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Flash-photolysis Studies of the Electron-transfer Reactions of Dioxygen 
Complexes of Cobalt(iii) with Tris( 2,2‘-bipyridyl)ruthenium( rir)t 
By K. Chandrasekaran and P. Natarajan,* Department of Chemistry, University of Madras, Tiruchirapalli 

620 020, Tamil Nadu, India and Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana 46556, 
U.S.A. 

Electron-transfer reactions between the p-peroxo-cobalt(lii) complexes [( H,N),CO(~-O,)CO(NH~),]~+ (l), 
[ ( H,N),Co( p- 0,) (p- N H,) Co( NH,) d l  ,+ (2), and [ (L-L),Co (p-02) (p- NH,) Co( L-L),I3+ [ L-L = ethylenediamine 
(3), 2,2’-bipyridyl (4), or 1,l O-phenanthroline (5)] and [Ru(bipy),13+ (bipy = 2,2’-bipyridyl) have been investig- 
ated. The reactants have been generated by the electron-transfer quenching of the excited state of [ R ~ ( b i p y ) ~ ] ~ +  
by the corresponding p-superoxo-complexes using flash photolysis. The half-wave potentials measured by 
polarography for complexes (3), (4), and (5) are 1 .OO f 0.05,1.04 f 0.05, and 1.04 f 0.05 V respectively. The 
observed rate constants are used to calculate the self-exchange electron-transfer rate constants for the bridged 
cobalt(ll1) complexes. The Marcus cross relationship has been used to predict the rate constants determined 
earlier for the electron-transfer reaction between (3) and the superoxo-forms of complexes ( l ) ,  (4), and (5). 

MOLECULAR oxygen co-ordinates to metal ions forming 
complexes of different structural types and in different 
oxidation states.l Dioxygen complexes of transition 
metals are used as model systems for the investigation of 
biological oxygenation and oxidation  reaction^,^>^ and in 
recent years there have been several studies on the 

( 3 1  

( 5  1 

structure and function of dioxygen co~np lexcs .~ .~  Tile 
existence of binuclear cobalt complexes co-ordinatcd to 
oxygen has been known for a long time and in recent 
years mononuclear oxygen complexes of cobalt have 
also been ~ynthesized.~ In the binuclear cobalt (111) 

t Part  of the material in this paper is taken from the Disscrt- 
ation submitted by I(. Chandrasekaran to the University of 
Madras in partial fulfilment of Ph.D. degree requirements. 

complexes bridged by oxygen the bridge is found to be 
either in the superoxide or peroxide form. Electron- 
transfer reactions of these superoxo- and peroxo- 
complexes have been investigated by Sykes and co- 
workers with reducing agents such as FeIl, CrlI, 
[Ru(NH3)J2’, and V1*, and more recently by McLenden 
and &looney using cobalt(I1) bipyridyl and phenan- 
throline complexes. These studies indicate that the 
rcdox reactions of the cobalt (m) dioxygen complexes 
occur a t  the oxygen bridge with no reduction of the 
metal centre. Recently it has been observed lo that un- 
stable metal ions ZnI and CdI reduce the superoxo- 
complexes of cobalt(II1) by an inner-sphere pathway. Tt 
is also known l1 that the excited state of tris(2,2’-bi- 
pyridy1)ruthenium (11) reduces binuclear superoxo-com- 
plexes of cobalt (111) a t  nearly diffusion-controlled rates. 
Even with strong reducing agents i t  appears that the 
redox reaction occurs at the oxygen centre and the 
cobalt(rr1) centre is not involved.llh 

In  this report we present the results of studies on the 
kinetics and mechanism of the oxidation of the peroxo- 
complexes (1)-(5) (en = ethylenediamine, phen = 1,10- 
phenan throline) by tris (2,2’-bipyridyl) ruthenium (111) , 
[Ru(bipy),13+, to give the superoxo-complexes and 
[Ru(bipy),I2+. Both the reactants were generated by 
optical pulse irradiation and the reaction was monitored 
by spectrophotornetry.l2 

EXPERI hlENTAL 

‘llic salt [ I~u(bipy),]CI,*CiH,O was prepared according to 
tlie procedure given in the 1 i t e r a t~ re . l~  For the stoppetl- 
flow studies, [Ru(bipy),13+ was generated in solution by 
oxi(1izing a solution of [I<u(bipy),]CI, in 0 .2  mol HCI 
using I’bO,. l h e  ruthenium(1rr) present in  the solution was 
tlcteriniried by converting i t  into the rutlienium(1r) complex 
using an excess of iron(r1) sulpliate and by measuring the 
absorbance of \ I < ~ ( b i p y ) J ~ ~  a t  450 iitn (E = 1.4 x lo4 dm3 
mol-1 cnl 1). Superoxo-bridged dicobalt(rrr) complexes were 
prepared as tlescribetl earlier. l4-I7 Since the complexes were 
not very soluble in solutions of H,SO, or HC10, all the 
experiments were carried out in 1 mol dm-3 HCl unless 
specified otherwise. 
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The solutions were tleoxygenated by bubbling oxygen- 
free nitrogen through them for a t  least 30 min. Other 
reagents used in the experiments were of analytical reagent 
grade. 

Flash-photolysis experiments were carried out using a 
10-cm Pyrex cell in a Nortech type FPX-1 flash-photolysis 
apparatus, and the transient was recorded using a 05768 
storage oscilloscope (Electronic Corporation oi India). The 
half-width of the flash duration was determined to be 30 ps. 
The reaction between the p-peroxo-cobalt(rI1) coinples and 
[Ru(bipy),13+ was monitored by following the growth of 
absorbance at 450 nm corresponding to formation of 

Stopped-flow measurements were made in a Uurruni 
apparatus. All the experiments were carried out at 
25 f 1 "C. Polarographic half-wave potentials were 
determined with a Metrimpex polarograph using a saturated 
calomel electrode (s.c.e.). 

[Ru WPY) 31 + . 

RESULTS 

Flash photolysis of a solution of [Ji~(bipy),]~'  aiid the 
superoxo-bridged zobalt(II1) complex produc9s bleaching of 
the solution at 450 nm corresponding to the formation of 
[Ru(bipy),13+ within the duration of the flash. The 
absorbance a t  450 nm was observed to grow on a slower 
time scale. Flash photolysis of either [liu(bipy),]2+ or the 
superoxo-complex separately does not lead to t h e  bleaching 
of absorbance a t  450 nm. The bleaching and rcprwvth of 
the absorbance of [Ru(bipy),12+ was followed a t  wavelengths 
between 400 and 550 nm. The growth in absorbance cor- 
responds to a second-order reaction. At each wavelength 
the second-order rate plots [ l / A  (absorbance) us. time] were 
linear with identical slopes within experiments1 error. Bi- 
molecular rate constants were determined for each of the 
superoxo-complexes from such plots and the i esults are 
given in Table 1. 

In the case of complex (31, the reaction with Lliu(bipy),]3 
was studied in a stopped-flow apparatus with the peroxo- 
coiiiplex in excess. From the observed pseudo-first-order 
rate constants for tlirce concentrations of the peroxo- 
complex, second-order rate constants were determined to be 
(7.6 f. 1.0) x 105 dm3 mol-l s-l in 0.4 mol dniP acid 
solution. Peroso-complexes (1)  and (2) were unstable 
under the cxperiniental conditions fcr tlie stopped-flow 
studies, and the reaction between [Ru(bipy),13+ and peroso- 
complexes (4) and (5) were too fast to be followed in the 
stopped-flow instrument. 

Polarographic half-wave potentials measured for coni- 
plexes (3),  (4), and (5) are respectively 1.00 f 0.05, 1.04 -& 
0.05, and 1.04 f 0.05 V. The polarographic waves ob- 
tained for complexes (1) and (2) did not show a clear half- 
wave potential presumably due to the decomposition of the 
complexes. 

DISCUSSION 

Tris (2,2'-bipyridyl)ruthenium (111) , [ R u ( b i l ) ~ - ) ~ ] ~ + ,  is a 
powerful oxidizing agent with a standard redox potential 
of 1.26 V.lS I t  is generated in solution by the reaction 
between the excited state of [Ru(bi~y) , ]~+,  i.c. ["Ru- 
(bipy),I2+, and superoxo-complexes of cobalt (111) .I9 
The reduction potential for the [*R~(bipy) , ]~~-[Ru- 
(bipy),I3+ couple is -0.78 V,I8 and in the quenching 
reaction [Ru(bipy),I3 + is produced along with the peroxo- 
bridged cobalt(Ir1) in a quantum yield of nearly 1 in a 
close-to-diff usion-limited quenching process. The pro- 
duction of [Ru(bipy)J3+ and the peroxo-complex in the 
photochemical reaction and the subsequent thermal redox 
reaction can be described by the Scheme. The ion 

SCHEME 

[Ru(bipy),I3+ does not oxidize the superoxocobalt (HI) 
complex and there is no observable reaction between the 
superoxo-complexes of cobalt (111) and [Ru(bipy),l2+ for 
days in acid solution. 

Peroxo-bridged complexes (3)-(5) are stable in acid 
solution and the reaction between these and [Ru(bipy)J3+ 
occurs within the time of mixing the solutions. With the 
stopped-flow technique we could measure only the rate 
constants for the oxidation of (3) by [Ru(bipy),I3+ at  
low ionic strength. The flash-photolysis technique is 
thus advantageous to study the reactions between the 
peroxo-complexes and [Ru(bipy),I3+. There is very 
little net change in the absorption spectrum of the 
flashed solution which suggests that the thermal reaction 
just reverses the photochemical electron-transfer reac- 
tion. It can also be seen that the rate constant for the 
reaction between the peroxo-complex (3) and IRu- 
(bipy),I3+ measured in the stopped-flow apparatus is 
similar to that determined in the flash experiment. 
This suggests that our interpretation of the results is 
indeed correct. Cobalt (111) peroxo-complexes are known 
to be oxidized by CeIV and by [Fe(pI~en),]~+ to the super- 
oxo-complexes.20* 21 The conditions which are favour- 
able for the flash experiment, namely [Ru(bipy),I2+ 
absorbing major portions of the light, make it difficult to 
monitor the formation of the peroxo-bridged complex 
direct 1 y . 

The rate constants for the oxidation of the peroxo- 
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coinplexes (Table 1) vary by four orders of magnitude, 
although the reduction potentials of the complexes are 
similar except in the case of (2) for which a value of 
0.75 V is r e p ~ r t e d . ~  Electron-transfer reactions of 
tris(2,2'-bipyridyl) complexes of metal ions are expected 
to be of the outer-sphere type and we have used the 
Marcus relationship z2 to determine the self-exchange 
rate constant for the dioxygen complexes of cobalt (111). 
Marcus theory relates the rate constant for electron- 
transfer reactions between two reactants by equation 
(i) where k,, is the rate constant for the cross reaction, h,, 

and k,, are the self-exchange rate constants, and K,, is 
the equilibrium constant for the overall reaction; f is a 
factor given by equation (ii). Using the known self- 

(ii) 

exchange rate constant of 2 x los dm3 mol-l s-l for 
[R~(bipy),]~+-[Ru(bipy),]~+,~~ and the 2 value of loll, 
the self-exchange rate constants for the dioxygen coiii- 
plexes were calculated (Table 2). 

TABLE 2 
Self-exchange electron-transfer rate constants for the 

superoxo- with the peroxo-complexes 
Complex Ei /V K12 k,,/dm3 mol-l s-l 

0.95 * 105.25 1.S 

1.0 104.4 0.12 
1.05 103.13 2.2 x 104 
1.05 103.73 3.2 x 104 

0.75 * 108.84 1.3 x 10-7 
(1) 
( 2 )  
(3) 
(4) 
( 5 )  

* Taken from ref. 9. 

It may be noted that the calculated self-exchange rate 
constants for the superoxo-derivatives of (4) and (5) are 
similar in magnitude to that determined for the free 
supe r~xo- ion .~~  24 It is known that the peroxo-complex 
[ (en),Co( p-0,) ( p-NH,) Co (en) ,I3+ protonates readily, 
whereas the corresponding bipy and phen complexes do 
not protonate in 1 mol dm-3 acid s01ution.l~ The low 
self-exchange rate constants calculated for complexes (1) 

TABLE 3 
Rate constants for the reduction of the superoxo-forms of 

cobalt(II1) complexes by p-amido-p-peroxo-bis[bis- 
ethy1enedianiine)cobalt ( HI)} 

k12/dm3 mol-l s-l 

Complex KlZ obs.* calc. 
0.14 0.17 0.03 

5.8 x 10-5 12 9.5 >< 10-6 
(1) 
(2) 
(4) 
(5) 

100.87 2.3 x 103 69 
100.67 6 . f  x lo3 83 

* Taken from ref. 26. 

and (3) may be partly due to the involvement of protons 
in the exchange process. In this connection it may be 
noted that Davies and Sykes 25 have measured the rate 
constants for the reduction of the superoxo-forms of 
complexes (1), (2), (41, and (5) using the peroxo-com- 
plex (3). The agreement between the calculated values 
using our self-exchange rate constants and the observed 

rate constants is fair to good for all the complexes 
except (2) (Table 3). The discrepancy for (2) is to a 
great extent traceable to the error in the determination 
of the redox potential. Closer examination of com- 
plexes (2) and (3) with respect to their structural, 
spectral, and chemical properties 4*6  does suggest that 
the redos potential for the two complexes cannot differ 
by as much as 0.3 V. For electron-transfer reactions, 
the validity of the Marcus model is said to be good even 
when the calculated and observed rate constants differ 
by as much as a factor of 25.,, 

The self-exchange electron-transfer rat6 constants 
shown in Table 2 for the p-superoxo-complexes and the 
rate constants in Table 3 for the cross reactions may be 
considered to belong to same type of reactions in a 
limited sense. That is, apart from differences in the 
ligands present in the complexes, the rate constants in 
Table 3 reflect the electron exchange between the bound 
dioxygen ligands. 

Part of the investigation was supported by grants from 
the Department of Science and Technology, Governnient of 
India, and by the Office of Basic Energy Sciences of the 
U.S. Department of Energy. 
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