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and the C-0 distance of 1.10 (1) 8, is short (typically 
1.14-1.17 A),22-23,27 The Rh-C-0 angle of 174.7 (7)' in- 
dicates a slight deviation from linearity. These unusual values 
may be due to steric interaction between the CO ligand and 
the phenyl o-H atoms (vide supra) or due to some inadequacy 
in the refinement. Distances and angles within the phenyl rings 
are normal, and all of the rings are planar within experimental 
error. The large thermal parameters and the large differences 
in equivalent distances and angles within the BF4- anion 
suggest some disorder. However, an obvious disordered model 
was not apparent in the final difference Fourier map. The 
average B-F distance (1.29 (2) A) and F-B-F angle (108 
( 2 ) O )  are well within the range of accepted values. 
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Dithionite is used extensively for the reduction of proteins, 
and there have been recently a numbep of kinetic studies of 
these reactiom2 By contrast, there have been limited in- 
vestigations of reactions of dithionite with metal complexe~.~-~  
One of the very interesting features of dithionite ion is its 
ability to reduce as the intact S2042- ion and/or via the dis- 
sociated anion radical S02-.3 We report here on the reduction 
of 11 cobalt(II1) complexes of a variety of types, as well as 
the Fe(EDTA)- and Mn(CyDTA)- ions.6 
Experimental Section 

Complexes were prepared by literature methods (see Table 
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Tdbk  I. Activation Parameters for Reduction by S,04'- ( k , )  
and SO,' ( k , )  Ions at 25 "C, pH 7.0, and I = 0.4 M 

A H * , C  

k2, k,,b kcal AS*,' 
mol-' eu complex iona M-1 s-l M-1 s-l 

cis-Co(IDA),- 

Co(EDTA)- 

Co(CyDTA)- 
Co(EDTA)CIZ- 
Co( MEDTA)Br - "9 l 3  

Co(MEDTA)OH, 1 2 3 1 3  

[Co(C,O,),OH] 2 4 -  ",16 

[Co(NTA)OHIz2- "," 
C ~ ( t e r p y ) , ~ +  l 4  

Fe(EDTA)- 2 o  

Mn(CyDTA)- " 

~ E Z ~ S - C O ( I D A ) , -  

c o ( c * 0 4 ) 3 3 -  l 4  

1.9 9103 15.4 
1.6 9103 14.0 
90.1 1.0 x 103 17.4 
90.1 1.3 x io3 
90 .  1 2.3 x 103 
<10 2.1 x 105 15.5 

9 0 . 4  1.5 x 104 

1.0 x io4 
90.1 4.6 x 103 

910' 6.5 X lo6 e 13.0e 
90. 1 1.3 X l o4  1 0 S f  

G0.4 1.8 X l o4  14.9 

90.1 1.6 X lo4 18.4 

4.3 x 105 9107  17.0 
3.6 X lo4 9 2  X lo6 13.7 
2.1 x lo6 <lo8 

-6 
-11 
-1 

-3 
- 4e 

-24f 

-9 

+ 2  

+ 24 
+ 8  

a Abbreviations are listed in ref 6,  and references t o  preparation 
arc superscripted. 
KI1"k, with K ,  = 1.4 X M.3 Activation parameters from 
either log k ,  or log (K, 1 ' z k 3 )  vs. 1 / T  plot. AH* = 11 kcal mol-, 
and AS* = 1 3  eu are the approximate errors for most systems. 

PH -10.0. e Fast reacting component. f Slow reacting com- 
pone n t . 

Calculated from experimental value of 

The kinetics were studied by using a Beckman 24 spectrophotometer 
or a Gibson-Durrum stopped-flow apparatus, and serum cap sealed 
cells and anaerobic conditions were maintained throughout the ex- 
periments. The reactions of the cobalt(II1) complexes (100 pM-2.0 
m M )  with dithionite (1-30 m M )  were examined in the 530-600-nm 
region. For the rapid reactions of the Co(terpy)?+, Fe(EDTA)-, and 
Mn(CyDTA)- ions, 10-100 p M  complex and 50 pM-4 m M  dithionite 
were employed with observations at 450,400, and 510 nm, respectively. 
Two rates, easily separable, were obtained with the isomeric mixture13 
in Co(MEDTA)Br-.  Changes in wavelength or concentrations of 
complex were without effect on the pseudo-first-order rate constants 
measured. The  majority of the studies were a t  25.0 OC, p H  7.0 
(maintained with TRIS)  and I = 0.4 M. Full kinetic data  a re  con- 
tained in Table ILZ2 
Results 

Spectral examination of the products of reduction by di- 
thionite indicated formation of the corresponding bivalent 
metal ion complex(es). The kinetic scheme in eq 1-3 can be 

S204'- + 2S02- K , ,  rapid (1) 

M(II1) + S2042-- M(I1) + S(1V) k2 (2) 

M(II1) + SOZ- - M(I1) + S(1V) k3 (3) 

applied to dithionite reduction of the complexes (designated 
M(II1)) for which the rate law (4) applies. With all com- 

(4) 
rate/ [M(III)] = kobsd = k2[SZ0d2-] 4- k3K11/2[S2042-]1/2 

plexes e~arnined, '~  plots of either kobsd vs. [s2042-] or kosM vs. 
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31, 940 (1958). 
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(19) B. R. Baker, F. Basolo, and H. M. Neumann, J.  Phys. Chem., 63, 371 

(1959). 
(20) H. J. Schugar, A. T. Hubbard, F. C. Anson, and H. B. Gray, J .  Am.  

Chem. SOC., 91, 71 (1969). 
(21) R. E. Hamm and M. A. Suwyn, Inorg. Chem., 6, 139 (1967). 
(22) Supplementary material. 
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[S2042-]1/2 were linear with zero intercepts, indicating sole 
contribution to the rate of either the first or second term in 
(4), respectively. The slopes equaled k2 or k3Kl ' I 2 ,  respectively, 
and with use of a value for Kl  = 1.4 X M at 25 O C 3  k3, 
the rate constant for reaction of SO2-, could be calculated. 
Values are given in Table I. By plotting ko,,,d/S2042-] vs. 
[s2042-] or kobsd/[S2042-] vs. [s2042-]-'12, it was possible 
from the intercepts to deduce a maximum likely contribution 
of k3 or kZ, respectively, to the dominant path. These higher 
limits are included in Table I. 

The variation of k2 with temperature leads directly to values 
of AH1* and AS,' for reaction of S20d2- (Table I). If the 
second term in (4) is dominant, then the usual Arrhenius plot 
of log (kosbd/ [S204z-] ' I 2 )  vs. 1 / T will yield mosM and &!?*&sd 

values (Table I). These however are composite quantities, 
equaling (1/2AHl + AH3*) and (1/2AS1 + as3*) respectively. 
The values of AH1 and ASI  for the dissociation of dithionite 
can be estimated as +7.3 kcal mol-' and -19 eu, respectively, 
from the temperature variation of KI deduced from EPR 
m e a ~ u r e m e n t s . ~ ~  Thus the values of AH3* and AS3* for re- 
action of SO2- are some 3.7 kcal mol-' lower and 9 eu more 
positive than the values given for APosbd and s * o b s d  in Table 
I, and this should be borne in mind in the discussion. 
Discussion 

The following features emerge from this study. 
(a) Eight of the eleven cobalt(II1) complexes a re  reduced 

solely by SO2- in the conditions used, and for the remaining 
three reduction by SOz- may not be unduly sluggish, but this 
path is swamped by that involving direct S204'- reduction. 
Indeed with C ~ ( t e r p y ) ~ ~ + ,  Fe(EDTA)-, and Mn(CyDTA)- 
complexes which are rapidly reduced by S2042-, it will be 
difficult to detect any contribution from an SO2- reaction, since 
the concentration of SO2- will be - 1 pM when SZO4'- is 1 
m M  and the rate constant for SOz- will therefore need to 
approach 107-10s M-Is-l for its contribution to be registered. 
Examination of Table I shows that generally A P  values are 
smaller for reactions involving SOZ- than for those with S2042-. 

(b) The reactivity order eaq- > C02- > SOz- holds for re- 
action of these radicals with a number of iron proteins.25 This 
sequence holds also for cobalt(II1) complexes, rate constants 
for reduction of a number of complexes C O ( N H ~ ) ~ X ~ +  by C02- 
being in the range 4 X lo7 to 1.9 X lo9 M-' Although 
C02- shows more selectivity than does ea;, the range displayed 
by SOz- is wider still, varying from lo3  to 6.5 X lo6 M-l s-' 
(Table I). The second-order rate constants for reaction of 
Fe(EDTA)- with e,;, C02- and SO, are 2.3 X lolo, 5 X 
and 1 2  X lo6  M-' s-' respectively. The observed reactivity 
sequence may be related to reduced reductant power ( E O  = 
-2.8, -2.0,28 and -0.7 V29 for ea;, C02-, and SO2-, respec- 
tively). 

(c) All the anticipated absorption changes in the reductions 
of the dimers a re  uniphasic first-order processes. Conse- 
quently, the slow one-electron reduction by SO; of one Co(II1) 
in either dimer must be followed by either a similar or (more 
likely) much faster reduction of the other Co(II1) center. 
There have been few reported studies of the reduction of di- 
meric complexes. The slow/fast sequence is observed for the 

Notes 

(23) There was an indication of curvature (concave down) in the kobsd/ 
[SZO~~- ]  plot for Fe(EDTA)- at 25 "C. This could indicate a contri- 
bution from an SOz' reduction path. However the absence of deviation 
from linearity of the kosM/[S204*-] plot at lower temperatures (where 
rates are slower and more precisely measured) suggests sole reduction 
by S204*-. 
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(26) M. 2. Hoffman and M. Simic, Inorg. Chem., 12, 2471 (1973). 
(27) Y .  A. Ilan and G. Czapski, Biochim. Biophys. Acta, 498, 386 (1977). 
(28) J. Lilie, G. Beck, and A. Henglein, Ber. Bunsenges. Phys. Chem., 75, 

458 (1971). 
(29) S. G. Mayhew, Eur. J .  Biochem., 85, 535 (1978) 

two-electron reductions of some p-(dihydroxydicarboxylate) 
cobalt (111) complexes.30 

(d) It seems reasonable to regard these reactions as outer 
sphere since they a re  generally more rapid than cobalt- 
(111)-ligand bond rupture is likely to be. Although it can be 
considered dangerous to apply Marcus' theory3' to these re- 
actions with a large driving force,32 nevertheless it is an in- 
teresting exercise to consider from this viewpoint the rate 
constants for reaction of SOT with a number of the complexes. 
The rate constant k l z  for the reaction between the complex 
and SO2- is related to k l l  and kzz ,  the self-exchange rate 
constants for the S02-/S02 and M(III)/M(II)  couples, and 
K12, the equilibrium constant for the reaction, by the rela- 
tionship (5). k22 is known for the COEDTA-/~- (4 X M-I 

k n 2  = kl1k22KILfi2 

(5) 

s-'), c0(c204)33-14- (2 X M-l s-' ), MnCyDTA-12- (1 M-' 
s-'), and Fe(EDTA)-'12- (3 X lo4 M-' ) c ~ u p l e s , ~ ~  and K 1 2  
can be calculated from the oxidation potentials for the metal 
complexes (+380, +570,16 +820, and +120 mV, respectively3)) 
as well as for the HS03-/S02 couple (-660 mV a t  p H  7).29 
Using our experimentally determined k I 2  values for reaction 
of the two Co(II1) complexes with SO2- leads to a self-con- 
sistent k l l  value of M-' SKI. Applying this value to the 
Mn(CyDTA)- and Fe(EDTA)- reactions with SO2- yields k12 - lo8 and - lo6 M-' s-', respectively, values at  least consistent 
with the lower limits determined experimentally. Subtleties 
in the reductions by S204*- are indicated by the observation 
of its similar reactivity toward cis- and trans-Co(IDA),- in 
spite of their widely differing potentials (+360 and 5170 mV, 
respectivelys). Although cis-Co(IDA),- and Co(EDTA)- are 
structurally extremely similar and have identical spectra and 
oxidation potentials (and possibly a similar reactivity toward 
SO2-), the reaction of S2042- is a t  least 20 times greater with 
the IDA than the EDTA complex. I t  appears that dithionite 
is an interesting reducing agent which bears further kinetic 
examination in its reduction of metal complexes.34 
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