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Introduction 
Complexes that combine quinone ligands with transition metal 

ions that typically have two or three readily accessible oxidation 
states have been observed to show metal-quinone electron 
transfer reactions at unusually low energies.' Cobalt and 
quinone electronic levels remain essentially localized in the 
electronic structure of members of the Co(N-N)(DBQ)2 series, 
where DBQ is the semiquinonate or catecholate form of either 
3,5- or 3,6-di-tert-butyl-1,2-benzoq~inone.~ Qualitatively, the 
balance of electronic levels is similar to that in R~II(bpy)3~+, 
where light excitation results in an intramolecular shift in charge 
distribution to Ru111(bpy)p(bpy'-)2+. With quinone ligands the 
separation between cobalt and quinone n levels is such that 
redox isomers differing in charge distribution may be observed 
in thermal equilibrium (eq l)? With this comes the unique 

Co"'(N-N)(DB SQ)( DBCat) zz Co"(N-N)(DBSQ), ( 1) 

opportunity for study of metal-ligand electron transfer under 
equilibrium conditions. Further, since the complexes that show 
this effect exhibit changes in charge distribution in the solid 
state as well as in solution, electron transfer reactions can be 
studied in both media. 

Experimental Section 
Co(bpy)(3,5-DBSQ)(3,5-DBCat) was prepared by procedures de- 

scribed previously.?" Equilibrium measurements in toluene solution 
were made using a Perkin-Elmer Lambda 9 spectrophotometer equipped 
with a RMC-Cryosystems cryostat. 

Results and Discussion 
The equilibrium shown in eq 1 was first observed for a 

complex prepared with 2,2'-bipyridine (bpy).2a Characteristic 
electronic spectra may be observed for the Co111(bpy)(3,5- 
DBSQ)(3,5-DBCat) and CoI1(bpy)(3,5-DBSQ)2 redox isomers 
in solution, and shifts in band intensity have been used to 
determine constants for the tautomeric equilibrium in toluene 
at several temperatures.2c Magnetic properties of the two 
isomers differ with the change in metal ion charge and spin 
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Figure 1. Plots of AG vs T for the Co(III)/Co(II) equilibrium described 
in eq 1 for Co(bpy)(3,5-DBQ)2, Measurements made in toluene solution 
were obtained from changes in either magnetic moment (+) or optical 
band intensities (0). Magnetic measurements were used to obtain 
relative concentrations of Co(II1) and Co(I1) isomers in a solid 
microcrystalline sample (0). 

state. The low-spin ColI1 form has a single unpaired electron 
on the radical SQ ligand the high-spin CoI1 isomer exhibits more 
complicated behavior due to magnetic coupling between the S 
= 3/2' metal ion and the two radical ligands. Magnetic 
measurements carried out in toluene-d8 solution and on solid 
samples indicate that CoI1(bpy)(3,5-DBSQ)2 has a magnetic 
moment of 4.33(2) pug. Changes in magnetism recorded in 
solution at different temperatures for the Co(III)/Co(II) equi- 
librium follow changes in electronic spectra. The results of both 
solution measurements have been used to calculate values for 
AG, and the plot shown in Figure 1 has been used to determine 
values for AH and AS of 33.9(1) kJ mol-' and 124(1) J mol-' 
degg' .3 Both thermodynamic parameters contain contributions 
from solvation effects, but given the structural features of the 
molecule, contributions to both AH and AS in toluene should 
be small4 High-spin Co(II) has Co-N and Co-0 bond lengths 
that are typically 0.2 A longer than corresponding lengths of 
low-spin Co(1II) due the presence of electrons in antibonding 
d a  orbitals.* Structural features of complex molecules with the 
Co"'(N-N)(SQ)(Cat) and CoI1(N-N)(SQ)2 charge distributions 
show this difference, and light-induced shifts in charge distribu- 
tion have used the associated change in molecular volume to 
produce photomechanical effects in the solid ~ t a t e . ~ ~ , ~  Smaller 
changes in C-0 and C-C lengths occur for the quinone ligand, 
and the enthalpy change associated with the equilibrium reflects 
the collective differences in metal and quinone bond energies 
that occur with electron transfer and spin transition. 

Entropy changes (AS,,) of Co(IIYI1) redox reactions are 
typically large, and contributions from solvation are often 

(3) Relative concentrations of Co11'(bpy)(3,5-DBSQ)(3,5-DBCat) and Coli- 
(bpy)(3,5-DBSQ)2 were calculated from magnetic data using the 
relationship he,? = O ~ C ~ ( I I I ~ * X C ~ ( I I I ,  + OCCo(l$2(1 - XC~(III)) where 
,UC~(III)  = 1.73 ,UB, pco(n) = 4.33 /AB, and ~c~(l11)  is the mole fraction of 
Coir'(bpy)(3,5-DBSQ)(3,5-DBCat). Relative concentrations of the two 
complexes present in toluene solution at various temperatures were 
determined by monitoring changes in spectral intensity at 580 nm for 
Cor1'(bpy)(3,5-DBSQ)(3,5-DBCat) and 810 nm for Co11(bpy)(3,5- 
DBSQh. 

(4) Samples of Co(bpy)(3,5-DBSQ)(3,5-DBCat) obtained from toluene 
solution were found to contain a toluene solvate molecule well- 
separated from the complex molecule.2a Solvent interactions in toluene 
are effectively blocked by the quinone tert-butyl substituents, and 
solvation effects are weak. 
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significant6 Recent efforts have attempted to separate inter- 
molecular (ASsolv) and intramolecular (AS,,,,,) contributions to 

Changes in spin and orbital degeneracy contribute 
significantly to AS,,,,, as an electronic entropy change (ASerec), 
but the largest contribution arises from the increase in low- 
frequency vibrational activity (Asv,b) associated with the 
weakened metal-ligand bonds of C O ( I I ) . ~ ~  In the absence of a 
significant contribution from ASsolv, much of the entropy change 
of reaction 1 is derived from ASelec and The experimental 
value of 124 J mol-' deg-' obtained for Co(bpy)(3,5-DBSQ)- 
(3,5-DBCat) is large, and it is responsible for the strong 
temperature dependence of the tautomeric equilibrium. A 
contribution from AS,,, is included in this value, but the change 
in orbital degeneracy is small due to the low symmetry of the 
complex molecule and the contribution from the change in spin 
that occurs at both the metal and the radical ligands can be 
estimated to be no greater than 12 J mol-' deg-'.R Therefore, 
the shift to low-frequency vibrational modes is primarily 
responsible for the large value of AS. An interchange between 
octahedral and trigonal prismatic structures may occur in 
solution for the Co(I1) isomer, and the entropic contribution from 
the dynamic change in structure may be ascertained from 
equilibrium measurements on crystalline samples. Temperature- 
dependent magnetic data recorded on solid CoIr1(bpy)(3,5-DBQ)2 
show the same qualitative appearance of solution magnetic 
measurements as the Co(III)/Co(II) (eq 1) transition takes 
place.2c The transition temperature is about 50 "C higher in 
the solid state, and values for AGsolld are plotted in Figure 1.Io 
A H q o l , d  obtained from the plot is 32(1) kJ mol-', close to the 
value obtained from solution measurements. Bond length 
distortions associated with electron transfer are apparently no 
different in the solid state than in solution, and the assumption 
that changes in solvation effects in solution are small appears 
valid. The calculated entropy change in the solid state (ASsolld) 
is 98(2) J mol-' deg-I, 26 J mol-' deg-' less than the solution 
value. Assuming that ASele, and other contributions to ASblb 
are unchanged in solid and solution, the difference between 
ASsolld and ASs0~, is the entropy gain associated with the 
octahedraYtrigona1 prismatic interchange. Structural charac- 
terizations of Co1'(N0z-phen)(3,6-DBSQ)2 and Co"(dafl)(3,6- 
DBSQ)2 have shown TP coordination geometries, and it is not 
unreasonable that Oh/TP interchange should occur with facility 
in toluene s o l ~ t i o n . ~ ~ - ~  

Equation 1 can be divided into separate electron transfer (eq 
2) and spin transition (eq 3) steps. With the results of spin 

Notes 

transition studies on octahedral Co(I1) complexes, it is possible 
to estimate enthalpic and entropic contributions for both 
processes. Zarembowitch has reported thermodynamic changes 
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for the Co(Hz(fas)zen)L2 series (L = H20, py, 4-t-Bupy) that 
range from 1.4 to 2.4 kJ/mol for AH and from 11 to 23 J/(mol 
K) for AS.'* A recent study on [Co(dmvi)(phen)~]+ has 
produced similar values of AH = 1.7 kJ/mol and AS = 16 
J/(mol K) for the low-spinhigh-spin tran~iti0n.I~ Comparing 
these values with the enthalpy and entropy changes obtained 
experimentally for reaction 1, it is clear that the spin transition 
step makes only a small contribution to the values of AH and 
AS. Changes in bond energy and vibrational frequency associ- 
ated with the electron transfer step are the primary contributors 
to the thermodynamic changes of the equilibrium. 

It becomes of interest to extend the results of the analysis on 
Co(bpy)(3,5-DBSQ)(3,5-DBCat) to other quinone complexes 
that exhibit valence tautomerism and, further, to those that fail 
to show tautomeric equilibria. Manganese complexes that are 
related to the members of the cobalt series show two one- 
electron-transfer steps (eq 4) associated with the Mn(IV,III) and 

Mn'"(N-N)(Cat), * Mn"'(N-N)(SQ)(Cat) (4a) 

Mn"'(N-N)(SQ)(Cat) t Mn"(N-N)(SQ), (4b) 

Mn(II1,II) tautomeric e q ~ i l i b r i a . ~ ~ . ' ~  Many of the observations 
made concerning the cobalt complexes apply also to the 
manganese analogs. Reduction of metal from Mn(1V) by 
intramolecular electron transfer from a Cat ligand has much 
the same effect on Mn-N and Mn-0 bond lengths as observed 
for the Co(II1,II) reduction. As a d3 metal ion, Mn(1V) 
resembles d6 low-spin Co(II1). Reduction to high-spin Mn(II1) 
results in an axial distortion, and further reduction to high-spin 
Mn(I1) gives a general lengthening of all Mn-L bonds. 
Structural studies on Mn(N-N)(Q)2 complexes of all three charge 
distributions clearly show these  effect^.^^.'^ Distortions in bond 
length that accompany the addition of charge to the eg d o  
antibonding orbital result in an increase in low-frequency 
vibrational modes, as with Co(II), and changes in spin degen- 
eracy further add to the positive entropy change for the electron 
transfer steps. Structural characterization on Mn"(NO2-phen)- 
(3,6-DBSQ)2 has indicated a trigonal prismatic coordination 
geometry, and Oh/TP interchange may also contribute to AS 
for the Mn complexes. 

Changes in the occupancy of strongly antibonding do orbitals 
are responsible for the large entropy changes that give the 
temperature-dependent shifts in valence tautomeric equilibria 
for the Co and Mn complexes. Related complexes of iron, 
Fe"'(N-N)(SQ)(Cat), fail to show evidence for t a u t ~ m e r i s m . ~ ~ , ' ~  

Fell'( N-N)(DB SQ)(DBCat) * Fe"(N-N)(DBSQ), ( 5 )  

Positive contributions to AS from changes in spin degeneracy 
and low-frequency shifts in vibrational modes would not offset 

Using magnetic data to determine the relative concentrations of Co(II1) 
and Co(I1) species for both solid and solution measurements assumes 
that Co(I1)-SQ and SQ-SQ exchange interactions contribute negli- 
gibly over the temperature range and that the magnetic moment of 
Co"(bpy)(3,5-DBSQ)2 is constant. Characterization of COd3.5- 
DBSQjs supports this assumption as temperature-dependent exchange 
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the positive enthalpy change associated with reaction 5 at an 
experimentally accessible temperature. Both AHin t ra  and ASintra 
would be smaller for the iron equilibrium than for those of the 
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complexes of Co and Mn, and contributions from solvation 
effects become proportionately more significant. 
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