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Kinetics and Mechanisms of Reduction of a Sexidentate Di(oxime- 
imine) Complex of Nickel(iv) with Two-electron Reductants. I ,2-Di- 
hydroxybenzene and 1.4-Dihydroxybenzene t 
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The kinetics and mechanisms of reduction of a nickel(iv) di(oxime-imine) complex, [NiIVLl2+ ( H2L = 
3/14 - d imet h y I - 4,7,10,13 -tetra - aza hexadeca - 3,13 - d iene - 2/15 - d ione d ioxi me), by 1,2 - d i h y d roxy benzene 
( H2Z) and 1,4-dihydroxybenzene (H2Q) are reported. Both reactions proceed by consecutive one- 
electron transfers and kinetic traces are biphasic with quantitative formation of nickel(ii1) intermediates, 
[NiI*IL]+ and [Ni*x'(HL)]2+ depending on the pH. The dominant pathways for reduction of both 
nickel(iv) and nickel(tii) involve the reductant anions HZ- and HQ-. Reactions of nickel(iv) are 
outer-sphere in nature while those of nickel(iii) proceed by an inner-sphere pathway. Preliminary 
results on the oxidation of the corresponding nickel(tt) complex by thallium(ttt) indicate that no 
detectable intermediate oxidation-state species is formed in this reaction. 

The nickel(rv) di(oxime-imine) complex, [NiiVLIZ + , with 
the sexidentate ligand 3,4-dimethyl-4,7,10,13-tetra-azahexa- 
deca-3,13-diene-2,15-dione dioxime, H2L, forms with oxime 
deprotonation and is substitution inert even in strongly acidic 
media.' It can be optically resolved consistent with a low- 
spin d6 electronic configuration.2 Cyclic voltammetry results 3*4  

indicate that the complex undergoes reversible two-electron 
reduction at pH < 5 [equation (l)] with a potential of 0.94 V 

[Ni*"LI2+ - 2e' + 2H+ -[Ni1*(H2L)l2+ (1) 

(cs. n.h.e., normal hydrogen electrode, at 25 "C and 0.10 rnol 
dm-3 ionic strength) but kinetic studies with the two-electron 
reductant ascorbic acid,5 and with one-electron re duct ant^,^*^-* 
show dominant pathways involving consecutive one-electron 
transfers with formation of nickel(@ intermediates. The 
nickel(iv) one-electron reduction potential [equation (2)] is 

[NiiVLl2+ + e- [NirrlL]+ (2) 

0.65 V. Protonation of the complex [Ni"'L]+ occurs with a 
pK, of 4.05 and reduction potentials for [Ni'"L]+ and 
[Ni"'(HL)J2' are 0.42 and 0.64 V re~pectively.~ These are 
reflected in the relative reactivities of the nickel(m) complexes. 

In this paper, the kinetics and mechanisms of reduction of 
[NiIVLl2 + by the two-electron reductants 1,4-dihydroxy- 
benzene (H2Q) and 1 ,2-dihydroxybenzene (H2Z) are presented. 
The reductants H2Q and HzZ have two-electron potentials 
[equation (3)] of 0.699 and 0.791 V respectively where Q' and 

Q' or Z' + 2e- + 2H+ @H2Q or H2Z (3) 

2' are the dehydro-derivatives, p -  and o-benzoquinone. It is 
of considerable interest to discover whether these two-electron 
reductants will react like ascorbic acid by two single-electron 
transfer reactions or whether a single two-electron transfer 
is possible. Some preliminary data on the oxidation of 
the nickel(u) complex [Ni(H2L)lZ + by thallium(rn) are also 
presented. 

Experimental 
The nickei(1v) complexes with H2L were obtained as per- 
chlorate salts by methods outlined previously.'*' Solutions of 

t N o n 4 . i .  writ employed: caI = 4,184 J. 

[NilVLl2+ were standardised spectrophotometrically using 
literature absorption coefficients: h,hm (&/dm3 mol-' cm-') 500 
(6 300), 430 ( 5  960). 1,2-Dihydroxybenzene was crystallised 
( x  3) from ethanol; 1,4-dihydroxybenzene (B.D.H.) was of 
AnalaR grade as were the acetate buffers, NaClO,, and HCIO, 
used in solution preparations. All solutions were prepared 
immediately prior to use and were bubbled with chromium(I1)- 
scrubbed Nz gas or argon for at least 15 min to suppress aerial 
oxidation of the reductants. 

The reaction stoicheiometries were determined by the 
addition, at pH 4.0, of aliquots of reductant H2Z or H2Q to a 
standard [NiXVLl2 + solution which was then restandardised. 

Kinetic measurements were made in 1.0 x lo-' mol dm-3 
acetate buffer at an ionic strength of 0.10 mol d ~ n - ~  (NaClO,) 
unless otherwise stated. Experiments were run under pseudo- 
first-order conditions with an excess of reductant {[NiIVL2 +]  
25.0 x mol 
dm-3, [H2Q], = 2 x 10-4--500 x low4 mol dm-3> and were 
monitored at the absorption maximum of the nickel(1v) 
complex at 500 nm, or at the [NiIVLI2 + ,"Nill'L] + isosbestic 
around 390 nm using an Applied Photophysics stopped-flow 
spectrophotometer thermostatted at 25.0 z 0.1 T. The ab- 
sorbance changes, recorded on a Tektronix 5111 storage 
oscilloscope showed biphasic behaviour. Rate constants for 
the slower phase were, in some cases, evaluated directly from 
the latter 25% of the reaction trace at 500 or 390 nm by first- 
order treatment. Results from both wavelengths showed 
excellent agreement. Rate constants for the faster phase were 
obtained by a curve-fitting procedure, analyzing the absorb- 
ance data at 500 nm on the basis of consecutive first-order 
reactions . lo 

In the kinetic experiments, the pH was varied from 3.5 to 6.5 
and was measured, after reaction, using an ELL.  7055 pH 
meter. A saturated calomel (NaCl) reference electrode (s.c.e.) 
was used and hydrogen-ion concentrations were evaluated 
using the relationship log [H+] = 0.02 - pH, correcting for 
both hydrogen-ion activity and the liquid-junction potential. 

rnol dm-3; [HZZ], = 5 x 10-4-j0 A 

Results and Discussion 
Reaction Stoicheiometry and Intermediates.---The stoicheio- 

metric behaviour of the reduction of [Ni1'LI2+ by H2Z or 
H2Q in mildly acidic media indicates that 0.95 I 0.03 and 
0.96 i 0.02 mol, respectively, of nickel(rv) are consumed for 
each rnol of reductant. This is consistent with the formation of 
nickel(1r) and the dehydro-derivatives 2' and Q' [equations (4) 
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TabIe 1. Spectrophotornetric parameters for Ni", Nili1, and Nil1 

Complex hlnm 
[Ni1vL]2+ 500 

[Ni'"(HL)]Z + 490 

430 
390 

[Nil "L J + 505 
398 

[Ni1'(H2L)JZ + 780 
500 

a Ref. 1. Ref. 4. 

@dm3 rnol-' cm-I 
6 300" 
5 960" 
3 m b  
2 980 
2 8 W b  
3 m b  

36 " 
78 a 

and (5)] and is the expected result based on thermodynamic 
considerations. 

[Ni'VL]2* + H2Z+ [Ni'1(H,L)]2+ i. Z' (4) 

[NiIVLl2+ + H2Q + [Ni'1(H2L)]z+ + Q' ( 5 )  

Reactions with both reductants show very similar biphasic 
behaviour at 500 nm. Each phase accounts for approximately 
50% of the total absorbance change at that wavelength. Above 
pH 4.5, the more rapid phase has an isosbestic at 390 nm 
which moves to 410 nm on decreasing the pH. This behaviour 
is characteristic of the formation, in the course of the reaction, 
of a nickel(rri) intermediate, [Nil I'L] c ,  which undergoes 
protonation [equation (6)] with a pX, of 4.05.4 In the catechol 

reduction at pEI 4.7, a point-by-point spectrum of the ap- 
parent break point between the fast and slow phases reveals 
characteristics of the nickel(1rr) species, but, since the reactions 
are not well separated, the continuing presence of some 
nickeI(rv) is also indicated. Quantitative formation of the 
nickel(r1r) intermediate implies that the reduction of [Ni'"LJ2+ 
by HJ and H2Q takes place in two consecutive one-electron 
steps and in this respect is similar to the reduction by ascorbic 
acid, H2A.' 

Reaction Kinetics.-With the reductants H,Q and H2Z the 
absorbance changes are complex and increase in rate with 
pH. The faster phase which has the isosbestic around 390 nm 
and can be identified as nickel(rv) reduction, increases in rate 
with pH more quickly than the slower phase, nickel(rrr) 
reduction, and allows some separation of the two processes at 
higher pH. 

Under the pseudo-first-order conditions of the study, both 
processes, reduction of nickel(rv) and reduction of nickel(rrr), 
were treated as first-order reactions and thus a scheme 
[equation (7)] is derived. Good estimates for klrr  were ob- 

(7) 

tained by first-order plots from the last 25% of the reaction 
studied at 500 or 390 nm and good agreement was found for 
data from both wavelengths. The absorbance change at 500 
nm also affords information on klv and, at any point in time, 
is given by the sum of the absorbances of nickel(rv) and nickel- 
(1x1) since nickel(n) complexes have a relatively small absorb- 
ance in this region. Spectrophotometric parameters for the 
complexes are presented in Table 1 .  

The absorbance, A, at 500 nm is thus given by equation (8) 

Table 2. Pseudo-first-order rate constants for reduction of nickel(rv) 
and nickel(rrr) by I ,2- and 1,4-dihydroxybenzene 

PH 
1.19 
1.43 
3.62 
4.03 
4.25 
4.45 
4.62 
4.62 
4.63 
4.64 
4.64 
4.64 
4.74 
5.02 
5.20 
5.54 
5.66 
5.92 

PH 
1.20 
1.36 
3.44 
4.02 
4.24 
4.43 
4.62 
4.76 
4.96 
5.05 
5.06 
5.06 
5.06 
5.06 
5.19 
5.42 
6.20 

103[H*ZIT/ 
rnol dmW3 

3.66 
3.66 
4.93 
4.93 
4.93 
4.93 
4.93 
4.80 
2.88 
1.92 
0.48 
0.96 
4.93 
4.93 
4.93 
4.93 
4.93 
4.93 

I O 3 1 H 2 Q I ~ /  
mol dm-3 

3.23 
3.23 
4.87 
4.87 
4.87 
4.87 
4.87 
4.87 
4.87 

50.0 
25. I 
10. I 
2.0 I 
0.20 
4.87 
3.97 
4.87 

2kIvls-l 
- 
- 

0.62 & 0.09 
1.73 5 0.16 
2.71 0.31 
4.19 0.36 
6.46 0.72 
6.77 0.78 
3.76 2 0.80 
2.32 2 0.74 
0.65 0.12 
1.26 i 0.14 
6.90 2 0.49 

(8.9 1.17) 
(12.3 5 1.46)b 

__l 

- 
- 

2kli >-' 
__ 
- 

1.19 2 0.22 
1.89 10.17 
3.17 1 0.30 
4.63 0.28 
5.36 = 0.50 
8.52 0.62 

10.71 y 0.72 
(97 = 5.3) 
(52 : 3.4) 

22.1 = 1.2 
4.3 - 0.35 
0.5 2 0.03 

19.5 = 1.16 
18.3 -- 1.15 

(73 -- 5.0) 

0.143 0.021 a 

0.138 0.018 a 

0.55 0.05 
0.72 2 0.03 
0.79 I 0.05 
0.84 1 0.03 
0.98 0.06 
0.62 = 0.04 
0.37 = 0.06 
0.26 I 0.07 
0.070 0.009 
0.125 0.008 
0.96 0.02 
1-10 2 0.09 
1.31 2 0.09 
1.22 2 0.14 
1.87 0.19 
2.27 1 0.31 

2 k , , ,  5 

0.53 I 0.03 a 

0.73 0.05 a 

0.99 f 0.13 
1.80 0.07 
2.03 0.09 
1.97 0.02 
2.10 0.09 
2.21 0.05 
2.35 T 0.04 

23.6 0.1 
12.3 : 0.2 
4.65 I 0.03 
0.97 5 0.03 
0.095 2 0.001 
2.09 = 0.02 
2.33 r 0.03 
7.63 - 0.14 

Measured only at Ni""" isosbestic. * Values in parentheses are 
uncertain. 

which can be rewritten in terms of the consecutive first-order 
treatment as equation (9), where [NilvLz+ lo is the initial 

nickel(1v) concentration and I is the path-length of the stopped- 
flow spectrophotometer, 2.03 -: 0.01 cm. The absorbance 
data for the reaction traces were fitted to equation (9) using an 
iterative procedure for k r v  and the value for kIII  obtained from 
the final 25% of the reaction, until calculated and observed 
absorbances were within 5% and the deviations showed no 
trend with time. Rate constants evaluated by this method are 
presented in Table 2. 

Nickel(rv) Reactions.-The faster of the two processes 
under most of the observed conditions shows a first-order 
dependence on reductant concentration and is identified with 
the reduction of nickel(rv), [Ni1VL]2+, to nickel(ir1). In  the 
reactions, a strong pH dependence is noted in the Figure. This 

K a  
H2Q or H2Z =G== HQ- or HZ- - H "  (10) 
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Table 3. Rates of reduction (rate constants in dm3 mol-' s-') of nickel(iv) and nickel(@ complexes by two-electron reductants at 25.0 "C 
and 0.10 mol dmd3 (NaC10,) 

Reductant 

H2Z 
H2Q 
HZ- obs. 

calc. 
HQ- obs. 

calc. 
HA - 

Oxidant 

[NilVL]* + (Ni"'(HL)]2 + [Nil "L] + 

r 

30 (60) ' n b  17 ' - 
220 (270) 1.0 x loz'  - 

2.5 x 1 0 7  (4.8 x 1 0 7 y  
5.1 x 1 0 7 4  3.9 x lo6 9.8 x 104 
6.6 x lo7 (6.4 x 107)a*d 
7.0 x 1 0 7 6  8.9 x lo6 3.4 x 104' 

1.5 x 107 (1.5 x 1 0 7 ) -  

1.3 x 10s (1.7 x 10s) 

2.9 x 1 0 5  (1 .1  x 1 0 5 ) " ~  

2.7 x 1 0 6  (4.1 x 1 0 5 )  4.f 

- 1.5 x 1 0 5 e . e  6.6 x lo3 I * g  

Ref. 24. * klv,. klrI,. klVb. klllb. kliIc. * Ref. 5. 

U 

( a  1 
I 

I 
(b) 

10 

0 5  

3 

Figure. Plots of second-order rate constants against pH for reduc- 
tion of nickel(iv) (0) and nickel(rii) (0) by 1,4-dihydroxybenzene 
(a )  and 1,2-dihydroxybenzene (b) 

corresponds to a dominant [H +]-I term and suggests that the 
principal reductants are the HZ- and HQ- ions with minor 
pathways for H2Z and H2Q, equations (1 1) and (12). The 
derived rate expression (13) allows evaluation of the rate 

[Ni'VL]2.e - H2Q or H2Z klvt 
[Ni"'L]+ + HQ' or HZ' T H +  (11) 

kivb 
[NiiVLI2" - H Q -  or HZ- - 

[Ni"'L]+ - HQ'orHZ' (12) 

[NilV] (13) 

constants k I \ ,  and kI\b as shown in Table 3 using pK, values 
of 9.23 for H2Z " and 9.85 for H2Q.l2 

The dominant pathways involve reductants HZ- and HQ- 
rather than the protonated forms in agreement with the ease of 
oxidation of the species from thermodynamic considerations. 
Indeed for HJ, the reaction rate is too close to the nickel(ir1) 
rate to allow accurate detection. In common with other 
studies of these two reductan t~ , '~* '~  it is easier to oxidize 
derivatives of 1,4-dihydroxybenzene than 1,2-dihydroxy- 
benzene. 

Nickel(iii) Reclctions.--The slower of the two processes, 
reduction of nickel(iir), is also first order in the reductant 
concentrations and the pH dependence is complex with an 
overall increase in reaction rate with increasing pH, but this is 
much less dramatic than in the nickel(rv) reactions, Figure. 

There appears to be a plateau around pH 4 and this may be 
explained by the superposition of the pK, of nicket(Iir), 
equation (6), with [Ni"'(HL)l2+ more reactive than [Ni"'L]+, 
on a dominant reductant anion pathway, equations (14)- 
(16). The derived rate expression (17) allows evaluation of 

[Ni11'(HL)]2+ + H2Q or H,Z kIllL 
[Ni"(HL)]+ -i- HQ' or HZ' t H -  (14) 

[Nii''(HL)I2+ + HQ- or HZ- klrra 
[Ni"(HL)]+ + HQ' or HZ' (15) 

[Ni"'L]+ HQ- or HZ- klrrc 
[NiI'L] T HQ' or Hi!' (16) 

[H2Q or H,Z][Ni"'] (17) 

the rate constants kIlfa, kIilb, and klIIc as shown in Table 3, 
using a pK,, of 4.05 for nickel(rr1). 

As with nickel(Iv), reactions of the protonated reductants 
are slow and pathway (18) involving reaction with the least 
reactive nickel(II1) species can be ignored. Again, derivatives 

[Ni"'L]+ $- H2Q or HzZ - 
[Ni"L] f HQ' or HZ' T H +  (18) 

of 1,4-dihydroxybenzene react faster than those of 1,2- 
dihydroxy benzene. 

The Organic Radicals.-The fates of the organic radicals 
HQ' and HZ' ( p -  and o-HOC,H,O*) are of some interest and 
importance. In the one-electron reduction of [Ni1vL]2+ the 
immediate products are solvent caged [Ni'"L,HQ] + or 
[Ni"'L,HZ]+ species. Further electron transfer within this 
solvent cage to give nickel(r1) and the quinone is indistinguish- 
able from a two-electron transfer and does not take place since 
nickel(rir) is produced quantitatively. Instead, the products 
diffuse apart and either reaction (19) or the disproportionation 

[NiiVL]*+ - HQ' or HZ' - 
[Ni*"L]' t Q' or Z' + H'  (19) 

reactions (20) and (21) take place. Pulse-radiolysis studies l5 
have shown that organic radicals react very rapidly, close to 
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the diffusion limit with [NiIVLlZ+ but somewhat slower with 
[NilIIL] + . 

Both organic radicals have pK, values in the range of study; 
4.0 for HQ' and 5.0 for HZ'.16 The disproportionation rate is 
markedly accelerated in the protonated species with a rate for 
HQ' of 1.2 x lo9 dm3 mol-' s-' at pH 2.6 and for Q'- of 
5.5 x lo7 dm3 mol-' s-' at pH 9.2.'' The second protonation 
of the radicals giving H2Z'+ and H2Q'+ is estimated to have a 
pKa of - 1 . I 8  Thus, at higher pH, oxidation of the deproton- 
ated radical by nickel(rI1) may be competitive with dispro- 
portionation. Unfortunately, the nickel(11r) complex is also 
deactivated on deprotonation with a pK, of 4.05. No evidence 
for a ' two-electron transfer,' a monophasic reduction of 
nickel(rv) was detected at higher pH. 

Nature of the Electron 7irunsfer.s.-Substitution of ligands 
in the inner-sphere of nickel(rv) is very slow indeed. The com- 
plexes are kinetically inert in concentrated HN03  and can be 
optically resolved. Thus it seems likely that the electron-trans- 
fer reactions of [NiV'LI2 + proceed by outer-sphere mechan- 
isms. In principle, the rates of these reactions should be 
amenable to calculation using the Marcus expression (22) 

AG123: == +[AGll$Z - AG22SS - hG,"(l -+- r ; ~ $ $ ) ]  (22) 

where hG12$t is the electrostatics-corrected activation free 
energy of the cross reaction, AGllZ$ and AG2,:1 are electro- 
statics-corrected self-exchange rates for the reactants, and 
AG," is the electrostatics-corrected free-energy change for the 
reaction. The parameter z$$ is given by equation (23). 

z$$ = AGre,14(AG11:: T AG22;t) (23) 

A value of 4 x lo4 dm3 mol-' s - '  has been suggested for the 
self-exchange rate of [Ni1vI'11L]2 + I +  from cross reactions with 
[Co(phen),]'+ (phen T 1,IO-phenanthroline) and [Co(edta)I2- 
(edta = ethylenediaminetetra-acetate) giving AC, ,$$ a value 
of 8.73 kcal mol-l. Self-exchange rates for the radical species 
have been estimated to be 5 'r lo' dm3 mo1-I s-' l 8  giving 
AC2,$: a value of 4.50 kcal mol-'. The reduction potentials 
of the radicals HQ' and HZ' are 0.48 and 0.50 V respectively 
based on  the experimental potentials for the radical an i~ns , '~ .~O 
the pK, values for the radicals given previously, and pK, 
values of 1 1.4 for HQ- 1Q'- I 2  and 13.0 for HZ- 'Z2-." 

Calculated rate constants for the dominant nickel(1v) 
reactions are shown in Table 3 and are in very good agreement 
with the experimental values bearing in mind the large 
uncertainty in the radical self-exchange rates. If reactions of 
nickel(rv) and nickel(r1r) are both outer-sphere in nature, then 
the ratio of the rate constants for similarly charged ions 
k [ N i"'(HL)] 2-,'[ N ik'"L] 2- should be constant irrespective of 
the reductant. This ratio varies from 0.5 to 2.2 in the present 
work, smaller than the range 1 0 4  found with reactions which 
are most likely to be outer-sphere in na t~ re .~ . "  An order of 
magnitude difference in this parameter is difficult to reconcile 
on the basis of an exclusive outer-sphere mechanism for both 
reagents and i t  is likely that the nickel(rrr) complexes, in this 
instance, show some inner-sphere character. 

No indication of the rate of substitution of the complexes 
[Ni'"(HL)12+ and [Ni1''L]+ is available but addition of CN- 
and H2edta2- to solutions of [Ni"'L]+ accelerate decompo- 
sition although the process is not comparable in rate with 
reduction by HZ- or HQ-. However, exchange at only one 
co-ordination position is required for reaction with reduc- 
tants which have substituents capable of co-ordination to the 

* This identification is facilitated by quenching the reaction in 
2 mol dm-3 HCIO,. Disproportionation of any nickel(ii1) formed is 
slow (It - 3 min). 

metal ion and axial substitution in tetragonal nickelfm) com- 
plexes is known to be rapid (>lo6 dm3 rno1-l s-') while 
equatorial substitution is sluggish.22 It is proposed that a 
Ni-N(oxime) bond is broken to facilitate electron transfer. 
This should be easier when the oxime is protonated and might 
explain the greater reactivity of [Nir"(HL)]Z+ over [Nitr*L]+ 
although other factors such as the respective reduction 
potentials may be equally important. 

An inner-sphere mechanism is also supported by Marcus 
calculations. Estimates of the [Ni"""L]+/O and [Ni"'/"- 
(HL)I2+/+ self-exchange rates are 3 A lo3 and 9 x lo2 dm3 
mol-' s-' respectively, calculated from the cross reactions with 
[ C ~ ( p h e n ) ~ ] ~  + and other outer-sphere reagents. These give 
calculated rates with HQ- and HZ- which are approximately 
two orders of magnitude lower than experimentally deter- 
mined. Similar conclusions can be drawn from the ascorbate 
data where the reduction potential and self-exchange rate of 
the radical have been estimated. 

Other Studies.-During the course of the preparation of 
this paper, a paper dealing with the kinetics and mechanism of 
the reduction of the nickel(rv) complex by 1,2- and 1,4- 
dihydroxybenzene was communicated to the authorsz3 
The mechanistic treatment is similar except that the reaction 
at low pH is treated as the rate-determining monophasic 
reduction of nickel(rv) and consequently this leads to some 
inaccuracy in determining the rate constants in acidic media. 
These rate data are presented in Table 3 and can be seen to be 
in substantial agreement with those obtained in the present 
work. 

Tha/litrm(rn) Oxidation of (l'ickel(ri).-Reaction of the 
nickel(rr) complex [Ni(H2L)IZ + with thallium(rrr) in per- 
chlorate media is slow, complex, and was not examined in 
great detail. However, when a solution containing 1.0 
lo-' mol dm-3 T1'" and 2.0 %, mol dm-3 [Ni(H2L)I2+ 
was allowed to react at pH 6.0, the resulting oxidized nickel 
species was identified solely as nickel(Iv).* No trace of nickel- 
(111)  was detected. Under the conditions of the study, form- 
ation of nickel(rr1) by nickel(r1) reduction of nickel(rv) is 
thermodynamically favourable but is slow enough not to 
interfere with the study.2' Comparable oxidations of nickel(rr) 
with one-electron oxidants produce exclusively, n ickel(t1i). 
Thus i t  appears that the thallium(rrr) oxidation of nickel(i1) 
proceeds in a single two-electron step. 

This change in mechanism to an apparent single, two- 
electron process may be ascribed to two sources. Thallium(rr) 
is much more reactive (E" TI2 ' = 2.22 V) '' than semiquin- 
one type radicals and hence the activation energy for the one- 
electron oxidation of nickel(rr) will be substantial. Pathways 
involving two-electron transfer will be preferred. In the present 
case, such a pathway might be facilitated by an inner-sphere 
interaction. Both nickel(rr1 and thallium(rr~) are relatively 
labile and the formation of an inner-sphere complex in which 
the oxime oxygen of the nickel complex is substituted into the 
inner co-ordination sphere of the thallium(rr~) is a possibility. 
Clearly, this reaction deserkes more detailed study. 

Conclusions 
The reduction of [Ni'"L]2+ by 1,2- and 1,4-dihqdroxybenzene 
proceeds, like the ascorbate reduction, in two one-electron 
steps, I n  contrast, oxidation of nickel(rr) by thallium(r1r) is a 
two-electron process. While reactions of nickel(rv) are outer- 
sphere in nature, those of nickel(1rr) are likely to proceed by an 
inner-sp here mechanism. The ratio k l N  I ivL,2+ /kINl I I I (  HL, lz+  
has been used as a useful parameter in establishing the nature 
of the electron-transfer process. 
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