV2+) should be favored by -0.25 V 
(E(MV2+I+) = -0.45 V (SSCE)).8 From the Stern-Volmer plot 
for quenching of the Reo2+* emission by MV2+, the rate constant 
k f  = 3.6 X lo8 M-' s-I w as obtained. 

An electron-transfer reaction is responsible for the quenching 
of the Reo2+ emission. Shown in Figure 3 is the absorption 
spectrum of an acetonitrile solution of Reo2+ and MV2+ obtained 
2 ps after laser flash photolysis. The spectrum contains strong 
bands a t  390 and 600 nm that are attributable to the MV+ rad- 
ical.I5 The bleaching a t  330 nm is due to Re022+, but it is not 
as pronounced as that for Reo2+*. 

The rate of MV+ production determined by the appearance of 
the transient absorption signals a t  390 and 605 nm was first order 
and agreed with the rate determined by Stern-Volmer emission 
quenching. The decay trace a t  330 nm shows a decrease in 
bleaching from an initial level due to Reo2+* to a lower level due 
to Re022+. This decay is first order and proceeds a t  the same 
rate as the increase in absorption due to MV+. The disappearance 
of the MV+ signal at 605 nm was second order, and least-squares 
fitting of a l / [MV+] plot8Pi6 gives k b  = 2.1 X lo io  M-' s-l for 
charge recombination, a rate constant that corresponds to the 
diffusion-controlled limit in acet~nitrile. '~ The extremely efficient 
recombination is due to the large ( N 1.82 V) driving force for back 
electron transfer in this system. In addition, kb also was deter- 
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Table I. Rate Constants from Stern-Volmer Quenching of the 
Emission Lifetime of Reo2+* 

Q 
tetracyanoethylene +0.24 9.0 X lo9 
1,lO-propylene-1,lO-phenanthrolinium -0.27 4.5 X lo8 
l,l'-dimethyl-4,4'-bipyridinium (MV2+) -0.45 3.6 X IO8 
4-cyano- 1 -benzylpyridinium -0.59 2.6 X lo8 
4-cyano- 1 -methylpyridinium -0.67 1.1 X 10' 

4-amido-1-ethylpyridinium -0.93 4.1 X lo6 
4-carbomethoxy- 1 -methylpyridinium -0.78 1.1 x 107 

'From ref 5 and 8. 
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Figure 4. Absorption spectra taken at 15-min intervals during steady- 
state photolysis of Reo2+ and MV2+ in CH2CI2. 

mined from the MV+ signal a t  390 nm and the Reo;+ ground- 
state bleach a t  300 nm. Each of these rate constants is within 
experimental error of the kb determined a t  605 nm. 

The excited state of Reo2+ also efficiently reduces other electron 
acceptors (Table I). The rate constants show that the excited-state 
reduction potential of -0.7 V (SSCE) estimated from emission 
and electrochemical measurements is quite rea~onable .~~~ '  Further, 
kb was estimated for 4-cyano- 1-benzylpyridinium, 4-cyano- 1 - 
methylpyridinium, and 4-carbomethoxy- 1 -methylpyridinium. The 
rate constants indicate that all these reactions (with driving forces 
>2.0 V) are diffusion-controlled. Again, the rate constant for 
the back electron transfer determined from the pyridinium radical 
absorption was the same as that obtained from the Reo2+ 
ground-state bleach. 

Reactivity of Re021+. The oxidation of Reo2+ in acetonitrile 
is reversible on the cyclic voltammetry time scale. This reversibility 
is supported by the transient absorption experiments. In CH2C12, 
however, the cyclic voltammogram exhibits only a quasi-reversible 
oxidation wave. Analysis of the scan-rate dependence of this 
waveI8 indicates that an E C  mechanism is operating with a 
chemical reaction rate of 0.04 f 0.01 s-l. Steady-state photolysis 
of CH2C12 solutions of Reo2+ and MV2+ at X >450 nm leads to 
net production of MV+ (Figure 4), thereby indicating that Reo?+ 
reacts with CH2C12 in competition with back electron transfer, 
allowing MV+ to accumulate. Photolysis of Reo2+ and MV2+ 
in T H F  also led to the production of MV+; however, no absorption 

(18) (a) Schwarz, W. M.; Shain, I. J. Phys. Chem. 1966, 70, 845. (b) 
Nicholson, R. S. Anal. Chem. 1965, 37, 1351. (c) Nicholson, R. S.; 
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Figure 5. Cyclic voltammograms of Reo2+ in CH3CN with increasing 
amounts of added (a) (PhCH2)$3H and (b) PhCH(OH)CH3. 

changes were observed after 24 h of irradiation of Reoz+ and 
MV2+ in CH3CN. 

The oxidized species, ReOZ2+, also reacts with other organic 
substrates. Shown in Figure 5a is the oxidation wave of Reoz+ 
with increasing amounts of tribenzylsilane ((PhCH2)3SiH) added 
to the CH3CN solution. The silane reacts with Reo?', producing 
an oxidation wave that becomes increasingly irreversible with 
addition of (PhCH2)3SiH. Figure 5b shows results for a similar 
experiment performed with sec-phenethyl alcohol (PhCH(0H)-  
CH3) as the substrate. 

Bulk electrolysis of degassed CH3CN solutions of Reoz+ 
containing FhCH(OH)CH3 was performed a t  E > 1.5 V (SSCE). 
The electrolysis was run for 3 turnovers on the basis of one-electron 
oxidation of Reoz+.  Analysis of the organic products by UV 
spectroscopy showed that PhCH(OH)CH3 was converted to 
acetophenone. By monitoring of the intense ketone A-r* ab- 
sorption,lg a current efficiency of 90 f 5% for conversion of the 
alcohol to the ketone (a two-electron process) was determined. 

Oxidation Mechanism. A key question is whether a Reo2+- 
alcohol complex is formed prior to oxidation of the metal complex. 
Hydrogen bonding of hydroxyl groups to the Reoz+ oxo ligands 
was originally proposed6 to explain the quenching of Reoz+ 
emission by molecules containing hydroxyl protons. Figure 6a 
shows the proton N M R  spectrum of see-phenethyl alcohol in 
CD3CN. The hydroxyl proton resonance appears as a doublet 
centered at 3.4 ppm. The a-methyne proton resonance centered 
a t  4.8 ppm is a quartet of doublets due to coupling to the three 
protons of the terminal methyl group and to the hydroxyl proton. 

(1 9) Two, N. J. Modern Molecular Photochemistry; Benjamin Cummings: 
Menlo Park, CA, 1978. 
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Figure 6. Proton NMR spectra (TMS reference) of (a) sec-phenethyl 
alcohol in CD3CN and (b) sec-phenethyl alcohol in CD3CN with -lo-.' 
equiv of Reo2+ added to the solution. 

Upon addition of - 10" equiv of Reo2+ (Figure 6b), the hydroxyl 
proton resonance is observed to broaden and to become decoupled 
from the a-methyne proton resonance, which now appears as a 
clean quartet due to coupling only to the terminal methyl protons. 
We have observed that Reo2+ also perturbs the hydroxyl proton 
resonance and coupling in the N M R  spectra of related alcohols 
(phenethyl alcohol, benzyl alcohol, and l-propanol).20 Similar 
effects have been reported by Fox et al. in experiments with 
polyoxotungstate systems.z1 

It is likely that ReOZ2+ abstracts a hydrogen atom from the 
substrate in the initial step of oxidation. One resonance form of 
Reo:+ is Re(dz) bonded to an oxo radical, a structure that 
resembles a carbonyl nr* excited state. Recall that nr* states 
efficiently abstract hydrogen atoms from many types of sub- 
s t r a t e ~ , ' ~  and Ru(1V) monooxo and Ru(V1) and Os(V1) dioxo 
complexes undergo the same types of conversions stoichiometrically 
by H atom a b s t r a c t i ~ n . ~ ~ - ~ ~  The fact that greater than stoi- 
chiometric amounts of organic product have been observed under 
electrolysis conditions indicates that it would be fruitful to search 
for novel photocatalytic H atom abstraction reactions that could 
be initiated by electron transfer from Reo2+* complexes. 
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