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The specific rates of reduction of [ C O ( N H ~ ) ~ ] ~ +  by a series of nitrobenzoate and nitrogen heteroaromatic anion 
radicals are reported. The rates of intramolecular electron transfer from the same anion radicals to a central cobalt- 
(111) bound to them via a carboxylate group are reported, as well as for some pyrazine carboxylate anion radicals 
bound to the cobalt via the carboxylate and the N1 atom. The factors affecting the rate of intramolecular electron- 
transfer processes are discussed in detail. 

INTEREST is growing in the measurement of the rate of 
electron transfer through extended double bond sys- 
tems.1 This is due to (a) the ' simplicity' of these 
reactions which makes them of interest to theoretical 
chemists, (b)  the hope of producing one-dimensional 
electric conductors, and ( c )  their being model systems for 
one of the elementary steps in inner-sphere redox 
reactions. 

Studies in this field in solution have focused on two 
major approaches; the first being study of the properties 
of mixed-valence complexes and the second, the study of 
the rate of intramolecular electron-transfer reactions of 
the type (1) where the precursor complex [Man+LMbmf] is 

[M,n+LMb"+] % Ma("-1)' + [LMb(m+l)+] (1) 
stable enough so that it can be synthesized in situ and 
k, can be directly measured. When L is an organic ligand 
with an extended double-bond system, reaction (1) can 
follow two mechanisms. The ' resonance mechanism ' 
involves transfer of the electron from Mb to Ma directly 
without forming an intermediate in which it is located on 
the 1igand.l For the ' chemical mechanism ' reaction 
(1) can be rewritten as (2) and (3). Thus for systems 

1 (2) [Man+L*-Mb(m + 1)+ ks - 
k-r 

[Mafi+L'-Mb(m+l>+] & Macn-l)+ + [LMb(m+l>+] 

[Man+LMbm+] 
k 

(3) 
which follow the chemical mechanism,lS2 k, = K2k3 and 
no direct measurement of the rates of the individual 
steps is possible. 

Recently, Hoffman and co-workers showed that power- 
ful reducing free radicals ( R )  react with penta-ammine- 
cobalt (111) P-nitrobenzoate via the reaction sequence (4) 
and (5) (k4 = 2 x lo9 dm3 mol-l s-l, k, = 2.6 x lo3 s-l). 

R' + [(NH,),CO~I~(~-~~CC~H~N~~)]~+ -% 

[(NH,),CO~~~(~-O~CC,H,NO,'-])' % 

Some of the radicals R ,  i.e. e-(as) reduce both the CoIII 
centre and the ligand4 so that only a partial yield of 

R+ + [(NH3)5CO1I1($-O,CC6HqN02")]+ (4) 

[(NH3),Co11(p-0,CC6H4N02)1+ (5) 

[ ( NH3),Co1I1 (p-02CC6H4N0,'-)] + is obtained. 0 thers, 
however, i.e. C0,'- and (CH,),COH reduce preferentially 
the ligand due to the kinetic barriers in the reduction of 
COIII.~ Reaction (5) is a model reaction to reaction (3) 
and thus provides a first measurement of the rate of this 
elementary step in the ' chemical mechanism '. 

Since the first report by Hoffman and co-workers4 
several similar studies have been reported.'* How- 
ever, all the systems studied were of nitrobenzoate 
radical anions bound to  the cobalt(m) via the carboxy- 
late group.? The role of the carboxylate group in the 
electron-transfer process caused some controversy and 
has been discussed elsewhere in  detail,*^^*^^ the conclusion 
being that the carboxylate seems to hinder the electron- 
transfer reaction. 

It seemed of interest to extend the study of intra- 
molecular electron transfer (i.e.t.) reactions by (a) 
measuring the rate of i.e.t. from anion radicals other than 
nitrobenzoate to cobalt (111) via a carboxylate group, 
(b)  measuring the rate of i.e.t. from the same anion 
radicals to cobalt(Ir1) via other ligating groups, and ( c )  
studying the effect of non-participating ligands of the 
cobalt(II1) on the rate of i.e.t. Some results in this 
direction are reported here. 

EXPERIMENTAL 

Materials .-The complexes [Co (NH,) a( O,CC,H,N,)] - 
[ClO,], (O,CC,H,N, = pyrazinecarboxylate), [Co(NH,),- 
(02CC4H3N2)I[C10kJ2, ~Co(en),(0,CC4H,N,)l[C10,1, (en = 
ethylenediamine) , [Co,(OH) 2(NH3)6( 4-0,CCoH,N,)] [ClO,],, 
[Co,(OH),(NH,)6(5-0,CC,H,N,)][C10,], (4- and 5-0,CC4H,- 
N, = pyrimidine-4- and -Bcarboxylate), and [Co,(OH) ,- 
methylpyridinium-2-carboxylate) were prepared according 
to procedures described in the literature.14 

All other chemicals used were of analytical grade and 
were used without further purification. Deionized water, 
using a Milli-Q-Millipore set-up, with a resistance 210' Icz 
cm-l was used throughout this study. The pH was adjusted 
with HC10, and NaOH. Nitrous oxide was purified from 

7 The reaction [(NH,),CO~~~-O(O=)C'-] [Co(NH,),le+ + 
CO, was reported to be too fast to be measured lo and an intra- 
molecular electron transfer in [(NH,),CO~~~-NC,H,-OH] was 
reported; 11-12 however, see ref. 13. 

(NH3),(2-02CC,H4NMe)l [Clod3 (2-O,CC,H,NMe = 1- 
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dioxygen traces by bubbling through a train of washing 
bottles containing VSO, in dilute H,SO, over zinc amalgam, 
followed by a washing bottle containing pure water. 

Preparation of Complexes.-p-(Pyrazinecarboxylato) -6is- 
[hydroxo( 1,4,7-triazacycZononane) cobalt ( I I I ) ]  perchlorate. 
[Co,(p-OH),(tacn),][ClO,], 14d (1.5 g) (tacn = 1,4,7-triaza- 
cyclononane) and pyrazinecarboxylic acid (0.5 g) were 
dissolved in 1 mol dm-3 perchloric acid (50 cm3). The 
solution was heated to 60 "C for 20 min during which time 
the solution became red. The solution was allowed to stand 
for 12 h in the refrigerator. Red crystals were filtered off, 
washed with ethanol and diethyl ether, and air-dried (yield 
ca. 1.3 g). Under these conditions the protonated tetraper- 
chlorate is obtained. 

p-p-Nitvobenzoato-bis[hydroxo( 1,4,7-triazacyclononane) - 
coba l t (~~r ) ]  triperchlorate. p-Nitrobenzoic acid (0.7 g) was 
dissolved in 0.2 mol dm-, perchloric acid (100 cm3) at 80 "C. 
To this solution, [Co2(p-0H),(tacn),][C10,], (2 g) was added 
with stirring (10 min). The solution was filtered from 
unreacted HO,CC,H,NO,-p. Upon cooling of the solution 
to 0 OC, red crystals precipitated which were filtered off, 
washed with ethanol and diethyl ether, and air-dried (yield 

In order to simplify the definition of the complexes the 
following abbreviations are used: R1 = Col*l(NH,),, R2 = 

(H,N),Co1I1 (p-OH),CoII* (KH,),, and R3 = (tacn)Co*II( p- 
OH),CoTI1(tacn). For R2 and R3 the carboxylate group of 
the organic ligand co-ordinates to the two Corr* centres via 
the oxygen atoms. 

Irradiations.-The pulse radiolytic experiments wcre 
carried out using 0.05-1.5-ps, 5-MeV, 200-mA pulses from 
the electron linear accelerator a t  the Hebrew University of 
Jerusalem. The dose per pulse was 150-3 000 rad.* The 
experimental set-up and the methods used for evaluating 
the results have been described elsewhere in detail. l5 

Kinetics.-Solutions were saturated with N,O or Ar 
before irradiations. The kinetics of formation or bleaching 
of absorbance were followed. Pseudo-first- or -second- 
order rates were calculated when a plot of a good first order 
or second order was linear for at least three half-lives. All 
experiments were carried out a t  room temperature (22 If 

Production of Reducing Reagents. t-The radiolysis of water 
by ionizing radiation can be described by the equation ( 6 ) .  

ca. 1.1 g). 

2 "C). 

Y ,  e -  
H,O - e-(aq), OH, H,  H,O,, H2?H30+ 

The yields of the products are: G[e-(aq)] = 2.65, G(0H) = 
2.65, G(H) = 0.60, G(H,) = 0.45, and G(H,O,) = 0.75 
(where the G value is the number of product molecules 
formed by the absorption of 100 eV in the solution). Some- 
what higher yields are expected in concentrated solutions. l6 

The products are homogeneously distributed within less 
than s after the absorption of the radiation. 

In 0.1 mol dm-, t-butyl alcohol, 
Ar saturated solutions reaction (7) occurs, and as the 

OH + (CH,),COH - ~H,C(CH,),(OH) 

CH,C(CH,),(OH) radical is a weak reducing agent which 
does not react with CoIII-ammine complexes,17 the main 

* Throughout this paper: 1 rad = J kg-l. 
f Specific reaction rates were taken from M. Bambenck and 

A.  B. Ross, Natl. Stand. Ref. Data Sev . ,  Natl. Bur. Stand., 1975, 
vol43; M. Anbar, Farhataziz, and A. B. Ross, ibzd., 1975, vol. 51; 
Farhataziz and A. B. Ross, ibid., 1977, vol. 59. 

(6) 

(a)  Reactions with e-(aq) . 

k = 5.2 x lo8 dm3 mol-l s-l (7) 

reactive species remaining in solution within less than 1 ps 
after the pulse is the hydrated electron. 

In 0.1 rnol 
dm-3 propan-2-01 or 0.1 mol dm-, sodium formate, N,O- 
saturated solutions (ca. 2 x lo-, mol dm-,) reactions 
(8)-( 11) occur. Thus the only reactive species within less 

e-(aq) + N,O -+ N, + OH 

e-(aq) + H,O+ ----c H + H,O 

(CH,),CHOH + OH/H - (CH,),cOH + H,O/H, $ 

(b) Production of (CH,),tOH or C0,'- radicals. 

HSO + 

k ,  = 8.7 x 
loB dm3 mol-l s-l (8) 
K, = 2.3 x 
1Olo dm3 mol-l s-l (9) 

Koa = 2 x loa dm3 mol-l s-1, k a  = 7.5  x 
lo7 dm3 mol-l s-l (10a,b) 

log dm3 mol-l s-l, k~ = 1.8 x lo8 dm3 mol-l s-l ( l l a ,b)  

than 1 ps after the pulse are the (CH,),tOH or the C0,'- 
radicals (depending on the organic solute added). 

(c)  Production of Ni+(aq) or Cdf(aq) cations. In  0.1 mol 
dmP3 t-butyl alcohol, containing mol dm-3 NiSO, or 
CdSO, Ar-saturated solutions, reactions (12) occur, as well as 
reaction (7) .  As the tH,C(CH,),OH radicals are weak 

e-(as) + Ni2+(aq)/Cd2+(aq) Ni+(aq)/Cd+(aq) kxi = 
2.2 x 10'" dm3 mol-l s-l,Kcd = 5.2 x 

reducing agents the only reducing species within less than 
1 ps after the pulse are Ni+(aq) or Cd+(aq) cations (depend- 
ing on the inorganic solute added).§ 

HC0,- + OH/H CO,'... + H,O/H, KO= = 3.0 x 

10'" dm3 mol-l s-l (12) 

RESULTS 

Irradiation of Solutions of the Fvee Ligands.-The pyra- 
zinecarboxylate radica.1, -0,Ct,H3N2, was prepared by 
irradiation of N,O-saturated, 1 mol dm-, propan-2-01 
solutions which also contained 10-4-10-2 mol dmP3 pyrazine- 
carboxylate in the pH range 1-5.5. Formation of a 
transient absorbing in the range 300-750 nm was observed, 
the formation being pseudo-first order in the pyrazine- 
carboxylate concentration (see below). The spectrum of 

the intermediate formed is plotted in Figure l(a). The 
disappearance of the transient obeyed a second-order rate 
law. 

m-Nitrobenzoate radicals m--O,CC,H,NO,'- were pro- 
duced by reduction of the nitro-group by (CH,)$OH 
radicals a t  pH 6. At pH 1 the radical produced is in the 
acidic form, w-HO,CC,H,&O,H. These radicals absorb in 
the range 300-500 nm and disappear via a second-order 
process. 

Pyrimidine-4-carboxylate radicals were produced via 
reduction of 8 x lo-, mol dm-, solutions of the free ligand 

$ In the reaction of OH radicals with (CH,),CHOH,lB ca. 14% 
of cH,CH(OH)CH, is formed; however these radicals are weak 
reducing agents, like cH,C(CH,),OH, and they do not intervene 
in the reactions. 

0 These low-valent cations are known In to react with CH,C- 
(CH,),(OH) radicals to yield MI1-CH,C(CH,),(OH) but these are 
second-order reactions and in the presence of high enough con- 
centrations of the oxidants, the reduction of the latter by M+(aq) 
can be studied. 
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FIGURE 1 Absorption spectra of the free radical intermediates. 
(a) 2 x 10-4 mol dm-a (a), with 2 x 
[RL(O,CC,H,N,)]*+ (A); (c) 3 x 10-4 mol dm-3 (a), with 2 x 

Ar saturated solutions containing 1 mol dm-3 propan-2-01 at pH1.O: 
mol dm-3 HO,CC,H%N, (A); (b)  3 x lob4 mol dm-3 (a), with 2 x loA6 mol dm-3 

mol dm-a [Ra((o2CC4H3NJ]'+ (A) 

by Ni+ [this reducing agent was chosen as C0,'- and 
(CH,) $OH radicals react too slowly with pyrimidine-4- 
carboxylate]; the rate of the reaction was determined by 
following the disappearance of the monovalent nickel l6 

(see below). The free radical thus formed absorbs in the 
region 300-600 nm. 

Homarine radicals, 2--0,Cc,H,NCH3, were produced via 
the reduction of the free ligand by C0,'- radicals. This 
radical absorbs in the range 300-600 nm and disappears via 
a second-order mechanism. 

c0,- 

co;- + H,c-N" 5 - ' ~ H ~ C - N I  '5 .-a k = ( 7 ~ l ) x l O 8 d r n 3 m o l - ' s - '  

Reduction of CobaZt(1rr) Complexes.-The specific rates of 
reduction of hexa-amminecobalt( 111) by the free ligand 
radicals were measured by following the disappearance of 
the absorption of the free ligand radicals in the presence of 
the complex and correcting (when needed) for the dis- 
appearance of the radical in the absence of additives. 
Usually, the kinetics of disappearance changed upon adding 
the complex, from a second-order rate law to pseudo-first- 
order {in [Co(NH,),J3+} when reduction of the complex 
occurred. 

mol dm-3 [R3(p- 
0,CC6H,N0,)]2+ or [R3(O,CC4H,N,)I3+ and 1 mol dm-3 
propan-2-01 (at pH 1 or pH ca. 5 )  saturated with Ar or 
N,O, respectively, were irradiated, formation of a transient 
with an absorption spectrum in the range 300-600 nm was 
observed. The rate of formation of the absorption obeyed 
a pseudo-first-order rate law: (CH,)$OH + [R3(f-0,CCs- 
H4NO2)I2+ - , k = (1 f 0.1) x lo@ and (7 f 1) x 109 

The results are summarized in Table 1. 
When solutions containing (1-5) x 
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TABLE 1 
Rates of reduction of [Co(NH,) ,,I3+ by some heterocyclic 

free radicals (R’) 
Radical 

(R‘) E*O OIV 

-0.02 a 

-0.396 

-0.433 

-0.80 d-e  

- 0.80 f 

-0.96 f 

-0.” 

-0.9 

k/dm3 mol-l s-l pK, 

4.0 x 104 10.6 

1.2 x 106 2.8 

~3 x 104 3.0 

3 x 106 7.6 

7.5 x 106 .’ 1.9 I7 

1.1 x 108 f 1.1 g 

7.4 x 107 

1.9 x 108 

O Redox potential for the couples R’/R+ versus n.h.e. 
bFrom ref. 20, calculated for [H+] = 0.2 mol dm-3. CFrom 
ref. 21. pK for the loss of the second proton, i.e. that bound 
to the nitrogen atom, from ref. 22. The redox potential given 
is the only one which we found in the literature. It should be 
noted that this is a so-called ‘ kinetic redox potential ’ and its 
validity has been questioned by many authors. f From ref. 23. 

From ref. 24, pK for the addition of a proton to the amide 
group. Polarographic half-wave potential ; unpublished 
results of M. Nutkovich. 

dm3 m o l - l ~ - ~  a t  pH 1 and 5 respectively; and (CH,),COH + 
[R3(O,CC4H3N2)l3+, k = (2.2 & 0.2) x lo9 and (3.5 f 0.4) 
x 108 dm3 mol-1 s-1 a t  pH 1 and 5, respectively. In  both 
cases the disappearance of the absorption obeyed a first- 
order rate law and was independent of wavelength and 
complex concentration. However, the rate was pH- 
dependent (as shown in Figure 2) for [R3(O,CC,H3N,)I3+. 

Upon irradiation of N,O-saturated solution containing 
1 mol dm-3 propan-2-01 and (1-5) x mol dm-3 of [R2(4- 
O2CC,H3N,)l3+ or [R2(5-0,CC4H3N2)]3+ at pH 5, no reaction 
of (CH,),COH radicals with the binuclear complex is 
observed and the bleaching of the absorption of the i-propyl 
alcohol radicals obeys a second-order rate law due to dis- 
proportionation. However, on acidification to pH 0.7 * the 
bleaching is faster and the kinetics change to pseudo-first- 
order: (CH,),COH + [R2(5-O,CC4H3N,)]*+ d, k = (1.3 
f 0.2) x 108 dm3 mol-l s-l; and (CH,),tOH + [R2(4- 
O,CC,H,N,)]*+, k = (3.6 f 0.4) x lo8 dm3 mol-I s-l were 
determined at pH 0.7. When Ni+ is used as the reducing 

* A t  this pH the charges on the complexes are probably in- 
creased. 

I 1 ‘0 50 0 700 
h /nm 

FIGURE 2 Absorption spectrum of the indicated free radical 
intermediate in Ar-saturated solution a t  pH 1.26 containing 
5 x mol dm-3 of the complex [R3(02CC4H3N2)]3+; optical 
path = 4 cm ( A )  and 12.5 cm (a). Insert: pH-dependence 
of the first-order disappearance of the intermediate 

agent (see above) the rates observed are 2.7 x 108 and < 1 
x lo7 dm3 mol-l s-l at pH 4.0 for the pyrimidine-4- and 
-5-carboxylate complexes respectively. No transients other 
than (CH,)&OH or Ni+(aq) respectively were observed in 
these systems. 

When N,O-saturated solutions containing 1 mol dm-3 
propan-2-01 and [CO(NH~)~(O,CC~H~N,)]~+ ( 1  x 10-*-4 x 
lo-, mol dm-3) a t  pH 6.7-5.1 were irradiated, a pseudo- 
first-order bleaching of the absorption band of the complex 
was observed. This bleaching is due to the reaction of the 
(CH,)&OH radicals with the complex. The rate of this 
reaction is slightly pH dependent, k (see below) = (9 f 2) 

x lo8 and (4.5 f 0.5) x lo8 dm3 mol-l s-l a t  pH 5.1 arid 
0.7 respectively. No intermediate other than (CH,) ,COH 
was observed in these experiments. 

Upon irradiation of N,O-saturated solutions containing 
0.1 mol dm-3 propan-2-01 or 0.1 mol dm-3 sodium formate at 
pH 5.5 and (0.5-5) x 10-4 rnol dm-3 of the complex [CoIII- 
(en) ,(02CC4H3N,)] ,+, formation of a transient absorption 
(Figure 3),  independent of the reducing radical [Cd+(aq) 
was used also) is observed; the rate of formation of the 
absorption obeys a pseudo-first-order rate law (see below) : 
k = (3  f 0.4) x lo9 dm3 mol-l s-l a t  pH 5.5.7 

This transient absorption disappears, a t  pH 1 or 5.5, in a 
first-order process, the rate of which is independent of 

wavelength, organic solute, complex concentration, and 
pulse intensity, k = (5 f 0.5) x lo4 and (1.0 f 0.1) x 
lo5 s-l a t  pH 5.5 and 1 respectively. 

t A t  acidic pH and with C0;- as the reducing radical the 
reaction was not measurable ( k  2 5 x lo* dm3 mol-l s-l), under 
the experimental conditions. 
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In Tables 2 and 3 are summarized the intramolecular 
electron-transfer (i.e.t.) reaction rates from the bound 
ligand radicals to the CoIII centre measured for the different 
ligand radicals by following the disappearance of the 
absorption due to the bound free radical. 

DISCUSSION 

ldentijcation of the Reduced Intermediates.--The only 
reducing agent remaining in the solution within less than 
1 ps from the end of the pulse is the one chosen [e-(aq); 
(CH,)$OH, CO,'-, Ni+(aq), or Cd+(aq)] (see above). 

The reducing agent R can react in a solution containing 
CoIIIL * via three main reaction pathways (13)-(15). 

(13) 
(14) 

2 R' + RR or R+ + R- 
R + CoIIIL -+ Co1IIL'- + R+ 
R' + CoIIIL - CoIIL + Rf (15) 

In order to clarify which type of reaction occurred, 
reaction (13) in the absence of the complex, and reduc- 
tion of the free ligand were also studied. The spectrum 
of L.- was compared to that of the intermediate formed 
in the presence of the complex (if reduction occurs). 
When the same spectra were obtained for solutions con- 
taining the free ligand and the complex, the intermediate 
observed in the latter solution is identified as ColIIL'-. 

The effect of ligating the free radical to the central 
cobalt(II1) on the absorption spectrum depends clearly 
on the overlap of the orbitals of the central metal ion 
with those of the ligand and more specifically with that 
occupied by the unpaired electron. For all the nitro- 
aromatic radicals studied so far, bound via a carboxylate 
to the cobalt(m), there were only minor changes in the 
spectrum (either A,,,. or E ~ ~ . )  of the bound as compared 
to  that of the free ligand radicals.**' Similarly, we find 
also for the heteroaromatic radicals that ligation through 
carboxylate to CoIII causes only minor changes in the 
spectra observed. 

The latter observations indicate that there is at most a 
weak interaction between the central cobalt(Ir1) and the 
conjugated double-bond system of the organic ligand. 

Rates of the Intramolecular Electron-transfer Reactions. 
-(a) Efec t  of the redox potential of the free radical. The 
electron-transfer process from the bound ligand radical to 
the metal centre is a reduction process of the CoIII ion. 
Thus if the ligand radical Lo- is a stronger reducing agent 
the reaction should be faster. Indeed this was found 
for the reduction of [Co(NH,),I3+ by the non-bound free 
radicals, Table 1 (the only exception being m- versus 9- 
nitrobenzoate anion radical, see below). When the 
radical is co-ordinated to the cobalt(ir1) there is also a 
correlation between the rate of i.e.t. and the redox 
potential. Along the series of the binuclear' hexa- 
aminecobalt (HI) -bound radicals homarine, pyrimidine-4- 
carbox ylat e, 4-nit robenzoat e, and p yrazine-2-carbox y- 
late radicals for which the corresponding reduction 
potentials are -0.9, -0.8, -0.4, and -0.02 V versus 

* Co'I'L can be Co*"(NH,),L, ColI1(NH,),L, or ColIT,L bi- 
nuclear complexes. 

n.h.e. (normal hydrogen electrode) the rate of i.e.t. is 
>, 1 x lo5, >, 3 x 104, 2 x lo3, and 9 x lo2 s-l respec- 
tively, Tables 2 and 3. Similarly, we note that the rate 

TABLE 2 

Specific rates of intramolecular electron-transfer reactions 
of some carboxylate-bound nitroaromatic radicals 

c o p -  
[ R' (P-02CC6H4fi02H)I '+ 
[ [Rf(m-0,CC6H4N02'-) R'( P-O2CC6H4NO,'-)]+ J + 

[ R' (o-O,CC~H~NO,'-)] -I- 

[ R2(@-0sCC6H4N02'-)] '+ 
[R3($-O2CC,,H4NO2*-)I2+ 

[ R2( p-02CC,,H4N02H)]3+ 

[ R3 (P-0,CC6H 4fi02H) I + 

ki.e.t./s-l 
< l a  

2.6 x lo3 
< 102 
4 x 3 0 5 6  

ca. 2 

< 1 0 2  
ca. 30 

2 x 1 0 3 e  

5 Taken from ref. 5 .  6 Taken from ref. 4. Taken from ref. 
7. 

of i.e.t. for the acidic form of the free radicals (LH) is 
always slower than that of the basic form (C-), in 
accord with the redox potential of the two forms. 

that  substitution of ammonia ligands of CoIII complexes 
with bidentate or tridentate amine ligands lowers the 
oxidation potential of the complex. Thus it is expected 
that such a substitution would lower the rate of i.e.t. 
from a given bound radical to the central cobalt(m). 
Indeed, for the pair (i), the rate of i.e.t. is 30 s-l in the 

(b)  Efec t  of non-participating ligands. It is known 

tridentate tacn complex and 2 x lo3 s-l for the bis(tri- 
ammine) complexes. Similarly, for the pair (ii) the 

rates are 5 x lo4 and >3 x lo4 s-l respectively. We 
could obtain only a lower limit for the tetra-ammine 
complex, but the value is most probably in accord with 
the expectation from the known trend of change in the 
redox potential. 

However, this is not the case for the third pair (iii), 

where the rate of i.e.t. is practically unaffected by 
changing the tridentate tacn ligand by three ammines 
(6 x lo2 and 1 x lo3 s-l respectively). This observation 
indicates that the redox potential is not the only para- 
meter which affects the i.e.t. rate. The reason for this 
observation might be that in the pyrazine there is a high 
probability of finding the unpaired electron on the N1 
atom in an orbital which might overlap with one of the 
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nitrogens bound to the cobalt or the carboxylate oxygen 
atom, 

The conclusion that the redox potential of the couple 
L/L'- is one of the major factors affecting the rate of 
i.e.t. is in agreement with earlier conclusions, based on 
solvent effects on the rate of i.e.t., and with the sug- 
gestion that i.e.t. through carboxylate can be considered 

TABLE 3 
Specific rates of intramolecular electron transfer from 

heteroaromatic radicals to a central cobalt(rI1) 
CoL-- 

1 3 +  

2 +  

[R'02C<-- N - '  ] 

ken 1' 
L 

r 

I- 

r 

1 
L +  

3 +  

L +  

3 +  

L +  

3 +  

k1.e.t.b-l 

< 1  

90 

3 3  x 10- 

1 x 106 

6 x lo4 

60.1 

9 x 10% 

GO.1 

6 x lo2 

3 3  x 104* 

2 3  x 104* 

* Only a lower limit of the rate constant is given when no 
bound free radical intermediate was observed. The rate given 
is that of the disappearance of the reducing free radical in the 
presence of the highest ColI1 complex concentration. The 
rate of reduction of the complexes by these radicals is much 
higher than that of [Co(NH,),]3+, thus indicating that the 
reduction proceeds via the reduced heteroaromatic ligand. 

as an ' intramolecular outer-sphere electron transfer 
process ' .7 

However it should be pointed out that although the 
redox potential of the reducing radical and the nature 
of the lead-in group seem to be the major factors affecting 
the rate of the i.e.t., other factors contribute also. Thus 
although the redox potential of the couples p--0,CC,H4- 

H4N0, are similar, m--O,CC,H,NO,'- is a considerably 
less reactive reductant in the intramolecular electron- 
transfer reactions and the outer-sphere process, Tables 1 
and 2. This difference seems to stem from the different 
resonance configurations of the two isomers. Thus the 
probability of finding the unpaired electron on the 
carbon cc to the carboxylate is smaller in the meta isomer. 
For the i.e.t. this means that the electron is further away 
from the cobalt(II1) centre and the reaction is slower. 
If the outer-sphere process involves the formation of an 
ion pair in which the carboxylate has a high probability 

NO,'-/$--O,CC,H4NO, and m--O,CC,H4NO,'-/m--O2cc6- 

of approaching 
expected. 

0.05 
h 
m 
C 
0, 
U 

c .- 

d 

.- s 
+ 
Q. 
0 

0 

the [CO(NH,),]~+, a similar result is 

1 L 

350 450 
AJnm 

FIGURE 3 Absorption spectrum of [CO~~~(~~),(O,CC,H,N,)]~+: 
pH 1 and Ar-saturated (@), transient (I);  pH 6 and N,O- 
saturated (A) ,  transient (11). The solution contained 6 x lo-' 
mol dm-s of the complex and 0.1 mol dm-s propan-2-01 

Intramolecular Electron Transfer from Free Radicals 
bound to the Cobalt(Ir1) via one of the Nitrogen Atoms of 
Pyrazine.-Only in one case, i.e. for the ethylenediamine 
derivative (below) where an additional nitrogen atom of 
the heteroaromatic ring is co-ordinated to the central 

http://dx.doi.org/10.1039/DT9820000943


J.  CHEM. SOC. DALTON TRANS. 1982 949 

cobalt (HI), does the spectrum (Figure 3) differ consider- 
ably from that of the non-bound free radical, both in 
lmx. and cmax,. Thus when the nitrogen atom of the 
heteraromatic ring serves as the lead-in group there is a 
strong interaction between the molecular orbitals of the 
ligand and those of the central CoIII moiety. Similarly, 
it was reported by Dunne and Hurst 25 for the same 
radical bonded through the same two atoms to Cr3+ 
(below) that hmaA, = 548 nm compared to 370 nm in the 

CoIII-bound system and 320 nm in the unbound ligand 
radical. This result indicates, as expected, that when 
overlap between metal orbitals and the highest occupied 
molecular orbital of the free radical exists, the absorp- 
tion spectrum strongly depends on the nature of the 
central metal cation. I t  is of interest to note that, as 
expected, the rate of i.e.t. from the pyrazine radical is 
considerably higher when it is bound also through the 
nitrogen atom. This result indicates that the latter is 
much better than carboxylate as a lead-in group for i.e.t. 
reactions to a cobalt(II1) centre. It should be noted 
that due to the very small free-energy gain in reac- 
tion (16) and due to the fact that the cobalt(I1) formed is 

chelated to the heteroaromatic ligand, i t  is plausible 
that reaction (16) is an equilibrium reaction and should 
be rewritten as (l6a) ; then ho,,s. = 1 x lo5 = KIGa . k,,b. 

Thus it is plausible that the i.e.t. reaction (klGa) is even 
faster than that observed. 

Finally, let us note that our results seem to indicate 
that measurement of i.e.t. from a reduced radical ligated 
to the cation is plausible only if (a)  there is a kinetic 

barrier for the reduction of the central cation which 
enables preferential reduction of the ligand; (b )  the 
free-energy gain in the i.e.t. process is not too large, 
otherwise the reduction of the ligand is the rate-determin- 
ing step; and (c )  the group binding the ligand to the 
central cation does not provide for a good overlap of the 
lowest unoccupied orbital of the central cation and the 
orbital of the unpaired electron in the free radical ligand. 
The larger the free-energy gain in the i.e.t. is, the less 
overlap through the lead-in group is required. 
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