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Complexes of Ag and Cu with 3,6-ditert-butyl-o-semiquinone radical anion (SQ and two triphenylphos-

phine (PPH) ligands have been investigated by electron paramagnetic resonance (EPR) in organic solvents.
High-temperature EPR spectra of thetAgnd Cu complexes contain lines of hyperfine splittings due to

two equivalent'H nuclei in the 4,5-positions of the aromatic ring of the*S@gand, two equivalentP

nuclei from the two PPHligands, and®”1°Ag and®3¢Cu nuclear isotopes, respectively. On the basis of the
temperature dependence of i hyperfine interaction constaat®'P), the structure of the Agcomplex at

low temperature was determined to be planar, while at higher temperatures the increase in the values of
a(®*P) shows that phosphorus atoms of the two PIRfands move out of ther-plane of the S ligand.

EPR spectra of the Agcomplex with variable temperature exhibit alternating line width effect in hyperfine
splitting due to the two aromatic protons in the*SQgand. At low temperatures these two protons become
nonequivalent. This effect reveals a dynamic charge redistribution withinafsg two oxygen atoms of the

SQ~ ligand. In the Cd complex, we have found a temperature-independent symmetric charge distribution
within two oxygen atoms of the radical anion and'Chut different positions of the two PPhgands at low
temperatures. EPR spectra of thet@Quomplex at variable temperature reveal the dynamic exchange in the
positions of PPhligands. The rates of this process are on the order of solvent reorientation frequencies,
while intramolecular electron exchange rates in the Agmplex are about 2 orders of magnitude lower. The

rate of the electron exchange reaction dramatically decreases in viscous mineral oil, which shows that the
intramolecular charge redistribution reaction is controlled by nonpolar solvent dynamics.

Introduction release the metal atom, which makes the process potentially
suitable for metal deposition applications. In a recent study, the
surface-enhanced Raman scattering observation ps@mi-
quinone radical anion complex with silver nanoparticles was
reportedt! This study triggered our interest in the structural
details of previously reported silver and copper complexes with
) > o ; . 0-semiquinone ligands, since in contrast to para isomers,
o-quinones to dissolve metallic S|I'ver and copper in organic -semiquinone radical anions as chelating ligands can form more
solvents in the presence of phosphine donors was demonstratedape and spectroscopically more informative metal complexes.
in ref 10. The resulting Ag(l) and Cu(l) complexes with ~rpeqe detajls may have further impact on the understanding
o-semiquinone radical anion ligand can also be obtained by the ;4 development of new silveguinone-based complexes and
exchange reaction of sodiumsemiquino'ne with Ag(l) tr'i- nanostructures.

fluoroacetate and Cu(l) chloride, respectivélyunder certain In ref 10, silver and copper complexes, S8y *(PPh), and

conditions,o-semiquinone complexes of silver and copper can SQ-Cu'(PPh), (SQ- = 3,6-ditert-butyl-o-semiguinone radii-

- Add g 1o this author at Center for Materials R hcal anion), with two triphenylphosphine (Pfhigands, were
ress correspondence to tnis autnor at Center 1or Materials Researcn, : H : :
Norfolk State University, Unit 3125, 700 Park Avenue, Norfolk, VA 23504- characterized in solutions by electron paramagnetic resonance

8060. E-mail: rrakhim@nsu.edu. Fax: (757) 823-9054. Phone: (757) 823- (EPR) spectroscopy. EPR spectral parameters of the complexes
2297. were obtained at ambient temperatures, and no analyses on the

T Norfolk State University. ; ;
 King Fahd University of Petroleum and Minerals. possible structure and dynamics of these complexes were

§ Institute of Organoelement Compounds, Russian Academy of Sciences, '€Ported. In our previous resegrch, the*S@adical anion has
Dlinstitute of Synthetic Polymer Materials, Russian Academy of Sciences. been used as a paramagnetic ligand to probe the structure,

0-Quinones are very interesting molecules for organometallic
chemistry, inorganic chemistry, physical chemistry, and materi-
als chemistry research due to their ability to form chelate metal
complexes and exist in different oxidation states, including the
reduced formp-semiquinone radical aniods? The ability of
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molecular dynamics, and elementary reaction kinetics of metal . 315K
complexes and organoelement radicaisé In ref 16, we 1 1 M ,\'4 ,Jl }‘H 4!1 [m q A
investigated the relationship between intramolecular and reori-
entation dynamics of the bis(triphenylphosphine)-3, Gedi-
butyl-4,5-dimethoxys-semiquinone radical anion complex of .
copper, (MeO)SQ Cu"(PPh),. The use of two methoxy 250K
(MeO) radicals in the 4,5-positions of the aromatic ring of the
radical anion ligand provided relatively simple EPR spectra,
with no additional hyperfine splitting from this ligand, and
allowed us to concentrate our research on the reorganization .
dynamics of the coordination sphere of the complex due to A . 230K
neutral PPhligands.
The purpose of the present work is to structurally characterize
the complexes SQAg*(PPh), and SQ Cu"(PPh), and study . " .
their solution dynamics by EPR spectroscopy. Along with the 200 K
hyperfine interaction due to central metal ions and phosphorus
atoms, we specifically intend to analyze the hyperfine interaction
due to protons in the 4,5-positions of the aromatic ring of the . . .
SQ~ ligand, and gain information on charge redistribution 190 K
dynamics in these complexes and its relation to entire coordina-
tion sphere dynamics and solvent reorganization.

T T T
3405 3415 3425
Magnetic field

) ) [G]
Experimental Section

+
The complﬁxes SE)Ag (PPh), and S(]?‘Cu+(rl‘3Pl'g)2 WEr®  Figure 1. EPR spectra of the SQAg*(PPh), complex in toluene at
obtained by the method described in ref 10. The concentration igerent temperatures. Low-field components of the triplet hyperfine

of the paramagnetic complexes in solution never exceedetd 10 spiitting due to protons in the SQligand are marked with dots.

M, to exclude concentration effects on line broadening. Solutions

of the complexes were prepared in diethyl ether, toluene, ratio of the proton triplet components in the EPR spectra
pentane, and mineral oil and then placed in quartz EPR tubes(marked with dots in Figure 1) from 1:2:1 at high temperatures
and deoxygenated at 19atm. EPR spectra were recorded with 0 about 1:1:1 at 190 K in toluene (Figure 1). This alternating
a Bruker EMX spectrometer operating at 9.6 GHz of microwave line width effect is due to dynamic charge and electron spin
frequency, 100 kHz modulation frequency,and 2 mW microwave redistribution within silver atom and two oxygen atoms in the
power. For EPR spectra in liquid solutions, we used 0.05 G complex:

modulation amplitude, which is far below the lowest line width

of 0.3 G observed for individual line components at high tBu ‘-f“ e
temperatures. For anisotropic EPR spectra in frozen solutions He 00 4 /"Pha R He /2 0‘A+ 3

at 77 K, individual line widths were greater than 2 G, so that P _‘“‘9\ «— | y EAN @
0.5 G modulation amplitude was used to enhance spectrum H Y PPh4 H Y PPhg

intensities. EPR measurements at variable temperatures were tBu tBu
performed using a Bruker BVT 3000 liquid nitrogen temperature

o+
control system. (SQ™"Ag (PPhs); complex)

At high temperatures, when the above exchange process is fast
in the EPR time scale, the two protons in the aromatic ring of
In Figure 1 we present EPR spectra of the complex the SQ~ ligand are equivalent. In the slow exchange limit, the
SQ~Ag*(PPh); at different temperatures in toluene. At high two protons become nonequivalent, so that the hyperfine
temperaturesT( = 300 K), the EPR spectrum shows splittings  interaction constantsy(*H)meta @anda(*H)para due to'H nuclei
due to hyperfine interaction of the unpaired electron with two in the meta and para positions with regard to the monovalent
equivalent’P nuclei,a(®'P) = 5.25 G, two equivalent protons  oxygen atom Qare different. There is a simple relationship
in the aromatic ringa(*H) = 3.17 G, and!®"1%Ag (nuclear between the values of proton hyperfine interaction constants in
spinl = Y/, for both isotopes)a('°1%Ag) = 1.67 G. Our values  fast and slow exchange limits, i.ea(*H) = [ a(*H)meta +
of hyperfine interaction constants at high temperatures, as well a(*H)yad/2. According to previous data on absolute values of
as theg-factor of the complexg = 2.0030, are the same as  a(*H)mewanda(*H)parafor a variety of radicals and complexes
previously reported? The valuea(*H) = 3.17 G for the silver with SQ~ ligands,a(*H)para > a(*H)meta?’ The differenceAa
complex is close to the values aftH) = 3.0-3.3 G for SO~ = a(*H)para — a(*H)meta for ionic complexes is usuallpa ~
radicals with alkali metal&} which shows that the ©Ag 0.3 G}7 which in the present case of the S@g"(PPh);
chemical bond in the silver complex is essentially ionic. For complex is close to the width of individual lines of the EPR

Results and Discussion

comparison, we can mention that, for 3,6telitbutyl-2-R- spectrum in the fast exchange limit at high temperatures. This
oxyphenoxide radicals (SR) with covalent chemical bonds is the reason we were not able to observe actual separation of
O—R, a(*H) > 3.90 G!21317 the central componenf M (*H) = 0) into two individual lines

As can be seen from Figure 1, with the temperature lowering, at low temperatures.
the central component (with total value of nuclear spin projection  Further analysis of the EPR spectra shows that the values
Smi(*H) = 0) of the triplet due to the two protons experiences a(*H) and a(1°”10Ag) are temperature independent. The two
faster broadening than the components witm(*H) = +1. 31P nuclei from two phosphine ligands in S@g*(PPh),
This can be visualized by noticing the change in the amplitude remain equivalent at all temperatures. The relatively small values
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Figure 2. Temperature dependence of & hyperfine interaction
constant in the SQAg™(PPh), complex in pentane.
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of a®P) = 4-55 G for the S@Ag"(PPh), complex,
compared to the values &{(*'P) = 16—-17 G for trigonal-
pyramidal copper complex SQCu™(PPh),,1° suggest that two
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Figure 3. Arrhenius plot for the rate constakty of the exchange
reaction (1) in different solvents.

TABLE 1: Kinetic Parameters of the Exchange Reaction (1)
for the Ag™ Complex in Different Solvents, and Kinetic
Parameters of the Exchange Transition (5) for the Ca
Complex in Toluene

P atoms of the PRHigands in the silver complex are located solvent Kex st Ea kcal/mol  kex, 5™ at 300 K
near thes-plane of the radical ligand. This should result in diethyl ether ~ (1.45:0.15)x 10® 1.8+£0.2 (7.7£0.8) x 10°
planar structure of the SQAg*(PPh), complex. In Figure 2 tDPintane ((;-i SI%X ig: éii 8-2 gi?i S-ng ig

H oluene . )X . . . 4) X
Wﬁ. pk:ehsent tlhe te:cnper?‘t”re qiper:jd;nca]g%iP) |Ir|1 PeNtane, o i complex) (4.9t 05)x 102 51402 (9.6+0.9)x 10°
which has a lower freezing point and therefore allows measure- = =/’ & (18£02)x 102 9.6+02 (0.21%0.02)x 10°

ments of thea(®!P) values in a broader temperature range. It

can be seen from Figure 2 tha(®'P) increases with the  jine components witfFm = 0 andSm = +1, respectively,
temperature increase. This effect is well known for organic and ¢ is the line width of the component witfim = +1.
n-radicals andr-radical complexes, where hyperfine interaction  Equation 3 reflects the fact that the intensity ratio (not the
of the unpaired electron with atoms in substituted groups is amplitude ratio) in the triplet splitting due to two aromatic
based on hyperconjugatiéfin the case of this complex, lower  protons of the S€ ligand in the fast exchange limit is always
values ofa(*'P) are expected at lower temperatures when two 1:2:1. This procedure correctly determines the valuesdiom

P atoms along with the central Ag atom are onhplane of  easily measurable values A§, A;, andd. The latter is a pick-

the radical ligand. At higher temperatures, due to intramolecular to-pick line width of the low-field component of the EPR spectra
motions, the planar structure of the CompleX can be distorted in Figure 1, and Changes due to temperature_dependent Changes
such that two P atoms can move slightly out of thelane. in solvent viscosity.

This will increase hyperconjugation betwegrorbitals of the In Figure 3 we present the temperature dependence of the
radical ligand and atomic orbitals of phosphorus, and therefore yate constante in different solvents. The temperature de-

increase the value ai(*>'P). . . pendence oke can be described by the Arrhenius relation,
It is interesting to see that(3!P) approaches its maximum
kex = koex exp(— EaIRT) (4)

value at approximately the same temperatures where we observe
a symmetrical charge distribution between two oxygen atoms
of the SQ" ligand. This means that the charge redistribution The yajues of the pre-exponential facifk, and activation
process (1) Within_central m_etal ion and radical ion Iig_and is energyE, are presented in Table 1. In high-viscosity solvents
actually accompanied by motion of the other two neutral ligands. g ,ch as mineral oil, the rate of the intramolecular charge-transfer
In other words, dynamic charge redistribution in the complex reaction (1) decreases by about 30 times compared to that in
is the result of motion of the entire coordination sphere. nonviscous solvents. This confirms the involvement of bulky
The characteristic frequency or the rate constapbf the ligands’ motion in the charge redistribution dynamics of the
exchange process (1) can be estimated from the following well- SQ-Ag*(PPh), complex.
known equatiort? It is interesting to compare some structural and dynamic
features of S@Ag™(PPh), and the related copper complex,
SQ~Cu"(PPh).. EPR spectra of the copper complex reveal an
interaction of the unpaired electron with two equivalent protons
wherey. is the magnetogyric ratio for the electron adg is of the SQ~ ligand,a(*H) = 3.0 G, two equivalent phosphorus
the contribution to the line width due to exchange reaction (1). atoms at high temperatureg3!P) = 16.0 G, and3Cu and®>Cu
To calculate the values d&x from eq 2, we used the above- nuclear isotopesl (= 3/, for both isotopes)a(63Cu) = 11.0 G
mentioned value oAa = 0.3 G and the values @t determined anda(®5Cu) = 12.0 G. As can be seen from the EPR spectra of
from the experimental EPR spectra at different temperatures.the copper complex in Figure 4, the two aromatic protons in
Thedex values were conveniently determined using the relation the SQ~ ligand in the complex remain equivalent at all
temperatures. This shows a symmetric distribution of the charge
3)

within two oxygen atoms of the radical anion ligand and the
where Ay and A; are the amplitudes of the proton hyperfine 10719—107° s. (It would be interesting to see if this charge-

Kex = (2/3)"% (AQ)7180 )

200 2= A0 + d,)°
Cu' cation on the EPR time scale, which is on the order of
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Figure 4. EPR spectra of the SQCut(PPh), complex in toluene at
different temperatures.

symmetry is maintained on the time scale of vibrational
relaxation, i.e., 1013—10"11 s, For this research purpose, the
Raman scattering technique can be appl{e@n the other hand,
for this copper complex we observe alternating line width effect
for hyperfine splitting due to two thé'P nuclei of the PPh

ligands. They are magnetically equivalent and demonstrate

nearly a 1:2:1 amplitude ratio for the phosphorus triplet splitting
in the EPR spectrum dat > 330 K. At lower temperatures, the
central line of the triplet withy m(*!P) = 0 broadens and
vanishes in the transition to the slow exchange limit between
the positions of PRhligands in the complex:

: « tB
L ITPha ! o Fl-F'h3
H o H ~ AN =
| (-}CU—F'PM = | (z+Cu—PPhy; O
H 07 H 0o/
t.Bu t.Bu

(SQ""Cu'(PPh;), complex)

The kinetics of the intramolecular transition (5) and the re-
orientation dynamics of the similar copper complex (MgO)
SQ~Cu*(PPh), with two MeO radicals in the 4,5-positions of
the SQ~ ligand were studied in our previous wotk:

* t.Bu
I|3Ph3 o TPha
MeQ 0 MeQ- O\ 1
|‘“‘ C-}Cu—F'Pha = | P (=+Cu—PPhy (5"
Me0~ 7 ™07 MeO 0/

t.Bu t.Bu

(Me0),SQ""Cu*(PPhs), complex)
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Figure 5. EPR spectra of the SQCut(PPh), (a) and SQ Ag*(PPh).
(b) complexes in frozen toluene solution at 77 K.
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exchange processes (5) an)(Fhe EPR spectrum parameters
for these two copper complexes are very close to each other,
except that for the complex SQCu*(PPh), there is additional
triplet splitting of each line due to the protons in the 4,5-positions
of the aromatic ring. The structure of the (Me&R~Cu'(PPh),
complex was studied in detail on the basis of both isotropic
and anisotropic EPR spectrum parametéiBhis complex has
trigonal pyramidal structure with two different positions of the
PPh ligands with respect to the-plane of the paramagnetic
ligand, equatorial and axial. In the fast exchange regime, the
value ofa(®!P) in the phosphorus triplet &3'P) = [a(3*P)axial

+ aC'P)equatorid/2. For the complex (MeQBQ~Cu'(PPh),,
a(®'P) = 15.0 G,a(®P)aia = 21.0 G, anda(**P)quatoria= 9.0

G .18 sotropic values(3'P)yia anda(3 P )equatoriafor the complex
SQ~Cu"(PPh), cannot be found from liquid solution EPR
spectra, because the actual split of the central line of the
phosphorus triplet into two lines may occur at temperatures
below the freezing point of the solution. As it was previously
shown for the complex (Me@$Q~Cut(PPh),,16 the anisotropy

of the 3P hyperfine interaction in both axial and equatorial
positions is about 3 G. For the complex SQu™(PPh),, this

is the value of the hyperfine interaction constant due to the
protons in the S ligand. Therefore, when we consider the
anisotropic EPR spectrum of the complex*SQuT(PPh), (see
Figure 5a), to a good approximation we can assume that the
hyperfine interaction constants due to both the axial and
equatorial phosphorus atoms in SQut(PPh), are isotropic.

In this case, the value @i(3!P).ia can be easily measured from
the anisotropic EPR spectrum of the complexSQut(PPh),,

as shown in Figure 5a. From this measurement, we find that
a(®P)aias = 21.5 G, which is very close ta(3!P)ayia for the
(MeO)%SQ~Cu"(PPh), complex and makes our approximation
credible. Now, from the values dc(3P) and a(3'P)ayia for
SQ~Cu"(PPh),, we find that, for this complexa(®*'P)equatorial

= 10.5 G. This value for the Cu complex is remarkably larger
than the value of(3'P) = 4.1 G for the Ag complex at low
temperatures, when the phosphorus atom is also nearplane

of the radical ligand in the Ag complex. Such a difference in
the 3P hyperfine splittings could be due to the difference in

The simplest possible ligand rearrangement to realize the abovethe values of the electron spin density on Ag and Cu atoms.

processes is that the equatorial PHband goes down and
becomes axial, so that the other RRfgand goes from up-down
to the equatorial position. Such a mechanism will lead to the

However, the experimental ratio afé%6%Cu)a(*°"1%Ag) ~ 6.8
is close to the average magnetic momentum ratfs-5Cu):
u(*07107g) ~ 6.3. This means that the electron spin densities
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on the central ions are approximately the same for Ag and Cu
complexes. Therefore, the difference in the valuea(®&P) in
Ag and Cu is related to the difference in the efficiency of
overlapping of the 4d and 3d orbitals with the atomic orbitals
of phosphorus.

According to the reaction shown in eq 1, one can also consider
a possible three-coordinate structure for the Ag complex, with
one oxygen atom of the SQligand forming an ionic bond
and the two phosphorus atoms of the phosphine ligands forming
coordination bonds. However, one needs to keep in mind that
the second oxygen atom should not be completely free of any
kind of coordination to the Agion. Otherwise, it would be
unlikely to see any two-oxygen-atom coordination dynamics
of the complex that we observed. Therefore, we consider a
distorted tetracoordinated Ag(l) complex, in which one oxygen
atom forms an ionic bond with the metal and the other forms a
weak coordination bond with the metal. From this point of view,
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Figure 6. Arrhenius plot for the rate constaky of the intramolecular

the complex can be treated as three-coordinate, meaning that igxchange transition (5) in toluene.

has three relatively strongly attached atoms (O, P, P) in its
coordination sphere and one weakly bonded O atom. If we
compare relative tendencies for three- vs four-coordination
between Ag and Cu, we can see that the four-coordinate
structure of the Cu complex is more pronounced.

In Figure 5a,b we compare frozen solution EPR spectra
of copper and silver complexes, SQu'(PPh), and
SQ~AgT(PPh).. One can see that, in contrast to that of the
copper complex, the EPR spectrum of the silver complex is
essentially isotropic. Since we already found that hyper-
fine interaction due to phosphorus is isotropic, the magnetic
anisotropy of the copper complex should arise from anisotropy
of both theg-factor and hyperfine interaction of the unpaired
electron with copper. This conclusion can also be made from
the liquid solution EPR spectra of the SQu*(PPh), complex
(Figure 4). Indeed, the components of the quartet of lines due
to 63.6%Cu hyperfine splitting have different line widths, which
directly shows the anisotropy of both thdactor of the complex
and the®35%Cu hyperfine interaction constant. However, it is
rather difficult to correctly obtain anisotropig-factor values
and 836Cu hyperfine interaction constants from the EPR
spectrum in Figure 5a. In our previous work, this problem was
solved for the complex (Me@$QCu*(PPh), by employing
very high-frequency EPR (140 GHz) and obtaining ghensor
values,gy = 2.0078,gy,y = 2.0059,0,, = 1.99911¢ Although
no hyperfine splitting was resolved at 140 GHz, the anisotropic
values of thé36Cu hyperfine interaction¥ = 20.0 G A,y =
0.0 G,A,; = 17.0 G) were found using the corregitensor
values with further computer simulations of the frozen solution
EPR spectrum at 9.6 GH?.

Having obtained the values(3P)ayia and a(3*Pequatoria fOr
the complex S@ Cu*(PPh),, we can now determine the rate
constantskey of the exchange process (5) at different temper-
atures. The values d&x can be calculated from eq 2, where
Aa= aC®P)yia — aCP)quatoria= 11.0 G. In Figure 6 we present
the temperature dependencekgffor reaction 5. It is described
by the Arrhenius equation (4), with the valueslSfx and E,
given for comparison in Table 1, along with the kinetic
parameters of the reaction 1 for silver complex in toluene. As

and the two processes occur with comparable frequencies, as
can be expected for exchange of bulky ligands such as.PPh
What is less obvious is that the rate of charge redistribution
of the innermost space of the complex is also controlled by the
dynamics of the nonpolar solvent, as we have shown for the
case of reaction 1 for the silver complex in mineral oil. This
finding is consistent with the present knowledge on the strong
influence of solvent reorganization enetfyyon the kinetics of
condensed-phase electron trandfet In polar solvents, the
primary contribution tdls arises from modulation of the dipote
dipole interaction between solvent and reactant molecules by
solvent reorientatio® 24 In nonpolar solvents, the polar reactant
molecule induces dipole moments in solvent molecules, so that
solvent molecular mobility can again modulate electron-transfer
rates?1:25-27 |f we compare the rates of the processes (1) and
(5) in toluene (Table 1), the rate constant rakig syKex,1) ~
1(? roughly represents the average number of molecular
rearrangements per one elementary act of the intramolecular
electron transfer (1).

Conclusions

EPR spectroscopic analyses of Agnd Cu complexes with
a substituted-semiquinone radical anion ligand and two neutral
PPh ligands reveal the structure and intramolecular dynamics
of these complexes. In both complexes, the oxygmetal
chemical bond is ionic. In the silver complex, asymmetric charge
distribution within two oxygen atoms of the radical anion and
Ag* has been observed along with the dynamic electron
exchange between two oxygen atoms. Two HARjands in the
silver complex tend to move within the coordination sphere of
the complex but take symmetric positions with regard to the
m-plane of the radical anion ligand and the silver atom. In the
copper complex, we have found temperature-independent sym-
metric charge distribution within two oxygen atoms of the
radical anion and Cy but different positions of the two PPh
ligands. The complex has a trigonal pyramidal structure, with
one phosphorus atom in an axial position and the other in an
equatorial position with regard to theeplane of the radical anion

we can see, the dynamics of the coordination sphere due toligand and copper atom. We have observed dynamic reorganiza-

neutral ligands’ rearrangement in the complex STt (PPh),

is about 2 orders of magnitude faster than the dynamics of
charge redistribution within the radical anion ligand and the
central metal cation in the SQAg™(PPh), complex. In ref 16,

we showed that the dynamics of neutral ligand rearrangement
(5) is linearly correlated with solvent reorientation dynamics

tion in the coordination sphere of the copper complex, which
is the exchange in the positions of RHigands in the complex.
The rate of this process is on the order of solvent reorientation
frequencies, while the intramolecular electron exchange rates
in the Ag"™ complex are about 2 orders of magnitude lower. By
going from a nonpolar, nonviscous solvent, pentane, to a
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nonpolar, viscous solvent, mineral oil, the electron exchange
rate constant further decreases by about 30 times. This show:

that the electron exchange in the Agomplex is controlled by
nonpolar solvent dynamics.

Acknowledgment. Financial support for this work was
provided by NASA, HBCU Group 3 University Research

Rakhimov et al.

(8) Lange, C. W.; Fleaki, M.; Nevodchikov, V. I.; Cherkasov, V.

&K Abakumov, G. A.; Pierpont, C. G.. Am. Chem. S0d992 114, 4220.

(9) Jung, O.-S.; Pierpont, C. @. Am. Chem. S0d.994 116, 2229.
(10) Muraev, V. A.; Cherkasov, V. K.; Abakumov, G. A.; Razuvaev,
G. A. Dokl. Akad. Nauk SSSH977, 236, 620.
(11) Tripathi, G. N. RJ. Am. Chem. So003 125 1178.
(12) Prokof’ev, A. I.; Bubnov, N. N.; Solodovnikov, S. P.; Kabachnik,
M. I. Tetrahedron Lett1973 27, 2479.
(13) Prokof'ev, A. I.; Prokof'eva, T. I.; Belostotskaya, I. S.; Bubnov,

Centers (URC) program at Norfolk State University, the King N. N.: Solodovnikov, S. P.; Ershov, V. V.; Kabachnik, M.Tietrahedron
Fahd University of Petroleum and Minerals, and the Russian 1979 35, 2471.

Foundation for Fundamental Research under Grant 02-03-33060.
T.N.H. gratefully acknowledges support for the undergraduate

(14) Lebedev, Ya. S.; Rakhimov, R. R.; Prokof'ev, A. |.; Bresgunov,
A. Yu. Pure Appl. Chem1992 64, 873.
(15) Rakhimov, R. R.; Prokof'ev, A. I.; Lebedev, Ya. Buss. Chem.

research assistantship provided by the Center for MaterialsRe. 1993 62, 509.

Research at Norfolk State University.

References and Notes

(1) Nevodchikov, V. I.; Abakumov, G. A.; Cherkasov, V. K.; Razuvaev,
G. A. J. Organomet. Chenil981 214, 119.

(2) Abakumov, G. A.; Cherkasov, V. K.; Shalnova, K. G.; Teplova, I.
A.; Razuvaev, G. AJ. Organomet. Chenl982 236, 333.

(3) Abakumov, G. A.; Lobanov, A. V.; Cherkasov, V. K.; Razuvaev,
G. A. Inorg. Chim. Actal981 49, 135.

(4) Razuvaev, G. A.; Abakumov, G. A.; Teplova, I. A.; Shalnova, K.
G.; Cherkasov, V. Klnorg. Chim. Actal981, 53, 267.

(5) Pierpont, C. G.; Jung, O.-#horg. Chem.1995 34, 4281.

(6) Attia, A. S.; Bhattacharya, S.; Pierpont, C.I8org. Chem1995
34, 4427.

(7) Attia, A. S.; Conklin, B. J.; Lange, C. W.; Pierpont, C. l@org.
Chem.1996 35, 1033.

(16) Rakhimov, R. R.; Benetis, N. P.; Lund, A.; Hwang, J. S.; Prokof'ev,
A. |.; Lebedev, Ya. SChem. Phys. Lettl996 255 156.

(17) Bubnov, N. N.; Solodovnikov, S. P.; Prokof'ev, A. I.; Kabachnik,
M. I. Russ. Chem. Re1978 47, 549.

(18) Heller, C.; McConnel, H. MJ. Chem. Phys196Q 32, 1535.

(19) Carrrington, A.; McLachlan, A. DlIntroduction to Magnetic
ResonanceHarper: New York, 1967.

(20) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

(21) Vvath, P.; Zimmt, M. BJ. Phys. Chem. 200Q 104, 2626.

(22) Zhou, H.-X.; Szabo, A. IJ. Chem. Phys1995 103 3481.

(23) Papazyan, A.; Warshel, A. Phys. Chem. B997, 101, 11254.

(24) Matyushov, D.; Ladanyi, B. MJ. Chem. Phys1999 110, 994.

(25) Reynolds, L.; Gardecki, J. A.; Frankland, S. J. V.; Horng, M. L.;
Maroncelli, M. J. Phys. Chem1996 100, 10337.

(26) Perng, B.-C.; Newton, M. D.; Raineri, F. O.; Friedman, HJL.
Chem. Phys1996 104, 7177.

(27) Matyushov, D. V.; Voth, G. AJ. Chem. Phys1999 111, 3630.



