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Riboflavin is reduced by excess V2' or Eu2' in aqueous HC104 to the dihydro derivative ("RbH,", 111), which may be 
oxidized to the corresponding semiquinone, 11, by a variety of metal-center oxidants. Reactions of RbH, with a series of 
substitution-inert cobalt(II1) complexes conform to a rate law (eq 2) pointing to the partition of the dihydro reductant 
into an inactive protonated form and a reactive deprotonated form, with PKHA for this partition estimated as 0.89. The 
reactivity pattern for these Co(II1) complexes is similar to that for oxidations of the semiquinone, Rb, but distinctly different 
from patterns for reactions of Cr(II), Eu(II), U(III), and Ti(III), each of which may utilize inner-sphere paths if available. 
In particular, there is no indication of bridging by bound carboxyl, nor is there evidence of rate enhancement by chelating 
or reducible functions. Reductions of these complexes by RbH2 thus appear to be outer sphere. The oxidation of RbHz 
with V022' is inverse first order in H +  in the range 0.20-1.40 M H', suggesting a reaction sequence (eq 4) proceeding 
through a V02'-RbH2 intermediate complex, from which two protons have been removed. RbH2 (an even-electron molecule) 
is considerably more reactive than its semiquinone, Rb. (an odd-electron species), with the ratio of specific rates, kRbH2/kRb 
(25 OC, 1.3 M H'), approximately lo2  throughout the study. The kinetic advantage that RbH, enjoys probably results 
from a combination of its more negative formal potential, its zero charge, and, presumably, a more rapid self-exchange. 

Flavins, t h e  most important and versat i le  of t h e  oxidat ion 
 coenzyme^,^ may undergo both  one- and two-electron reduc- 
tions, yielding, respectively, radical (semiquinone) and dihydro 
species, as exemplified by  t h e  reductions of riboflavin ( I )  in 
strongly acid solutions (eq 1). In an earlier work4 w e  exam- 

I 

l+ ribosyl H 
I 1  

II 
ribpsyl 

111 

ined t h e  react ion of t h e  semiquinone  (11) with a number of 
oxidizing metal centers, including a variety of substitution-inert 
cobalt(II1) complexes and presented evidence that this radical 
reac ts  in i ts  depro tona ted  form via outer-sphere paths ,  even 
in  sys tems fea tur ing  very effect ive br idging groups.  T h e  
present  extension deals wi th  one-electron oxidat ions of  t h e  
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dihydro derivative 111, a reductant  considerably more reactive 
than radical 11, its "odd-electron comember" in t h e  indicated 
electron-transfer series. 
Experimental Section 

Materials. Riboflavin, an Aldrich product, was used as received; 
master solutions 0.001 M in coenzyme were prepared in deaerated 
1 .O M HCIO, immediately before each series of experiments. Solutions 
of E U ( C I O , ) ~ . ~ ~  VO(C104)2.5bP and Ru(NH3)&1? were prepared as 
described. Master solutions of U02(C104)2 and Fe(C104)3 were 
prepared from the hydrated perchlorates (Alfa products) and were 
standardized spectr~photometrically.~ Cobalt complexes not available 
from previous studiess were prepared by literature p r ~ c e d u r e s . * ~ , ~ ~ ' ~  

Rate Measurements. The dihydro derivative of riboflavin (111) was 
generated at the lo4 M level by treatment of solutions of riboflavin 
in 0.1-1.3 M HC104 with excess Eu(CIO,),. All preparations were 
carried out under nitrogen in 1 .OO-cm spectrophotometer cells sealed 
by rubber serum caps. It was necessary to add, in addition to the 
quantity of Eu2' needed to accomplish the two-electron reduction of 
the flavin, enough of this reductant to consume variable traces of 
oxygen in solution and adsorbed on the inner surface of the vessel. 
Incomplete reduction to the dihydro compound yielded solutions 
exhibiting the red color characteristic of riboflavin semiquinone (11) 
in strongly acid solution (A,,, = 495 In practice, satisfactory 
results were achieved by adding sufficient Eu2' to obtain a solution 
remaining colorless for 10-15 min, waiting until the first trace of pink 
(presumably reflecting slow leakage of oxygen) appeared, and then 
adding the oxidant." 

Rates of oxidation of the dihydro species to the radical cation (11) 
were then estimated from measurements of absorbance increases at 
495 nm on a Cary 14 spectrophotometer.BC Reactions were first order 
in dihydro compound and oxidant but were carried out under pseu- 
do-first-order conditions, with the oxidant in greater than 1 0-fold 

( 5 )  (a) Dkkal, E. R.; Gould, E. S. J. Am. Chem. Soc. 1972,94,6673. (b) 
Guenther, P. R.; Linck, R. G. Ibid. 1969, 91, 3769. (c) Linck, R. G. 
Inorg. Chem. 1970, 9, 2529. 

(6) Fan, F.-R. F.; Gould, E. S.  Inorg. Chem. 1974, 13, 2547. 
(7) IUPAC Spectrophotometric Data"; Butterworths: London, 1963; pp 

223 (Fe"), 550 (UOz2+). 
(8) (a) Fan, F.-R. F.; Gould, E. S. Inorg. Chem. 1974, 13, 2639. (b) 

Fanchiang, Y.-T.; Carlson, R. R.; Thamburaj, P. K.; Gould, E. S. J .  
Am. Chem. SOC. 1977, 99, 1073. (c) Wu, M.-Y.; Paton, S. J.; Fan- 
chiang, Y.-T.; Gelerinter, E.; Gould, E. s. Inorg. Chem. 1978, 17, 326. 

(9) (a) Gould, E. S.; Taube, H. J. Am. Chem. Soc. 1964, 86, 1318. (b) 
Linhard, M.; Siebert, H. Z .  Anorg. Allg. Chem. 1969, 364, 24. (c) 
Siebert, H.; Tremmel, G. Ibid. 1972, 390, 292. (d) Wieghardt, K. Ibid. 
1972, 391, 142. (e) Wieghardt, K. J. Chem. SOC., Dalton Trans. 1973, 
2548. 

(IO) We are grateful to Professor K. Wieghardt for samples of some of the 
cobalt(II1) complexes used. 

(1 1) When the described procedure was used, oxidation of the dihydro com- 
pound by adventitious oxygen was, in general, negligibly slow in com- 
parison to reaction with the added metal-center oxidant. However, in 
our hands, satisfactory data for these systems could not be obtained 
when reactions were carried out in IO-cm cells (reaction volume 30 cm'). 
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Table I. Kinetic Data for Reactions of the Dihydro Derivative of 
Riboflavin with Cobalt(II1) Oxidants' 
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oxidant iH'1 kobsdC kcalcdd 

IV 

0.50 
0.70 
0.90 
1.10 
1.30 
0.10 
0.30 
0.50 
0.70 
0.90 
1.10 
1.30 
0.10 
0.30 
0.50 
0.70 
0.90 
1.10 
1.30 

0.50 
0.70 
0.90 
1.10 L Cd3 I J  

V 1.30 

84 
42 
28 
21 
18.7 
17.7 
15.2 

138 
69 
45 
37 
32 
28 
24 
24 
12.9 
8.7 
6.8 
5.6 
4.1 
3.2 

66 
37 
27 
21 
14.8 
11.9 
10.0 

83.5 
43.4 
29.1 
22.1 
17.7 
14.7 
12.7 

71.5 
48.2 
36.5 
29.6 
24.6 
21.0 
23.7 
12.7 

137  

8.70 
6.64 
5.33 
4.50 
3.70 

66.5 
36.9 
25.6 
19.7 
15.9 
13.0 
11.2 

a Reactions were carried out  a t  25.0" with & =  1.30, [RbH,]  = 
1.0 X M ,  and [oxidant] = 0.0007-0.003 M. [ H + ]  values 
in M. C k values in M- '  s-' , Values calculated as k l i m K H p .  
( K H A  + [ H+]  )-' ; parameters klim and K H A  for each oxidation 
arc listed in Table 11. 

excess. When the effect of acidity variation was being examined, the 
concentration of added HC104 was allowed to vary while the total 
ionic strength was maintained near 1.3 M by addition of thrice-re- 
crystallized LiC104. Reactions were generally followed for at least 
4 half-lives. Rate constants obtained from successive half-life values 
within a run agreed to within 6%, whereas specific rates from replicate 
runs checked to better than 8%. Some backward drift in the "infinity 
reading", reflecting further oxidation of the semiquinone reaction 
product to riboflavin, was sometimes observed, but since such oxi- 
dations were much slower than the primary reactions, this drift did 
not seriously interfere with evaluation of specific rates. Temperatures 
were kept at 25.0 i 0.2 OC during the entire series of kinetic runs. 

Electronic spectra of solutions obtained from the oxidation of the 
dihydro derivative with cobalt(II1) complexes were indistinguishable 
from the spectrum of the radical cation (11). 

Results and Discussion 
The redox reactions of interest are initiated in solutions 

where all but a small portion of the riboflavin taken is in the 
dihydro form, the remainder ( 1-5%) being the semiquinone. 
Comparison of the estimated formal reduction potential of the 
semiquinone (0.150 V4) with that of E d +  (-0.379 VI2) assures 
us that in such solutions virtually all added Eu2+ has been 
oxidized to the tripositive state and that reaction of the added 
oxidant with Eu2+ plays no role in these systems. 

Kinetic acidity dependencies have been examined for oxi- 
dations by three (NH,),Co"' derivatives and for the bridged 
p-acetato cobalt(II1) dimer. Note (Table I) that these four 
oxidants follow similar patterns-rates increase with decreasing 
acidity, but the trend is less sharp than that corresponding to 
a simple proportionality to [H+]-', particularly at  lower 
acidities. These dependencies conform to eq 2, applicable to 

(12) Biedermann, G.; Silber, H. R. Acta Chem. Scand. 1973, 27, 3761. 

Table 11. Kinetic Parameters for Acid-Dependent Reactions of 
Cobalt(1II) Complexes with the Dihydro Derivative of Riboflavin 

oxidant him' KH A' 

(NH,),Co@y 13+ 156t  11 0.12 * 0.01 
(NH,),Co(DMF)" 252 t 16 0.12 i 0.01 
Iv 41.4 i 1.7 0.13 t 0.01 
V 1 1 1  t 6 0.15 i 0.01 

The parameters k l ,  and K H A  appear in eq 2. Values in the 
table were obtained by nonlinear least-squares refinement of un- 
weighted kinetic data by minimizing (/cob, - k c a c d ) * .  

a system in which the oxidant or reductant is distributed 
between a basic form, which reacts at a limiting specific rate, 
khm, and an unreactive acidic form having an acidity constant 
KHA. Values of the parameters kh and Km giving the closest 
agreement between observed specific rates and those rates 
calculated by (2) are summarized in Table 11. The Km values 
pertaining to oxidations by the three complexes are seen to 
be nearly the same. Because none of these cobalt(II1) de- 
rivatives features protons that are removable near the acidity 
range studied, we infer that it is the dihydroflavin that is 
undergoing partial deprotonation, that pKm for the protonated 
form is 0.89 (at 1.1 = 1.3), and that the protonated form has 
negligible reactivity under the conditions chosen. 

Since partition of the dihydro compound between proton- 
ation levels is not affected by alteration of the cobalt(II1) 
oxidant, we may estimate limiting specific rates, applicable 
to reactions of additional complexes with the deprotonated 
dihydro derivative, from measurements at a single acidity. 
Table TI1 lists measured specific rates and calculated limiting 
values for a variety of (NH3)$o"' complexes, and Table IV 
gives the corresponding values for several p-carboxylato di- 
nuclear cobalt(II1) complexes similar to the p-acetato deriv- 
ative (V). Note, however, that this treatment may not be 
extended to oxidations by the mononuclear acetato and 2,6- 
pyridinedicarboxylato complexes, both of which undergo 
partial protonation in the [Hf] range ~ t u d i e d . ' ~ - ' ~  

Oxidations of the dihydroflavin, "RbH2", with substitu- 
tion-inert cobalt(II1) complexes generate a reactivity pattern 
similar to that for oxidations of the related cation radical, Rb.? 
but distinctly different from the patterns for Cr(I1),l6 Eu(II),8" 
U(III),I' and Ti(III),'* each of which may utilize inner-sphere 
paths if suitable bridging functions are accessible (specific rates 
for Rb. and Cr(I1) are included in Table I11 for comparison). 
With RbH2, the various carboxylato comlexes are reduced at 
specific rates near those for the pyridine and imidazole (IV) 
derivatives of Co(NH3)t11, which are now recognized to utilize 
only outer-sphere paths in electron t r a n ~ f e r . ~ . ~  Hence, there 
is no significant rate enhancement reflecting bridging action 
by bound carboxyl. Further marked accelerations attributable, 
in the Cr(I1) series, to the presence of chelating or reducible 
groups (such as a-keto or pyridinecarboxylato functions) 
likewise do not appear in the reactions of the dihydro reduc- 
tant. Among the bridged dimeric oxidants (Table IV), the 
p-acetato complex (V) is reduced by RbH2 at a rate quite 
comparable to those for the pyruvato, glyoxalato, and ben- 
zoylformato analogues, again contrasting with Cr(I1) and 
Eu(I1) reductions, which have been found to be strikingly 
accelerated ( 102-104) by incorporation of the a-C=O func- 

(13) (a) Barrett, M. B.; Swinehart, J. H.; Taube, H. Inorg. Chem. 1971, 10, 
1983. (b) Gould, E. S .  J .  Am. Chem. SOC. 1974, 96, 2373. 

(14) Deprotonation of the aquo complex (NH3)5Co(H20)3: (pK, = 6.215) 
is without appreciable effect in the acidity range studied. 

(15) Splinter, R. C.; Harris, S .  J.; Tobias, R. S .  Inorg. Chem. 1968, 7 ,  901. 
(16) Taube, H.; Gould, E. S .  Acc. Chem. Res. 1969, 2,  321. 
(17) (a) Wang, R. T.; Espenson, J. H. J .  Am. Chem. Soc. 1971,93, 380. (b) 

Loar, M. K.; Sens, M. A,; Loar, G. W.; Gould, E. S .  Inorg. Chem. 1978, 
17, 330. 

(18) Martin, A. H.; Gould, E. S .  Inorg. Chem. 1976, 15, 1934. 
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Table 111. Specific Rates for Oxidations of the Dihydro Derivative of Riboflavin with Pentaamminecobalt(II1) Complexes, R(NH,),Co"' 

Singh, Srinivasan, and Gould 

ligand, R kobsda k l h  kRb.a'C kcrd b 

ethylenediaminee 0.21 2.3 2 x 10-5 
imidazole (IV) 3.2 41f 4 x 10-4 
pyrazole 14.5 160 0.0023 
pyridine 15.2 156f 0.29 0.0040 
N,Ndimethylformamide 24 2.5 x 102f 0.22 0.0070 
N,N-dimethylnicotinamide 54 6.0 X 10' 0.99 0.030 
glycinato (0 bound) 2.3 25 0.064 
N-acetylglycinato 9.0 99 0.30 
aceta t i) 18.0 R 0.26 0.35h 
for mato 17.0 187 0.15 7.2 
aquo 50  5.5 x l o 2  0.50 3.1/ [ H+] 
maleato 8.0 88  2.0 x l o2  
pyruvato 7.5 83 i o  x 103 
benzoylformato 11.0 121 0.14 > lo4  

azido 23.0 2.5 X 10' - 3 x  105 
fluoro 3.3 36 0.1 1 4 x  105 

2,6-pyridinedicarboxylato 12.0 R 1.5 X 104/[H'] 

chloro 15.4 170 0.20 3 x 106 

a Specific rates (M-'  s-I) for reactions at 25 "C in 1.3 M HC10,. Limiting specific rates calculated, unless otherwise indicated, as k l h  = 
kobsd (1 t [H'] / K H A ) ,  where [Ht] is 1.3 M and K H A  is taken as 0.13 M. 
01 = 1.0). Values are taken largely from ref 6 and 8a. e C ~ ( e n ) ~ ~ + .  
(see Table 11). 
(inner-sphere) rate at  low a c i d i t i ~ s . ' ~ ~  

Reference 4. Specific rates for reduction by Cr'' at 25 "C 
Values obtained by nonlinear least-squares refinement of kinetic data 

Limiting rate not calculated because of complications arising from partial protonation of oxidant (see ref 13). Limiting 

Table N. Specific Rates for Oxidations of the Dihydro 
Derivative of Riboflavin with Bridged Dimeric 
Cobalt(II1) Complexes 

bridging ligand, R kobsda k,, 
acetato 10.0 l l l C  
glyoxalato 22 2.5 x 10' 
o-aldchydobenzoa to 36 4.0 X 10' 
pyruvato 34 3.8 X l o 2  
benzoylformato 72 7.9 x 10' 
p-aldehydobenzoato 86 9.5 x 102 

a Specific rates (M-'  s - ' )  for reactions at 25 "C in 1.3 M HC10,. 
Limiting specific rates calculated, unless otherwise indicated, as 

Value obtained by nonlinear least-squares re- 
k,, = kobsd (1 t [ H'] / K H A ) ,  where [H'] = 1.3 M and K H A  is 
taken as 0.1 3 M. 
finement of kinetic data pertaining to acid dependency (see Tables 
1 and 11). 

tion,19 the latter presumably providing an inner-sphere path 
for use of the metal-center reductants. 

Thus, the rate pattern for reductions by RbH, (with specific 
substituent effects virtually absent) indicates that this species 
reacts with cobalt(II1) complexes via an outer-sphere path, 
a conclusion in keeping with our observation that the oxidation 
product from these reactions is the radical cation, Rb., which 
has suffered no modification of its ring system. It is instructive 
to compare the RbH, pattern to that for reductions by Ru- 
(NH3)62+,20321 which is often considered (although not without 
reservation22) to be a compulsory outer-sphere oxidant. Al- 
though the log-log plot (Figure l),  which utilizes the klim 
values for RbH,, appears to approach linearity, serious di- 
vergences are perceptible. Among points at the slow end of 
the scale, scatter is more severe than that observed in the 
analogous cross relation between specific rates invqlving only 

( I  9) Srinivasan, V. S., unpublished experiments, Kent State University, 
1980-1 98 1. 

(20) Specific rates for reduction by Ru(NH&*+ (kRu values) are taken 
principally from reports by Endicottz1 and by Fan6 These generally 
refer to reactions carried out in 0.1 M HCI, p = 0.50. 

(21) Endicott, J. F.; Taube, H. J .  Am. Chem. SOC. 1964, 86, 1686. 
(22) See, for example: Earley, J. E. Prog. Inorg. Chem. 1970, 13, 243. 

-1 0 

Figure 1. log-log plot comparing the specific rates of reduction of 
pentaamminecobalt(II1) complexes, R(NH3)5Co*11, by R u ( N H ~ ) ~ ~ +  
( p  = 0.50, supporting electrolyte LiCI) and by the dihydro derivative 
of riboflavin, RbH2. The latter set are limiting values, obtained from 
eq 2,  with use of measured specific rates in conjunction with the pK 
of the dihydro compound (0.89 at p = 1.30). Bzf = benzoylformato; 
DMN = N,N-dimethylnicotinamide. The regression line shown 
corresponds to the equation log kRbH2 = 0.68 log kRu + 2.42. 

metal-center r e d ~ c t a n t s , ~ * ~ J ' ~  yet this scatter is not sufficiently 
systematic to sustain a convincing explanation. More dis- 
tressingly, the point for reduction of (NH3)&oC12+ (not 
shown) lies far off the regression line drawn, reflecting a 
specific rate for reduction of this complex by Ru(NH3);+ (2.6 
X lo2 M-I s-I, 25 OC, p = 0.50)21 that is lo3 times that con- 
sistent with the indicated linear relationship. Similarly striking 
positive departures by this chloro oxidant have been observed 
when the R u ( N H ~ ) ~ ~ +  pattern has been plotted against those 
for reductions by the riboflavin radical ~ a t i o n , ~  by the radical 
and dihydro derivative of phena~ine, ,~ and by the dihydro 
derivative of 1 -dea~ariboflavin.~~ Indeed, it appears that this 
divergence generally arises when Ru(NH,)~,+ rates are com- 
pared to those for electron transfer from aromatic donors, 
whether the latter be even- or odd-electron species. We 
hesitate to attribute the enhancement to a substantial inner- 

(23) Singh, A. N., unpublished experiments, Kent State University, 1981. 
Stated in different terms, these aromatic donors have been found to 
reduce (NH&2oCl2+ 2-5 times as rapidly as the corresponding fluo- 
ro-substituted oxidant, whereas with Ru(NH,),~+ as reductant, this ratio 
of rates exceeds 2 X IO3. 
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Table V. Kinetic Data for Reactiona of the Dihydro Derivative of 
Riboflavin with VOzt 

IH'1 k IH'1 k 
0.20 35 1.00 7.1 
0.40 17.0 1.20 5.9 
0.60 11.6 1.40 5.0 
0.80 9.3 

Reactions were carried out at 25.0 "C with p = 1.40 (HCIO, + 
LiCIO,), [RbH,] = 1.0 X M, and [V0,2'] = 0.0013-0.012 
M. k values in M'' s-l. 

sphere contribution to the Ru(I1) reduction (although the 
direction of the effect is in accord with this) for such a path 
would presumably require expansion of the coordination oc- 
tahedron about this metal center, a process that has, in the 
past, been suggestedN but not yet demonstrated. We suspect 
instead that a favorable path for the CO(NH,)~C~~+-RU- 
(NH3)62+ reaction, in which the reducing metal center ap- 
proaches the oxidant through the chloride ligand, is inaccessible 
to the aromatic reductants (because of repulsion between the 
chloro substituent and the electron-rich .rr regions sandwiching 
the rings) and that the aromatics therefore approach the ox- 
idant in the vicinity of an octahedral face determined by three 
of the ammonia nitrogens. We are astonished, however, that 
this difference in path is associated with such a marked dif- 
ference in rate. 

Data pertaining to the reaction of RbH, with V02+ in the 
acidity range 0.2-1.40 M H+ are summarized in Table V. 
This oxidant, in contrast to the cobalt(II1) complexes exam- 
ined, adheres closely to an inverse-[H'] dependency (eq 3).  

rate = (7.0 s-l)[V02+] [RbH2] [H+]-' (25 OC, p = 1.4) 
(3) 

There is, in this instance, no indication of kinetic saturation 
in the [H+] range examined, indicating the involvement of a 
protonation equilibrium for which PKHA exceeds 2. Since 
coordination of V022+ to the dihydro reductant would be 
expected to shift its primary PKHA to below 0.89, rather than 
to raise it, it appears here that we are dealing with a second 
deprotonation, i.e. 

V 0 2 +  + RbH2 s VORbH?' 
-H+ -H+ 

[CB]' C 
[CB]" - products (4) 

Note that in the proposed sequence, the second conjugate base, 
[CB]", is taken to be the reactive intermediate.2s Whether 
the second proton is lost from the flavin ring system or from 
water in the primary coordination sphere of vanadium is, at 
this point, an open question.26 

p K >  2 

(24) See, for example: (a) Endicott, J. F.; Taube, H. Inorg. Chem. 1965, 
4,473. (b) Ford, P. C.; Kuempel, J. R.; Taube, H. Ibid. 1968,7, 1976. 

(25) For additional instances in which activation for a redox process requires 
loss of two protons, see: (a) Kirwin, J. B.; Peat, F. D.; Proll, J. D.; 
Sutcliffe, L. H. J .  Phys. Chem. 1963, 67, 1717. (b) Martin, A. H.; 
Gould, E. S .  Inorg. Chem. 1975, 14, 873. 
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We find it of interest that the dihydro derivative of ribo- 
flavin, an even-electron molecule, is a considerably more re- 
active reductant than the semiquinone, Rb., an odd-electron 
species. Comparing reactions of the two in 1 . 3  M HC104 
(Table 111), we note kRbH2/kRb to be near lo2 for each of the 
various cobalt(II1) oxidants; a similar ratio applies to oxida- 
tions by V 0 2 +  and U022+.4 Two features of the dihydro 
compound that may be presumed to contribute to this rate 
difference are its more negative reduction potential and its zero 
net charge. The difference in formal potentials of the two 
reductants (0.070 V)4 corresponds, with assumption of ad- 
herence to Marcus' to a rate ratio of or 4, 
whereas it may be estimated that the unit positive charge of 
the protonated semiquinone, 11, contributes an additional factor 
of about 2 to this differen~e.~~-,O The small residual kinetic 
advantage (very roughly a factor of 10) enjoyed by the dihydro 
reductant may be reasonably attributed to a difference in 
self-exchange rates in the two aromatic systems, but experi- 
mental confirmation of this point is obviously desirable. 
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(NH~)~CO(~-OH)~(~-HCOCO~)CO(NH~)~~+, 80327-73-7; 
(NH~)~CO(~-OH)~(~-O-C~H,CO~(CHO))CO(NH~)~~", 52362-79-5; 
(NH~)~CO(~-OH)~(~-CH~COCO~)CO(NH~)~~', 80327-74-8; 
( N H ~ ) ~ C O ( ~ - O H ) ~ ( ~ - B Z ~ ) C ~ ( N H ~ ) ~ ~ + ,  80327-75-9; (NH,),Co(p- 
OH)~(~-~-C~H~C~~(CHO))~O(NH~),~+, 52375-30-1; V02', 
20644-97-7. 

( CH3COC02)2+, 19306-9 1-3; (NH,),Co( Bz~)~ ' ,  4986 1-82-7; 

(26) Preliminary experiments indicate that the reaction of the dihydro de- 
rivative of riboflavin with Ru(NH&~* (k = 10 M-' s-' at 25 OC in 1.3 
M HCIOJ and with UOZ2' (k = 65 M-l s'I) can be monitored with 
conventional mixing techniques, whereas the reaction with Fe(C104)3 
(k = 3 X lo4 M-I s-I ) f a 11s into the stopped-flow region. Acid depen- 
dencies for these reactions have not been determined, nor has the effect 
of salts having donor anions been investigated. 

(27) It is assumed here than an increase in AG* resulting from an increase 
in the standard potential of the reductant is half the increase in AGO. 
See, for example: (a) Hush, N. S. Trans. Furaday SOC. 1961, 57, 557. 
(b) Chou, M.; Creutz, C.; Sutin, N. V. J .  Am. Chem. SOC. 1977, 99, 
5615. 

(28) The electrostatic work, w, associated with reduction of a tripositive 
(NH3)5C~"1 derivative with the riboflavin radical ion, Rb., may be 
estimated as follows:z9 

w = (4.3 X 10-8)(+1)(+3)/a(1 + (3.3 X 107)p'/2u) 

where a is the distance of closest aproach (in cm). The latter parameter 
is, in turn, estimated by adding the distance between the Co(II1) center 
and the periphery of the coordinated ammonia (3.4 X to the 
half-thickness of the *-electron cloud (1.9 X lo4 cm). The contribution 
of this work term to AG* is again taken to be w/2. 

(29) Phillips, J.; Haim, A. Inorg. Chem. 1980, 19, 76. 
(30) See, for example: Beattie, J. K.; Binstead, R. A.; Broccardo, B. Inorg. 

Chem. 1978, 17, 1822. 


