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Studies in Nickel(lv) Chemistry. Part 4.1 Kinetics of the Electron
Transfer from L-Ascorbic Acid to Tris(dimethylglyoximato)nickelate(iv)

in Aqueous Medium
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Chemical Laboratories, Central Leather Research Institute, Madras 600 020, India

The kinetics of electron transfer from L-ascorbic acid (H,A) to tris(dimethylglyoximato)nickelate(iv),
[Ni(dmg)3]2-, follow a pseudo-first-order disappearance of the Ni'¥ complex in aqueous medium at
35 °C and / = 0.25 mol dm™3. The pseudo-first-order rate constant (k..s.) conforms to kops. = koa +

k:.a, Where k.4 refers to the pseudo-first-order rate constant for the independently determined
proton-assisted decomposition of the Ni'¥ complex and k..q to that for the intermolecular reduction of
Ni'¥ by H,A. The rate constants for the proton-assisted decomposition range from 4.6 to 2.6 x 1077
s™! (pH range 1.6—12.3) and those for the reduction reaction range from 5.1 x 102 to 8 dm?3 mol™ s™
(pH range 1.6—11.1). The results are interpreted in terms of a probable mechanism involving a
rate-determining outer-sphere one-electron transfer from the reductant to the oxidant Ni'V species
present in the solution, followed by a subsequent and kinetically indistinguishable rapid reaction of the

Ni'™ intermediate.

The biochemical significance of the oxidation of L-ascorbic
acid has stimulated numerous studies of mechanisms of
electron transfer in metal complexes. The majority of studies
so far have been confined to the elucidation of the mechanism
of electron transfer between ascorbic acid and one-electron
oxidants.!"!! While significant inferences can be drawn from
such studies, there remains a paucity of information pertaining
to the mechanism in the presence of two-electron oxidants.
Even though a few recent investigations describing the oxid-
ation of ascorbic acid by two-electron oxidants have ap-
peared,?-*1*"'* no generalised mechanistic interpretations
have been arrived at. A very recent study '¢ and a related
study 7 on the details of the kinetics of oxidation of ascorbic
acid by a nickel(1v) complex in the pH region 1—6 have been
reported. Tris(dimethylglyoximato)nickelate(rv), [Ni(dmg);]*~
(dmg?- = dimethylglyoximate dianion), in which the unusual
and higher oxidation state of 4-4 of the metal is highly stabil-
ised due to the o- and n-donor character of the ligand en-
vironment, is found to be an effective two-electron oxidant.!-?
The present report attempts to describe the probable mechan-
istic pathways involved in the electron transfer from L-ascor-
bic acid to the Ni'Y complex.

Experimental

Materials.—All solutions were made up using freshly pre-
pared doubly-distilled water (distilled from an all-glass
apparatus containing ca. 1 x 10" mol dm™ ethylenediamine-
tetra-acetate). L-Ascorbic acid (H,A) was an AnalaR grade
(B.D.H.) sample and was used without further purification;
its concentration in solution was estimated by a recent
analytical procedure.® Aqueous solutions of H,A were
freshly prepared before use; they were standardised, appro-
priately diluted and their pH adjusted, as required, when
employed for runs. The preparation and characterization of
K,[Ni(dmg),;] and its aqueous solutions were as described
earlier.’®1® Other reagents used were of reagent grade. Stan-
dard buffer solutions for maintaining the pH were prepared

t Part 3, G. Neogi, S. Acharya, R. K. Panda, and D. Ramaswamy,
J. Chem. Soc., Dalton Trans., 1983, 1239.

1 Presented in part at the All India Symposium on Recent Develop-
ments in Chemical Kinetics, Waltair, India, 1981.

in water using potassium salts. The pH values were measured
both before and after the reactions and were found to be
reproducible. Corrections due to ionic strength effects 2! were
applied in calculating [H*] from the pH. Throughout the
work, the pH values listed refer to the corrected mean pH
(&£ 0.01 units). Potassium chloride was used as the supporting
electrolyte to maintain the ionic strength (/).

Kinetics.—Reactions were monitored for the disappearance
of the Ni'Y complex at 460 nm (450 = 9 600 dm?® mol™! cm™)
as described earlier.'” In a typical experiment, a freshly pre-
pared aqueous solution of the Ni'¥ complex was rapidly mixed
with an equal volume of the reductant solution at the desired
pH, I, and temperature (4 0.1 °C), and the progress of the
reaction monitored continuously as a function of time.
Pseudo-first-order rate constants were calculated making use
of the usual expression and were found to remain practically
constant for more than three half-lives of the Ni'V disappear-
ance in the range 440—480 nm or when the reactions (in
representative runs) were conducted in a nitrogen atmosphere.
The pseudo-first-order disappearance of the Ni'Y complex was
also found to be satisfied in the range 6 x 10 < [Ni'V], <
1.5 x 107* mol dm™ where [Ni'V], is the initial concentration
of [Ni(dmg);]*~. The rate constants in replicates (two to
seven) were reproducible to +5%,. The spontaneous oxidation
of ascorbic acid was found to be negligible under the con-
ditions employed.*

Stoicheiometry and Products.—Stoicheiometric experiments
were conducted under a nitrogen atmosphere at pH 9.2 and
6.8 with [Ni'V], > [H,Al. In five determinations at each pH
and employing [Ni'V], = 0.8 x 10™%—1.6 x 10™* and [H,A],
= 0.1 X 10—0.6 x 107 mol dm™, the unreacted Ni!Y was
measured spectrophotometrically at the end of each reaction.
One mol of ascorbate was found to have reacted with 1.02 4-
0.03 mol of the Ni'V complex [equation (i)]. The stoicheio-

HA~ + [Ni(dmg),*~ + 3 H;,O0 —»
A’ + [Ni(Hdmg),] + H.dmg + 3 OH~ (i)
metric runs could not be conducted at lower pH values since

the proton-assisted decomposition of the Ni'Y complex inter-
fered with the measurements.
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Table 1. Pseudo-first-order rate constants for the reduction of
[Ni(dmg);])*~ by ascorbic acid in aqueous medium; 7 = 0.25 mol
dm™3, 35 °C, [Ni'V) = 2.5 x 107°—5 x 10~* mol dm™

10°[H, Ao/
pH?® mol dm™  10%,us./s!  10%kaafst? 10%k,cqfs™ €
5.05¢ 3.6 163 45 1.9 161
1.5 326 + 13 324
10 450 415 448
10 453 + 11 451 ¢
10 440 4+ 18 438
6.34 ¢ 1.2 143 + 04 0.1 14.2
3.6 42 +1 42
5.2 60 +2 60
9.4 110 +3 110
12 140 +5 140
15 180 + 5 180
20 230 +9 230
20 240 + 7 240 ¢
20 220 +9 2207
767 1.2 12.1 + 0.4 0.015 12.1
3.6 36 +1 36
9.4 93 43 93
20 198 + 6 198
20 192 + 8 192 ¢
20 190 +7 190 1
8.4* 1.2 119 + 0.3 0.0125 119
3.6 36 +1 36
5.2 52 +2 52
9.5 94 +3 94
15 1499 + 4 149
15 152 +5 152 ¢
15 140 +5 140 7
15 146 +6 146!
25 240 + 7 240
9.2k 1.2 12,5 + 0.3 0.0115 12.5
3.0 32 41 32
3.1 322 4+ 09 32.2¢
3.5 35 +1 35k
35 35 +1 35
3.8 37 +1 37
39 39 +1 39
52 51 +2 51%
6.1 62 +2 62
6.5 67 +2 67
6.7 65 +2 65
7.0 66 +2 66
7.4 73 42 73
7.4 73 +2 73!
7.4 72 +2 72¢
7.6 76 +2 76
9.2 92 43 92
9.4 90 +3 90
12 110 +3 110
14 122 +4 122
25 233 +7 233
10.1* 1.2 11.5 + 0.3 0.0095 11.5
3.6 34 +1 34
52 49 +1 49
9.5 88 +3 88
15 140 + 4 140
20 187 +5 187
25 230 +7 230
25 238 +9 238 ¢
25 221 +9 2217
25 224 + 8 224!

¢ Corrected pH (-+0.01 units). * Calculated using equation (iii) from
independent data of ref. 19. € k;eq = kovs, — kaa at pH 5.05 and 6.34;
and k.4 & kovs. at pH 7.6, 8.4, 9.2, and 10.1. ¢ Potassium hydrogen
phthalate-KOH buffer. Use of potassium acetate—acetic acid buffer
did not alter the rate. ¢ Under an atmosphere of nitrogen gas. ¥ In
the presence of 5 x 10~* mol dm— added Na,(H,edta). ¢ H,PO,~ -
OH - buffer. * BO,*~-H*/OH™ buffer. ' In the presence of 1 x
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Table 1 (continued)

10~* mol dm™* added acrylonitrile (N, atmosphere). / 10%.q4 =
10.6, 16.8, and 50.9 s~ at 26, 30, and 40 °C, respectively. * At
pH 8.8; k.4 is independent of pH in the range 8.8—9.2. Use of
tristhydroxymethyl)aminomethane-HCI buffer at pH 8.8 did not
alter the rate.

The [Ni(Hdmg),] was estimated microgravimetrically and
dimethylglyoxime was identified qualitatively.!® Dehydro-
ascorbic acid (A") was identified by Roe’s method 22 to be the
product of the oxidation of ascorbic acid, as in many earlier
studies.? A reaction mixture of the Ni'V complex (2.5 x 1072
mol dm™, 5ecm3) and HA~ (1.5 X 1072 mol dm™, 5 cm?) at pH
9.2 after completion of the reaction (evidenced by the constancy
in the absorbance of the unreacted Ni'Y) was filtered and
the precipitate of [Ni(Hdmg),] collected. A dilute solution
of nickel(tr) sulphate (0.1 mol dm™3, 2 cm?®) was added to the
filtrate, the solution mixture was shaken well, and again
filtered. The filtrate (1 cm?) was acidified with sulphuric acid
(pH ca. 1) and added to a reagent mixture (5 cm?®) containing
2,4-dinitrophenylhydrazine and excess of thiourea in a 25
cm? volumetric flask. The flask was left aside at ca. 50 °C for
4 h and the resulting solution cooled in an ice-bath. The
intensity of the red solutions was measured spectrophoto-
metrically (after dilution to obtain a solution of measurable
absorbance) at 525 nm and the concentration of dehydro-
ascorbic acid calculated with reference to a calibration curve.

Proton-dissociation Constants.—The first and second proton-
dissociation constants (K,, and K,,) of H;A were determined
by pH titrations in an atmosphere of nitrogen gas using a
Systronics 335 digital pH meter equipped with glass and
saturated calomel electrodes. The average values of K,, and
K., were found respectively to be 1.26 x 10™* and 8.47 X
102 mol dm™ at 35 °C and 7/ = 0.25 mol dm™ (KCI), in
agreement with earlier reported values.>*

Results

In order to examine possible pathways for electron transfer
from ascorbic acid to the Ni!Y complex, a series of experiments
was performed maintaining pseudo-first-order excess of
[H;A], over [Ni'V],. Since the Ni'Y complex underwent
proton-assisted decomposition ! (with accompanying intra-
molecular electron transfer) in the pH range employed, the
measured pseudo-first-order rate constant (k..s.) would con-
form to equation (ii), where k,q refers to the pseudo-first-

kobs. = kad + kred (il)

order rate constant for proton-assisted decomposition of the
Ni'"Y complex and is a function of [H*], and k,.q to that for
the reduction reaction and is a function of [H*] and [H,Al),.
At pH 2 7, k.q was found to be negligible in comparison to
k.eq SO that kops. & kreq. In the pH range 7.6—10.1, kg Was
found to be almost linearly dependent on the initial analytical
concentration of ascorbic acid, [H,Aly; linear dependence of
keea (= kovs. — kaa) on [H;A), was also observed at pH 5.05
and 6.34 in the range of [H,A], studied (Table 1).

The reduction rates were found to be almost insensitive to
the presence of added Na,(H.edta) (Hsedta = ethylenedia-
minetetra-acetic acid) (Table 1), implying that the reaction is
not subject to extensive trace metal-ion catalysis under the
conditions employed. The lack of significant influence of a
radical-trapping agent on the kinetics was seen from the lack
of effect of acrylonitrile on the rate or the lack of any
detectable polymerization (in a nitrogen atmosphere).
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Figure 1. Plots of log k vs. pH; ks, denoted by A and 4,4 by O.
The dotted line is drawn from values of k.q

The pH dependence of the rate constants was studied in the
pH range 1.6—11.1 using appropriate buffers. If the values of
kaq at the respective pH values [calculated from the indepen-
dent data ' of the proton-assisted decomposition using equa-
tion (iii)] were subtracted from k.., values of k..q Were ob-
tained (Table 2). Figure 1 presents the plots of the logarithm
of rate constant (Kops., krea, and k,q) against the pH of the
medium and clearly indicates that k.. contains terms of
different orders in [H*]. The value of k.4 was found to remain
consistently higher than k,q in the pH range 2.25—11.1, the
difference between them being more prominent in the higher
pH region; however, at pH < 2.25, k,q still increased with
decreasing pH and was higher than k,.q, while saturation in
k..a Was attained (at pH < 2.25).

Scheme 1 outlined below is consistent with the kinetic
behaviour of the reduction reaction and envisages probable
interactions of the acid ascorbate anion (HA ) and ascorbic
acid (H,A) species with the unprotonated {[Ni(dmg),}*~}
and protonated forms {[Ni(dmg);(H)]- and [Ni(dmg);-
(H)H]} of the Ni'¥Y complex leading to outer-sphere electron
transfer(s) from the reductant species to the oxidant complex
species.

The rate law derivable from Scheme 1 is given by equation
(ii), where k.4 and k,.q are defined by equations (iii) and (iv).
Equation (iv) can be rearranged to give equation (iva).

The pH dependence of k.4 (from independent experiments)

_ koa + k1aKiu[H*] + ko KinKou[H* 1P
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Acid decomposition Reduction

kax
HA- —>» products

k
products - [Ni(dmg);}*~ + H* || K
k3x
HY H;A 2%, products
k
K HA- =l products
k .
products - [Ni{dmg);(H)]~ + H* || Xt
kay
HY H;A — products
k z
Kan HA- Zp products
k
products — [Ni(dmg),(H)H]  + H* || Kat

k
H,A 2?5 products

Scheme 1. The reactivity of A?~ is assumed to be negligible

was explained ! in terms of equation (iii), where Ky and K,y
respectively refer to the potentiometrically determined values
of the first and second protonation constants of the Ni'V
complex, and ko4, k14, and kg to the solvent-assisted, first-
protonation-assisted, and second-protonation-assisted de-
composition rate constants.

A least-squares analysis of the Z and [H*] data, in accord-
ance with equations (iv) and (iva), resulted in the values of
kuKay, (ksx + koyKiuKay), (k3yKin + k2.KiuKmKa), and
(k3 KiuKag) as (3.9 + 0.1) x 10 s, (8.9 +0.2) x 10" dm?
mol™ s71, (3.69 + 0.02) x 10* dm® mol?s™!, and (1.61 +
0.04) x 10'* dm® mol™3 s respectively. The k..q (calc.) values,
estimated from equation (iv) employing the above values,
were found to agree excellently with experimentally deter-
mined k.4 (Table 2). Unambiguous values of k,, and
ks, could be calculated from these resolved constants as
3.1 +£ 0.1 dm® mol! s and (5.1 + 0.1) x 102 dm?® mol™
s respectively. The individual reactivities of ks, and k,,, and
ki, and k,,, occurring as mixed terms in equation (iv), cannot
easily be separated. However, in limiting cases, if it is assumed
that (@) ks > kyyKiuKay, then k3 = 8.9 x 10" dm? mol™! 57!
or (b) if ki < kiyyKinKai, then kz = 9.9 dm?® mol™? st
Similarly, in other limiting cases, either k3, ~ 5.2 x 10?2 dm?
mol™ s7! or k,, &~ 9.3 x 10° dm® mol™* s™'. Average values of
the various constants are listed in Table 3. The ks, step for
the [Ni(dmg);*~-H,A reaction, for which the ambiguous
value calculated is very high, is most probably not operative
since the species [Ni(dmg);]>~ is almost non-existent in the pH
region where H,A is prevalent; in that event, the k,, step
may be more important and k,; ~ k;, ® ca. 10 dm*® mol™s™!.
Either or both of the steps represented by ks, and k,, (for
which ambiguous values have been obtained) may be im-
portant, but the individual reactivities in the mixed term are
not as easily determined. If ks, is more important, then &;, ~
k.. On the other hand, if k,, is more so, then k,, > k..

ket = T T KoalH*1 & KK [H' T (iii)
koo = [H:Alo{k2Ka1 + (kax + by KinKaD)IHY] + (kayKin + k22 KiuKouKa))[HY P + k3 KiuKon[H* P} @iv)
red (A + Kw[H*] + KinKou[H*P)(Ka + [H*]D

Ksea a+ KIH[H+] + KIHKIH[H+]2)(K51 + [H+D/[H2A]0 =Z = {kzxKal + (k3x +
kayKinKa)[H*1 + (k3yKin + K2z KinKouKa)[HY P + k3 KinKou[H* P} (iva)
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Table 2. Pseudo-first-order rate constants for the reduction of
[Ni(dmg);}*~ by ascorbic acid in aqueous medium; I = 0.25 mol
dm™3, 35 °C, [Ni"V}, = (2.5—5) x 10° mol dm™3, [H,A}, =
(3.5—3.7) x 10~* mol dm™

PH?  10%kous./s7! 10%aa/s™® 10°%kceafs™ € 10? keea(calc.)/s™? ¢
1.6 6400 + 190 4 600 1 800 1800
1.75 5100 4150 3300 1800 1 800
1.84¢ 4500 140 2700 1 800 1 800
2.1 3400 + 100 1600 1 800 1 800
225 2900+ 9 1100 1 800 1 800
2.6 2300 + 70 500 1 800 1 800
2.85 2000 4+ 60 280 1700 1700
3.1 1800 + 50 160 1 640 1 600
4.26 600 + 20 10.9 589 600
4.35 520 + 16 8.8 511 520
5.03 163+ 5 2.0 161 160
6.34 2+ 1 0.1 42 42
71 37+ 1 0.02 37 37
7.6 36+ 1 0.015 36 36
8.1 364+ 1 f 36 36
8.4 364+ 1 f 36 36
8.8 36+ 09 f 36 36
9.1 354+ 0.8 f 35 35
9.2 IS5+ 1 f 35 35
9. 35+ 09 f 35 34
10.1 344 1 f 34 32
10.5 324 1 f 32 28
11.1 28+ 1 f 28 20

@ Corrected pH (+0.01 units). Key to buffers: buffer (pH range);
HCI-KCl  (1.59—2.1), hydrogenphthalate-HCl (2.25—3.1),
acetate-acetic acid (4.26—5.03), H,PO, -OH- (6.34—7.6),
BO:*"-H*/OH~ (8.1—10.5), HPO2~-OH~ (11.1). ® k,4 at the
corresponding pH is calculated from the independent data (ref. 19)
using equation (ifi). € Area = Kobs. — kaa (pH 1.6—6.34) and
Keea = kovs. (PH = 7). ¢ Calculated from a least-squares fit of data
to equation (iv). ¢ CLCCO;H-KCI buffer. £ k,q < kops..

Table 3. Average values of the various constants in the reduction of
[Ni(dmg);J*~ by ascorbic acid in aqueous medium (I = 0.25 mol
dm3, 35 °C)

Constant Average value Ref.
Kiu/dm® mol™ 7.08 x 10'° 19
Kzﬂ/dm3 l'nOl-l 4.46 19
koafs™! 2.6 x 1077 19
kyafs? 1.16 x 10~% 19
kzd/S_l 44.3 19
K,y/mol dm™ 1.26 x 10~ This work
k3,/dm® mol~* s~* 3.1 This work
k3e 2/dm® mol* st ~8.9 x 107°¢ This work
kyy */dm® mol! st ~99° This work
ki, 4/dm3® mol™' s ~5.2 x 10? This work
ka2 4dm® mol's' ~9.3 x 10°¢ This work
kiz/dm?® mol™ s~! 5.1 x 10*° This work

“ Proposed pathways. ® ks, and k,, are kinetically indistinguishable
pathways. © Value unlikely. ¢ k3, and k,, are Kinetically indistinguish-
able pathways.

-1

Discussion

In spite of the apparent complexity of the rate law [equation
(iv)], reasonably simple assumptions can be made and in-
ferences on the reactivity pattern drawn. If the steps repre-
sented by ki, kay, K2z, and k;, are important, then &, = kay,
k2z > kay, and k;, > kj.. In that event the reactivities appear
to follow the structural indifference of the unprotonated and
the monoprotonated Ni'V species,'® the electrostatic charge on
the diprotonated and the monoprotonated Ni'Y species, and
the redox potentials of HA~ and H,A, respectively (see later).
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[Ni'V(dmg)s(H)]~ + HA- ~p
[Ni"(dmg);,(H)]*~ + HA* (v)

[Ni'"'(dmg);(H)]*~ + HA Ly [Ni''(Hdmg),] +
dmg?~ + A’ (vi)

Scheme 2. k¢ > ks

Q
)

107*e/dm3mot~'cm

02 -
L N i . |
360 400 500 600
Ainm

Figure 2. Representative spectra of the nickel(1v) complex ( )
(1 x 10* mol dm™3) and a reaction mixture (O) containing
[Ni'V], = 1| x 10 and [H;Al, = 3 x 10~ mol dm™ (aqueous
medium, J = 0.25 mol dm™3, 35 °C, pH 9.2, time-scale on 50-ms
mode)

Ascorbic acid has been found in many systems to give an
intermediate oxidation product of an ascorbate radical.
However, the present kinetic data together with the failure to
observe an effect of a radical-trapping agent on the rate are
insufficient to regard its presence in appreciable concen-
trations. Ascorbate radical, when formed, would disappear
via a rapid reaction with the intermediate Ni''! complex or a
disproportionation ¢ much faster than the initiation of acryl-
onitrile polymerization.

Ascorbic acid, in its redox reactions with various oxidants,
exhibits a dichotomous behaviour of either proceeding by
substitution-controlled routes or by outer-sphere pathways.
The exact requirements which necessitate the operation of
either of the mechanisms are, however, not well identified.
Even though in a number of studies, the formation of metal
ion-ascorbic acid precursor (or successor) intermediates,
prior to the actual electron transfer, has been well documented
from spectroscopic and kinetic evidence, in numerous other
instances the inner-sphere mechanism has been envisaged
merely by speculation, sometimes on the basis of insufficient
kinetic results. Studies in which information has been ob-
tained regarding the intermediates include, for example, those
on oxidants like Cu?* (in the presence of molecular O,),%*2%
Cu'! complexes,® VO?+,2 VO, *,'*2* ‘ yvanadyl tetrasulpho-
phthalocyanine > (4 0,),* UY',>* and Nb".%®

We believe that the rate-determining step of the present
reaction most probably involves outer-sphere one-electron
transfer from the reductant to the oxidant Ni'Y species (cf.
Scheme 2 for a representative sequence), the subsequent and
kinetically inconsequential step being the rapid decay of the
paramagnetic Ni''! intermediate, on the basis of the following
arguments (a)—(g).

(a) No limiting kinetics of the rate on [H,A], were observed
in the range of [H,A], employed.

(b) Point-by-point spectra of the reaction mixture on the
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stopped-flow assembly at pH 4.6, 6.2, or 9.2 were not different
(Apax Or €) from those of the Ni'Y complex at the correspond-
ing pH. Representative spectra of the original Ni'¥ complex
and the reaction mixture at pH 9.2 are presented in Figure
2. (The Aminco stopped-flow assembly has a nominal mixing
time of 2 ms. The point-by-point absorbance values were
recorded at wavelength intervals of 10 nm using the time-scale
on 50-ms mode. Under the conditions, there was no appreci-
able decomposition of the Ni'V complex.) No abrupt initial
absorbance change at 460 nm could be observed as soon as
the reactants were mixed.

(¢) The fact that [Ni(dmg);}~ is substitution-inert (as the
solvent-assisted decomposition rate constant, ko4, is 2.6 X 1077
s' at 35 °C) » and that the second-order rate constant for the
interaction of [Ni(dmg);}*~ and HA -~ is very much greater
than the solvent-assisted decomposition rate constant (i.e.,
ki > koa) give definite evidence, even at first glance, for the
operation of the outer-sphere reaction of these species. The
reduction rates of the first-protonated Ni'Y species are also
higher than the decomposition rates (i.e., k;y, > k,4), suggest-
ing outer-sphere routes.

(d) The reactivity orders mentioned earlier also suggest the
operation of outer-sphere electron transfer. Data on the pro-
ton-assisted decomposition of the nickel(tv) complex have
suggested '° that the first (outside) protonation of the com-
plex occurs at a dioximate oxygen forming an intramolecular
hydrogen-bonding network between dioximate oxygens of two
ligands and that during this process there is little change in the
original pseudo-octahedral structure; the rate-determining
decomposition step of the monoprotonated species proceeds
by simultaneous intramolecular oxidation of a ligand unit and
dissociation. It has also been shown that the diprotonated
species is a ‘ kinetic intermediate * and the second protonation
occurs most probably via a direct proton addition to a (ring-
opened) nitrogen site (caused by the first protonation). Thus
in the pH range studied, there are three important oxidant
species: [Ni(dmg);]*~, [Ni(dmg);(H)]~, and [Ni(dmg);(H)H],
of which the first two are structurally similar and the third
(which incidentally is the most electrophilic of the three) is
different from the other two. These predict the reactivity
orders: k;, ~ ki and k,;, > ki & ki, (rather than ks, ~ ki,
in the other limiting case mentioned earlier). The reactivity
order, ki, > ki, is compatible with outer-sphere electron
transfer, for (log ki, — log k3,)/AE® ~ 8 as predicted on the
basis of redox potential considerations.*?¢ (AE® refers to the
difference in the redox potentials for the couples E®ya-jna- =
0.93 Vand E®y,a-+/u,a = 1.33V).2 The fact that the magnitude
of k..q is independent of that of k.4 in the pH range studied
also supports the idea of outer-sphere electron transfer.

(e) The rate-determining step of Scheme 2 should be ac-
companied by a very high activation enthalpy * as the reaction
involves the formation of two reactive species.?” Therefore, it
should be possible to obtain evidence for the intermediacy of
the Ni''! species at low temperatures. Indeed, evidence for the
paramagnetic Ni'!"' intermediate has been obtained by e.s.r.
experiments. For example, the formation of Ni''! was
indicated by an e.s.r. signal at g,, ~ 2.12 when solutions of

* The apparent activation parameters could not be isolated from
the values of the net activation parameters (e.g., AH? = 85 kJ
mol™!, ASt = 2 J K™! mol™!, range 26 — 40 °C, pH 9.2) because
the reaction involves multi-step processes of protonation, acid
decomposition, and reduction.

1 The pH-dependent redox potentials of the couples of the various
nickel species derived from [Ni(dmg);]*~ could not be determined
from cyclic voltammetric experiments because the voltammograms
gave irreproducible results due to the decomposition of the com-
plexes.
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the Ni'Y complex (1 x 10™* mol dm™) and ascorbic acid
(1 x 10™* to 3 x 10™ mol dm™) were mixed at 0—2 °C (pH
9.2 or 3), the mixture was immediately quenched in liquid
nitrogen and the spectrum recorded.'®

(f) The redox potentials for the various oxidant/reduced
forms of the complexes derived from [Ni(dmg);}>~ are not
known,t but generally values for the Ni'V-Ni'"' couples
are smaller than for the Ni'"'-Ni'!"couples for analogous
systems.!6-17:28:2 QOne-electron transfer rates involving the
Ni'Y complex are, in general, comparatively smaller *¢-!7 than
those involving Ni'!! (i.e., ks € ks in Scheme 2).

There is no information about the lability of these Nif!!
complexes although the axial positions of tetragonal Ni'!!
complexes are relatively labile, and the substitution rates 3°
generally of the order of ca. 10? s™'. The k;,, value of ca. 10
dm? mol™ s7!, if assumed to correspond to the reaction of the
protonated Ni''' species, [Ni(dmg)s(H)}*~, with HA-, is
smaller than the general substitution rates of Ni''' complexes.
As a matter of fact, all the resolved second-order rate con-
stants (except perhaps k»,) are smaller than the Ni'"' substitu-
tion rates. This implies that inner-sphere electron transfer
would have been expected if the reaction were to involve the
the Ni''"f complex as a kinetically important species, and this
is in contradiction to the present experimental observations.

(g) Evidence from e.s.r. on the paramagnetic Ni''" inter-
mediate discounts the possibility of a single-step two-electron
transfer process in this redox system.

During the course of the present investigation, Lappin
et al.'®1"" reported the reaction taking place between HA -
and [Ni'VLP*+ (L = 3,14-dimethyl-4,7,10,13-tetra-azahexa-
deca-3,13-diene-2,15-dione dioximate dianion). Initially a
scheme, similar to Scheme 2, was preferred,!® but later the
kinetic data were reinterpreted, on the basis of e.s.r. and visible
spectroscopic data for the protonated Ni'!! species, in terms of
a scheme which envisaged rapid formation of the Ni''! species
[NiL]* and [Ni(HL)}**, followed by the rate-limiting outer-
sphere one-electron transfer from the reductant HA~ to
these Ni''! oxidant species.!’ There was a single rapid absorb-
ance change at 500 nm, much faster than the rate of reduction
observed. In the present redox reaction (the half-lives of
which are much larger than those of the reaction involving
[NiL}** and HA ™) no rapid initial absorbance change could
be detected on the stopped-flow time-scale, thus precluding
the possibility of such a situation. Incidentally, the acid-
dependent and acid-independent outer-sphere second-order
rate constants for the reactions of HA~ with [Ni'''L]* and
[Ni""(HL)P** were 1.36 x 10* and 3.02 x 10°* dm?® mol™! s™!
at 25 °C and 7 = 0.1 mol dm™ (NaClO,) in aqueous me-
dium.'®17* No comparison of the present data can, however,
be made with those obtained by Lappin er al.’%'7 since the
reaction steps, the oxidation potentials of the complexes, and
the net electrostatic charge on the complexes in the two
systems are widely different.

In conclusion, the intermolecular reduction reaction most
probably proceeds by rate-determining outer-sphere one-
electron transfer(s) from the ascorbic acid to the oxidant Ni'¥
species, the subsequent rapid and kinetically indistinguishable
step(s) being the reaction of the Ni''! intermediate.
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