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The kinetics of the outer-sphere oxidation of Cr(NN)3Z+ ions (NN = 2,2'-bipyridine, 1,lO-phenanthroline, and their substituted 
derivatives) by tris(che1ating ligand) complexes of Co(II1) were studied. The second-order rate constants increase with the driving 
force of the reaction. The rate constants for Co(en)?+ at 23 f 2 "C increase from 2.2 (10.3) X lo3 M-' s-l for Cr(bpy)32+ to 
1.1 (f0.2) X lo5 M-I s-I for Cr(4,7-Mez-phen)32+ and agree very well with the values calculated by the Marcus cross relation. 
For Co(bpy),'+ and Co(phen)?+, on the other hand, the experimental rate constants are lower than the calculated values. It is 
suggested that the reactions of these two species are mildly nonadiabatic, the extent of nonadiabaticity increasing with an increase 
in the standard free energy of the reaction. 

Introduction 
Both C ~ ( b p y ) , ~ +  and Co(phen),,+ complexes have been used 

to investigate the electron-transfer reactivity of metalloproteins14 
and thus to estimate the self-exchange rates of the metalloprotein 
redox partners. It has recently been reported, however, that 
reactions of C ~ ( b p y ) ~ ~ +  and C ~ ( p h e n ) , ~ +  are n~nadiaba t ic .~  
Consequently, the self-exchange rate constants of metalloenzymes 
estimated on the basis of the indicated cross-reactions must be 
viewed with some reservation. The assessment5 of the nonadia- 
baticity of the cross-reactions of C ~ ( b p y ) , ~ +  and C ~ ( p h e n ) ~ ~ +  ions 
was achieved by using Weaver's approach6*' to the known reactions 
of these redox couples with mononuclear and binuclear ruthe- 
nium(II1) amines. 

We recently reported8v9 a laser flash photolysis method for the 
irreversible quenching of the 2E excited states of Cr(NN),,+ to 
generate the unstable C r ( N N ) p  ions, where N N  = 2,2'-bi- 
pyridine, 1 ,IO-phenanthroline, and their substituted derivatives. 
This method consists of using H2edta2- or oxalate ions as the 
quencher; these reagents react by electron transfer that results 
in the formation of CT(NN),~+ with a quantum yield of 2. The 
quenching is irreversible, and no back electron transfer occurs. 
The sequence of reactions is shown for oxalate in eq 1 and 2. 

*Cr(NN)33+ + C2042- - Cr(NN)32+ + C 0 2  + C02'- (1) 

C T ( N N ) ~ ~ +  + CO2*- - CT(NN),~+ + C 0 2  (2) 

We have now employed this method to study the kinetics of 
the reductions of C ~ ( e n ) ~ , + ,  C ~ ( b p y ) , ~ + ,  and C ~ ( p h e n ) , ~ +  by a 
series of Cr(NN)32+ complexes. Both sets of reaction partners 
are inert to substitution, requring that the reaction proceed through 
an outer-sphere mechanism. A comparison of the observed rate 
constants with those calculated by the use of the Marcus theory 
is possible because all of the parameters such as self-exchange 
rate constants and standard free energy changes are known. 
Experimental Section 

Materials. Tris(polypyridine)chromium(III) complexes were prepared 
according to published procedures, and purities were checked by com- 
parison with the published UV-vis spectra, emission spectra, and lifetimes 
T ~ . ~ ~ , ~ ~  The tris(1,lO-phenanthroline)cobalt(III) ion was prepared1Ib as 
the perchlorate salt, [C0(phen)~](ClO~)~.2H~O, and recrystallized from 
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water by adding 5 M HC104. The UV-vis peak positions and molar 
absorptivities were 450 nm (sh, 100 M-' cm-I), 350 (3580), and 330 
(4650). 

The tris(2,2'-bipyridine)cobalt(III) ion was prepared'* as [Co- 
(bpy)3](C104)3.3Hz0. The UV-vis peak positions and molar absorptiv- 
ities were 450 nm (sh, 68 M-' cm-I), 316 (30500), and 305 (33800). 

Kinetic Data. The reactions were initiated and monitored by use of 
the laser flash photolysis system described earlier." The formation of 
*Cr(NN)33+ was achieved by excitation of the Cr(NN)?+ solution of a 
0.6-ps pulse from the dye laser at 452 nm. The quenching of the *Cr- 
(NN)33+ excited states by oxalate ions (occasionally) or by H2edtaz- 
(usually) was monitored at the 727-nm maximum in the emission spec- 
trum. The formation and subsequent disappearance of Cr(NN)32+ were 
monitored at 440 (NN = 5-Cl-phen), 430 (phen), 480 or 685 (5-Me- 
phen), 440 (4,7-M%-phen), and 560 nm (bpy and 4,4'-Me2-pby).l4 The 
kinetic studies were carried out under an oxygen-free atmosphere of 
argon. Perchlorate salts were used, and ionic strength was maintained 
at 0.15 M and pH at 5.8. Pseudo-first-order conditions with a 5-10-fold 
excess of the cobalt(II1) complex were used. The absorbance-time data 
collected in each experiment were analyzed by a nonlinear least-squares 
fit to the equation A ,  = A,  + ( A ,  - Ao)  exp(-kt). 
Results and Discussion 

Kinetics of the Cr(II)-Co(III) Reactions. Under the experi- 
mental conditions the formation of Cr(NN)$+ as in eq 1 and 2 
was very rapid. The details of the reductive quenching processes 
are discussed e l s e ~ h e r e . ~ ~ ~  We did blank experiments to learn 
whether the COL,~+ complexes function as quenchers for the 
*Cr(NN)33+ excited state. Under the experimental conditions 
no significant quenching by Co(II1) was observed, which is not 
surprising since oxidative quenching is expected to be highly 
unfavorable, and energy-transfer quenching has been observed15 
and is known to be too slow to interfere. 

In the presence of the cobalt(II1) complexes, Cr(NN)32+ dis- 
appears rapidly according to eq 3. 

C T ( N N ) ~ ~ +  + c0L33+ - Cr(NN)33+ + COL~" (3) 
For a given complex the kinetic data were the same regardless 

of which quencher (oxalate or H2edta2-) was used in the prepa- 
ration of Cr(NN)32+. The rate law for the reaction in eq 3 can 
be written as 

-d[Cr(NN)32+]/dt = k12[Cr(NN)32+][C~L33+] (4) 

Figures 1-3 show the kinetic data for the three c0L,3+ com- 
plexes studied. As illustrated in these plots, koW increases linearly 
with the concentration of the c0L33+ complex. It is evident that 
the plots in Figures 1-3 pass through the origin; thus, we suggest 
that eq 3 is the sole pathway for the disappearance of Cr(NN)32+ 
and that eq 4 and 5 are applicable. 
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Oxidation of Cr(NN)32+ by Co(1II) Complexes 

Table I. Summary of the Experimental and Calculated Rate Constants (M-I s-l) for the Reduction of CoL," Complexes by Cr(NN)$+ and 
Estimation of Nonadiabaticity of the Reaction' 
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C o ( e n P  C O ( ~ U ~ )  2,' Co(phen)?' . . . I _  ._ . - . 
NN aEo/v 10-3kexptl i0-3kald K 1 2  Mo/v 10-8kexptl 10-8k,ld K12 U 0 / v  10-8k,xpt~ 10-8k,ld K12 

5-CI-phen 0.49 1.2 f 0.2 4 0.3 0.54 1.6 f 0.2 10 0.16 
bPY 0.10 2.2 * 0.2b 2 1.0 0.58 1.1 f 0.2 8 0.14 0.63 1.3 f 0.2 17 0.08 

0.60 2.0 f 0.3 14 0.14 0.65 2.0 f 0.3 30 0.07 phen 

4,4'-Me2-bpy 0.29 66 f 4 60 1.0 0.77 2.8 f 0.4 40 0.07 0.82 3.6 f 0.4 80 0.05 
4,7-Me2-phen 0.29 110 f 15 85 1.0 0.77 3.5 f 0.6 55 ' 0.06 0.82 4.1 f 0.6 110 0.04 

' Using the following Eo and k,, (self-exchange rate constant) for C~(en),,'/~+, C~(bpy),)+/~', and Co(phen)2'/2+, respectively: 0.16 V," 7.7 X 
M-l s-l;I8 0.32 V, 20 M-I s-l; 0.37 V, 40 M-I s-1.16a For Cr(NN),3+/2+ complexes k ,  = 1 X lo9 M-I s-l for N N  = bpy or substituted bpy and 

2 X lo9 M-' s-l for N N  = phen or substituted phen and is -0.17 (5-CLphen), -0.26 (bpy), -0.28 (phen), -0.31 (5-Me-phen), -0.45 (4,4'- 
Me2-bpy), and -0.45 V (4,7-Me2xhen).l0 Other parameters used in the calculations are ionic strength = 0.10 M, T = 298K, and r = 7.0 8, for both 
Cr(NN),'+ and COL,~' and 4.5 

5-Me-phen 0.15 16 f 3 9 1.0 

for C ~ ( e n ) ~ ~ + .  bZwickel, A. M.; Taube, H. Discuss. Faraday Sot. 1960, 29, 42. 

l O ' [ C ~ ( e n ) ~ ~ + ]  / M 
Figure 1. Plot of kow, the observed rate constant for the reduction of 
Co(en)?' by Cr(NN)32t complexes, versus [Co(en),,+] at  ambient tem- 
perature. The data are shown for L = 5-Me-phen (circles), 4,4'-Mq-bpy 
(triangles), and 4,7-Me2-phen (diamonds). 

Marcus Theory Analysis. A summary of the cross-reaction rate 
constants (k12) for reaction 3, along with the AEo value for each 
reaction, is presented in Table I. It is apparent from these data 
that kIz  increases with the standard free energy change of the 
reaction. For example, the slowest reaction of C ~ ( e n ) ~ ~ +  is that 
with C r ( b p ~ ) , ~ +  (AEo = 0.10 V, k = 2.2 X lo3 M-I s-l ), a nd the 
fastest is that with Cr(4,7-Me2-phen)32' (0.29 V, 1.1 X lo5 M-l 
s-l). Both of the partners in eq 3 are substitutionally inert, and 
it is thus expected that the reaction will proceed by an outer-sphere 
electron-transfer mechanism. We noted, however, that the var- 
iation of kI2  with AEo was different for the three complexes. In 
an effect to understand this phenomenon, we examined the data 
in light of the Marcus cross relation for electron transfer, as 
represented by the equations relating the rate constant for electron 
transfer to the driving force of the reaction and to the self-exchange 
rate constants. Equations 6-9 were used.I6 

4.25 X 1O-*ZiZj 

r(1 + 3.285 X 1 0 7 r ~ 1 / 2 )  wij = (9) 

(16) (a) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta1985, 811, 
265-322. (b) Marcus, R. A. J .  Chem. Phys. 1965,43,43,619,2654. 
(c) Sutin, N. Acc. Chem. Res. 1982, IS, 275. (d) Sutin, N. Prog. Inorg. 
Chem. 1983, 30,441. 
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Figure 2. Plot of kobd, the observed rate constant for the reduction of 
Co(bpy)," by Cr(NN)32+ complexes, versus [Co(bpy),''] at  ambient 
temperature. The data are shown for L = bpy (dots), 5-C1-phen (open 
triangles), phen (squares), 4,4'-Me2-bpy (open circles), and 4,7-Me2-phen 
(diamonds). 
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Figure 3. Plot of kobsd, the observed rate constant for the reduction of 
C~(phen) ,~+  by Cr(NN)$+ complexes, versus [Co(phen),"+] at  ambient 
temperature. The data are shown for L = bpy (dots), 5-C1-phen (open 
triangles), phen (squares), 4,4'-Me2-bpy (open circles), and 4,7-Me2-phen 
(diamonds). 

Table I presents a comparison of the experimental values of 
kI2 and those calculated from eq 6-9. It also includes the necessary 
reduction potentials and self-exchange rate  constant^.'^^^"^^^^^^ I t  
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The assumption, made by us and  other^,^ that the self-exchange 
reactions are adiabatic deserves further comment. Macartney 
and SutinI9 reach the same tentative conclusions, as do Endicott 
et al.zo The value of kmch for C ~ ( b p y ) ~ ~ + / ~ + ,  calculated16a as 18 
M-I s-l from an adiabatic model, also agrees well with the ex- 
perimental value of 20 M-l s-l. 

We have also utilized Haim's5 approach to make a graphical 
presentation of the phenomenon. Figure 4 depicts a plot of the 
left-hand side of eq 11 versus log K I 2  for the cross-reactions 
measured in the present investigation along with others available 
in the literat~re.~-~'* According to eq 11, the plot should be linear 
with a slope of unity and an intercept equal to log ( k l l ~ 1 z 2 ) .  

In the treatment of earlier data,s the plot has a slope of 1.00 
f 0.02 and an intercept of -0.1 1 f 0.14 (dotted line in Figure 
4), which resulted in K~~ = 0.16 f 0.03. With the results for 
Cr(NN)jZ+ reactions and Ru(bpy),,+ reactions included, we obtain 
(solid line in Figure 4) a slope of 0.98 f 0.02 and an intercept 
of -0.24 f 0.10. We used an average self-exchange rate constant 
for C ~ ( b p y ) , ~ +  and C ~ ( p h e n ) ~ ~ +  of 30 M-I s-l for the graph only 
(the individual values were used in the calculations for Table I) 
and obtained a value of K~~ = 0.13 f 0.03, which is in agreement 
with the previously reported value. The nonadiabaticity may derive 
from the rigidity of the bipyridine and phenanthroline rings, which 
precludes the optimal overlap between the orbitals of the two metal 
centers. 

Conclusion 
These studies have evaluated the rate constants for a series of 

outer-sphere reactions between Cr(NN),Z+ and CoL?+ ions. The 
cross-reactions of C ~ ( e n ) ~ ~ +  follow the Marcus theory quite well 
and are thus assessed to be adiabatic. Those for Co(bpy)?+ and 
C ~ ( p h e n ) , ~ + ,  however, are mildly nonadiabatic, especially the 
latter. The honadiabaticity becomes more pronounced as the 
standard free energy change of the reaction increases. 
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Figure 4. Plot of 2 log k I 2  - logf,, - 2 log W,, - log k2, versus log K,2 ,  
the logarithm of the equilibrium constants far the reactions of CrLS2+ 
(triangles), Ru(II1) amine complexes (circles), and R~(bpy) ,~ '  (squares) 
with Co(bpy),3'/2' (open) and C~(phen),"/~' (filled) redox couples. 

is evident from the data for C ~ ( e n ) ~ ~ +  that the calculated and 
observed values of k I 2  are in good agreement with each other. In 
the case of Co(bpy),,+ and C ~ ( p h e n ) , ~ + ,  however, the observed 
rate constants are always smaller (by a factor of 3-25) than the 
calculated ones. We attribute this discrepancy to the mildly 
nonadiabatic behavior of the cross-reactions involving Co(bpy),'+ 
and C~(phen) ,~+.  This suggestion is in accord with the conclusion 
drawn by Fiirholz and Haim5 regarding the nonadiabaticity of 
the reactions involving Co(bpy),'+. 

The extent of the nonadiabaticity can be assessed by introducing 
an electronic factor.19 With that included, eq 6 becomes 

(10) 
If it is assumed that the self-exchange reactions are adiabatic (Le., 
that K~~ = K~~ = l),  then eq 10 can be rearranged in the following 
manner: 

klz = (kl l ~ 2 2 ~ l t f 1 2 ~ ' ~ 2 ~ l z K l z / ~ K 1  $22) 1/2 

2 log klz - logflz - 2 log Wl, - log k22 = 
1% (kllK122) + log Kl2 (11) 
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