Mechanism of oxidation of L-ascorbic acid by the
pentaamminechromatocobalt(i11) complex ion in aqueous solution f
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Oxidation of L-ascorbic acid by pentaamminechromatocobalt(im) nitrate has been investigated over the ranges
6.1 < pH =< 8.7, 21.0 < 0 =< 30.0 °C, in excess of L-ascorbic acid at a constant ionic strength of 0.50 mol dm~3
(NaClQ,). Overall the reaction occurs in two distinct stages. The first, involving saturation Kinetics, proceeds with
an increase in absorbance at wavelengths 350-390 nm. During this stage the pentaamminechromato complex and
the ascorbate anion react via an outer-sphere mechanism to form an ion pair. The rate equation for this stage is (i)

Ukops = (UKsK [Alr) + (1/ks) 0]

with [A]; being total ascorbate, K, and kg are the equilibrium constant for adduct formation and first-order rate
constant for its decomposition, respectively. At 25.0 °C, k; and K, have respective values of (3.5 +0.4) x 1072s™*
and (8.5 + 1.7) x 10> dm® mol . The second stage involving a decrease in absorbance at similar wavelengths is the
reduction of the free chromium(vi) ion which is postulated to have been formed during the first stage of the
reaction. The pseudo-first-order rate constant for this stage can be expressed as in equation (ii) where K, and K

o (alH ]+ KKK ALy
T (H + K (K, + [H])

(i)

are the proton-dissociation constants for ascorbate and the hydrogenchromate anion. At 25 °C, the rate constant

for oxidation of ascorbate by HCrO,™, k5, is 5.15 + 0.06 dm® mol ™ s™* while kg, the corresponding value for
oxidation by CrO,*", is (4.6 + 1.5) x 102 Cobalt(m) is reduced to cobalt(ir), as >90% cobalt(ir) was detected at
the end of the second stage of the kinetic reaction. The activation enthalpies lie in the range 20-47 kJ mol %, and
the AS* values range from —204 J K~ mol* for the first stage to —50 J K~* mol~* for the k, step in the second
stage. The mechanism is discussed with respect to the oxidising properties of both the cobalt and chromium
centres, and a comparison is also made with the reaction of free chromate ion and rL-ascorbic acid.

The formation of complexes of chromium(vr), such as those
with aqua transition-metal complexes, has been well docu-
mented.* Studies have also identified 1:1 chromate esters which
can be synthesized from chromium(vi) and oxoanions,? equa-
tion (1) where X = CH,CO,", H,PO,” or Cr,0,*". In the very

HCro,” x X~ + H* — XCrO,” + H,0 (1)

early part of the 20th century some novel chromato complexes
were prepared.® Among these were the amminechromato
cobalt(im) complexes [Co(NH,)s(CrO,)]* and [Co(NH;),(Cr-
0,)]*. The kinetics and mechanisms of their formation and sub-
sequent hydrolyses have since been thoroughly investigated.*®
Despite its abundant usage for analytical and preparative
purposes, it was discovered that hexavalent chromium showed
carcinogenic properties.5® As a result, the reactions of cellular
components, including amino acids, ascorbic acid, carboxylic
acids and other important low-molecular-weight substrates
with chromate have since been researched and documented.®°
It is worthy of note that no previous work has utilised any
co-ordinated chromium(vr) ion for similar redox reactions. As
a result, its oxidising properties while ligated have remained
largely untested. So, in continuing our general investigation of
the oxidation of cellular substrates by the chromium(vi) ion,
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we report in this paper the first study involving the oxidation
of L-ascorbic acid by a co-ordinated chromium(vi) ion.

Experimental
Materials

The chemicals were either analytical or reagent grade and used
as received. The purity of rL-ascorbic acid was determined
iodometrically.**

Preparation of complexes

Pentaamminecarbonatocobalt(ii1) nitrate. The complex was
prepared according to the established method,*? and character-
ised by its UV/VIS spectrum: A.../nm 510, e/dm* mol™ cm™
92.9 (lit.,** A,,,,/nm 510, e/dm® mol~* cm~* 93).

Pentaamminechromatocobalt(i11) nitrate monohydrate. This
complex was prepared from pentaamminecarbonatocobalt(tr)
as reported previously.® UV/VIS data: A,,/nm 540, &/dm?
mol~* cm™* 174 (lit.,* A,./nm 540, ¢/dm*® mol~* cm™ 168.4)
(Found: N, 24.8; H, 4.75. Calc. for H;;CoCrN¢Og: N, 24.7; H,
5.0%).

Product analysis

Upon completion of the reaction between ascorbate and the
chromato complex, UV/VIS data of the Kinetic solutions
revealed that the final product is the chromium(i) bis(ascor-

J. Chem. Soc., Dalton Trans., 1997, Pages 1903-1907 1903



bate) complex which was also formed as the only product in the
reaction between L-ascorbic acid and the chromium(vi) ion.®
UV/VIS data: g5 =40 (lit.,° 38) and g4, =63 (sh) dm® mol™
cm™? (lit.,° 61 dm® mol~* cm™) respectively. The kinetic solu-
tions were also analysed for cobalt(ir) ions by adding appropri-
ate volumes of acetone and aqueous thiocyanate and compar-
ing the absorption coefficient of the resulting complex with that
of a pure sample of Co(SCN), at 620 nm where chromium(1ir)
products do not show significant absorption.

Kinetic studies

The kinetics was studied at 370 nm because the chromato com-
plex also has maximum absorption in this region.** All reac-
tions were conducted using an excess of ascorbic acid at a con-
stant ionic strength of 0.50 mol dm~® (NaClO,). Phosphate—
citrate and Tris [tris(hydroxymethyl)methylamine]-HCI were
used to maintain the lower and higher pH regions respectively.
Rate measurements were done using a Hewlett-Packard 8452A
diode-array spectrophotometer, and rate constants were
obtained as described previously.’ The reaction was observed to
be biphasic, but the two phases were studied independently.
This is possible due to the difference in the rates of the reaction
of the two phases, the second being at least an order of magni-
tude slower than the first.

Results and Discussion

Red-brown pentaamminechromatocobalt(i) reacts with ascor-
bate to form a green product. Based on UV/VIS data this prod-
uct was the chromium(m)-ascorbate complex which was also
formed in the chromium(vi)-ascorbate reaction under similar
experimental conditions.” Repetitive scanning of the reaction
showed two phases, indicated first by a distinct increase in
absorbance followed by a slower decrease. This seems consist-
ent with the formation and decay of an intermediate species.

Stoichiometry

Spectrophotometric titration at 370 nm (Fig. 1) showed the
overall stoichiometry [ascorbate:complex] to be 5:2 (SUP
57240). This result suggests that L-ascorbic acid reduces both
the cobalt(mm) and chromium(vi) according to equation (2),

5HA~ + 2[CoCrO,]" + 5H,0 —
3A" + 2HA" + 2Cr** + 2Co** + 130H  (2)

where A" is the completely oxidised form of L-ascorbic acid. The
above stoichiometry is quite consistent with those previously
published from separate studies involving first chromium(vr)
and ascorbate,®*° and secondly between the pentaammineaqua-
cobalt(ir) complex ion and ascorbate.® The first reaction °**° has
a stoichiometry of 3:2 (ascorbate: CrV"), while a 1:1 ratio was
obtained in the second study. The combined results from the
individual studies therefore produce a ratio of ascorbate:
oxidant of 5:2. Despite inherent differences in all the reactions
studied, there is good agreement in the final stoichiometries
obtained. In a previous publication® it was mentioned that the
1:1 stoichiometry for the reduction of the cobalt(ir) moiety
was due to the radicals reacting rapidly, not with cobalt(t), but
with each other at significantly higher rates***” of 2.8 x 10° dm?
mol™* s7. A similar proposal has been adopted for the oxid-
ation of ascorbate by tetranuclear cobalt(ir) complexes.*®

The analysis for cobalt(i) formed during the reaction pro-
duced an average value for the ratio [Co'"]:[Co"'] of
0.91 + 0.33, confirming that cobalt(m) in the reactant complex
had been reduced by ascorbate.

First phase

The first phase of the reaction was investigated at 370 nm as a
function of [ascorbate] over the ranges 0.25 < [A]; < 1.25
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Fig. 1 Stoichiometric plot for the reaction between L-ascorbic acid

and the pentaamminechromatocobalt(ir) complex. [complex]; = 2.0 x
10~* mol dm™3, pH 7.42 (Tris-HCI buffer), | = 0.50 mol dm 3 (NaClO,)

HA == HA + H* ®)
K,
HA == A + H" o)
Ks
R,Co—-O-CrO,H?" ——= R,Co-O-CrO," + H* (5)
HA™ + R,Co-O-Cr0," == [R,C0OCrO,"HA]  (6)

outer sphere
ks

5R + HCrO,” + Co*" + HA’

HCro,” == Cro2 + H* @)
HCrO,” + HA- —CrV + A’ ®)
Cro2 + HA —-crv + A/ ©)

. fast
2 radicals — H, A" 2 + A’ + nH* (10)

Scheme 1 R =NH;, A’ =dehydroascorbic acid

mmol dm™, 21 < 0 < 30°C, at an ionic strength of 0.50 mol
dm~® (NaClO,) and at pH 8.40 to 9.60. The experimental rate
constants increase with increasing [ascorbate] and decreasing
pH (Table 1).

A saturation effect was seen in plots of k., vs. [ascorbate],
and Scheme 1 is formulated to represent a possible mechanism.
Assuming that the complex exists solely*® as the unprotonated
form, [(H;N)sCoCrO,]", at pH = 8.4, the expression (11) is

I(obs: k5K4[HA7], (11)
1+ K,HA ]

derived from the mechanism in Scheme 1. Substituting for
[HA™]in terms of [A]; and [H] leads to equation (12). Over the

kK [HAL
T HT + K, + KJH AL

(12)

pH range used, K, < [H*] (since K, ~ 107*2 mol dm~3),° hence
simplification followed by rearrangement of equation (12)
results in expression (13). Plots of 1/k,, vs. 1/[A]; were linear

1 1 1
=— = (13)
kobs I(5K4['A]T k5
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Fig. 2 Plot of 1/k,s Vvs. L/[A]; for the initial phase of the reaction
between L-ascorbic acid and the pentaamminechromatocobalt(i)
complex at different temperatures: (a) 21.0, (b) 25.0 and (c) 30.0 °C

Table 1 First-order rate constants for the initial reaction between -
ascorbic acid and the chromato complex. Effect of ascorbate concen-
tration. pH 8.40 (Tris—=HCI buffer), I = 0.50 mol dm~3 (NaClO,), [com-
plex]; = 2.0 x 10~ mol dm 3

10%Kpe/st

10%[Al¢/mol dm™  20.0°C 25.0°C 30.0°C
0.25 3.92

0.25 1.59% 8.52
0.25 0.43° 6.03 3.722
0.50 7.17 11.3 13.3
0.75 9.51 12.8 19.2
1.00 10.9 15.7 21.0
1.25 13.0 18.6 23.1
1.50 14.1 19.6 24.0
0/°C 102K, /dm®* mol™*  10%k/s*

20.0 6.6+0.7 2.84+0.23

25.0 85+17 3.51+0.38

30.0 11.6+2.0 3.87 £0.32

AH, =39%+3 kJ mol™, AH;=20%4 kJ mol™}, AS,’ =—-57+11 ]
Ktmol™, AS.f = —204 + 16 J K * mol *

2 pH 9.00.° pH 9.60.

giving 1/ks as intercept and 1/k;K, as the slope (Fig. 2). The
values obtained for K, and ks are shown in Table 1.

The calculated equilibrium constants are expected to repre-
sent adduct formation between ascorbate and the chromato
complex. Under the experimental conditions, where the com-
plex exists mainly as the unprotonated form, [(H;N);CoCrO,]*,
its rate of hydrolysis [equation (14)] is slow,* since k, < 3.6 x

[(H;N),CoCrO,]" + H,0 ==
[(HN)sCo(OH)P* + HCro,~  (14)

1077 s7* and k_g=0.022+0.073 dm® mol™ s™* at 25°C,
6.2 < pH < 8.5 and 0.2 mol dm™2 CI~ media. As further con-
firmation of this, the rate of hydrolysis of the chromato com-
plex was measured independently of the redox reaction at
25 °C, pH 7.4, at an ionic strength of 0.5 mol dm~3 (NaClO,).
The spontaneous rate of hydrolysis of the complex was meas-
ured at (5.6 £ 1.4) x 107* s, It is possible that the increased
ionic strength could account for the larger rate constant in this
work. However, despite the lack of agreement between our
value and that of Okumura et al.,* it is obvious that the hydro-
lytic pathway is a minor reaction and is not likely to affect
subsequent reactions between the pentaamminechromato com-
plex and ascorbate. In the previously published reaction®
between unbound chromium(vi) and ascorbate anions the rate
constants for the reduction of Cr¥' are also lower than those for

/ H HCOH
\| NT 4
Qg M HO-2
O~crg” | "nH | ©
S ~
\ "H----0 1
o]
Scheme 2

the first phase of the reaction between ascorbate and the pen-
taamminechromatocobalt(ir) ion. These observations imply
that the reaction being studied in the initial stage is different
from the hydrolysis reaction of the chromato complex, and is
not due to reduction of the chromium(vi) ion, but supports the
idea that the ascorbate monoanion reacts with the pentaam-
minechromatocobalt(mm) ion facilitating formation of the ion
pair as two oppositely charged reactants are involved.

Cobalt(m) complexes in general are substitution inert and
susceptible to reduction by substrates such as the ascorbate
ions, %2 HA~ and A?. These reactions are typically
described as being outer sphere in nature and take place
through formation of an ion pair followed by electron transfer
within this assembly. Any reaction between ascorbate and the
cobalt(mm) in the chromato complex is assumed to proceed via a
similar mechanism. From the standpoint of electrostatic inter-
actions, the pentaamminechromato complex ion may be viewed
as having a dipole moment, with the cobalt(ir) portion being
the positive end of the molecule. Since the ascorbate is nega-
tively charged, interaction with the cobalt(ir) ion may be con-
sidered the more favoured possibility, as opposed to interaction
with the negatively charged chromium(vi) portion. The former
case can lead to the formation of an outer-sphere adduct, as the
hydrogens of the ammonia ligands may be ideally suited for
hydrogen-bond formation with one of the negatively charged
oxygens on the ascorbate anion (Scheme 2).

An alternative pathway is also worthy of consideration, as it
has been previously proposed for another type of dinuclear com-
plex. Ascorbate has two reactive oxo groups on carbon atoms 2
and 3, and these may interact simultaneously with the chrom-
ium(vi) and cobalt(mm) centres, forming an adduct. This idea
seems similar to the earlier ‘steric match’ proposed for the reac-
tion between ascorbate and dinuclear copper(i) complexes.?

The first option, based on the kinetic results and electrostatic
considerations, is the preferred mechanism for the first phase of
this reaction as depicted in Scheme 1. The parameter K, repre-
sents the outer-sphere association constant for ion-pair form-
ation from the ascorbate anion and the positively charged
chromato complex. The kg term represents the rate-determining
electron-transfer step, which leads to the formation of
cobalt(m). The values for kg are in agreement with those derived
for the oxidation of ascorbate by a series of tetranuclear
cobalt(ur) complexes (hexols).® The increase in absorbance can
then be accounted for by the release of the chromium(vi) ion,
since cobalt(i) does not absorb significantly at this wavelength,
and it is known that chromium(vr) has a larger absorbance than
the chromato complex at the wavelength*™® being studied
(CrV"; £47=4800; complex, &5,, <3700 and &,4 =2750 dm?®
mol~*cm™).

The Marcus cross-relationship may be used to estimate the
self-exchange rate constant for the pentaamminechromato-
cobalt(ur) complex ion by utilising equations®® (15)—(18),

I(12 = (k11k22K12 le)%le (15)

[In Ky, + (Wy, — W,,)/IRTF
4[In(Ky,K,,/10%) + (W, + W,,)/RT]

Inf,= (16)

Wy, = exp[—(Wy, + Wy — Wiy — Wp)/RT] (a7)

w; = Z.Z,e*/D.ay(1 + Bayu)* (18)
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Fig. 3 Plot of kg, vs. [A]; for the oxidation of L-ascorbic acid by the

pentaamminechromatocobalt(ir) complex. pH 7.40, 6 =25.0°C and
1 =0.50 mol dm™®

where k;, and k,, are the self-exchange rate constants for the
chromato complex and ascorbate couples, respectively, k;, and
Ky, the rate constant and equilibrium constant for the cross-
reaction, Z; and Z; the charges of the reacting species, a; their
separation distance, taken to be the sum of the appropriate
ionic radii, p=(8Ne¥1000DKT)’, D, is the static relative
permittivity and p is the ionic strength. By using E°=0.71 V
and k,,=1x10° dm*® mol™* s* for the HA-HA™ couple,
assuming E° =0.25 V for the chromato complex and the inter-
ionic distance a; as the sum of 0.34 and ~0.45 nm for the ionic
radii of HA™ and the chromato complex, respectively, ki,
was determined as 1 x 10* dm® mol™* s™*. This is larger by
several orders of magnitude than the self-exchange rate for
the pentaammineaquacobalt(in) ion*® and other mononuclear
cobalt(ur) complexes.®®* No self-exchange rate constants are
available in the literature for dinuclear cobalt(ir) complexes of
this type. The value of k;, seems to imply that the cobalt(u)
moiety may be more reactive upon co-ordination to the d°
chromium(vr) ion.*

The activation parameter associated with the ks pathway may
imply some stability in the activated complex generated by this
pathway. The negative entropy is indicative of an associative
type of reaction, or could implicate the solvent as playing a
dominant role. It is not unusual, however, for outer-sphere reac-
tions to exhibit negative entropies of activation as is evident
from previous reactions involving mononuclear cobalt(i)
sysems.®*?” The thermodynamic parameters, AH® and AS°,
also seem consistent with the formation of an ion pair.

Second phase

The kinetics of this reaction was studied over the ranges
6.08 <pH =<8.73, 21.0<0=<30.0°C and 0.001<[A]; <
0.022 mol dm~3, at ionic strength 0.50 mol dm™3. The rate con-
stants increase as the pH decreases (Table 2) and as [ascorbate]
increases (SUP 57240). From a plot of Kk, vs. [ascorbate];, a
slope of 0.32 % 0.06 dm® mol~* s™* and an intercept of (5.3
1.2) x 107*s* were obtained (Fig. 3). The intercept indicates an
ascorbate-independent path, which may be due to spontaneous
hydrolysis of the chromato complex under the present experi-
mental conditions. This rate constant is larger than the earlier*
quoted value (<3.6 x 1077 s7%), obtained under different con-
ditions, but is in excellent agreement with the rate constant
[(5.6 + 1.4) x 10~* s7*] reported in the first phase for the spon-
taneous hydrolysis studied independently of the second phase.
It is well documented *® that hydrolysis of the chromato com-
plex results in the formation of HCrO,” and [Co(NH,)s-
(OH)J** as indicated in equation (14), and both these species
react with ascorbate.®*® In aqueous solution it had been shown®
that the ascorbate monoanion, HA™, is the main reactant under
the conditions of this experiment, and the complex may exist as
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Table 2 Pseudo-first-order rate constants for the reaction between -
ascorbic acid and the chromato complex. Effect of pH (Tris—-HCI buf-
fer); 1=0.50 mol dm~® (NaClO,), [ascorbate]; = 5.0 x 10~ mol dm3,
[complex]; = 2.0 x 10~* mol dm ™3

21.4°C

25.0°C 29.9°C

pH 103K psfs * pH 10%Kpsfs * pH 103K psfs*

6.12 15.6 6.22 18.0 6.08 25.5
6.21 14.0 6.34 13.0 6.14 25.4
6.28 13.9 6.42 14.6 6.16 24.9
6.37 12.9 6.61 11.7 6.22 23.1
6.51 10.7 6.69 11.2 6.34 21.9
6.60 9.52 6.79 9.18 6.44 19.5
6.70 8.46 6.94 7.70 6.53 18.7
6.80 7.30 7.05 7.00 6.55 17.6
6.90 6.17 7.10 5.85 6.61 16.3
6.97 5.82 7.15 5.93 6.65 15.1
7.00 5.79 7.22 4.87 6.80 13.4
7.17 3.90 7.31 4.15 6.84 12.6
7.22 3.29 7.34 2.99 6.93 11.1
7.30 2.92 7.48 2.14 6.98 11.2
7.55 1.42 7.58 1.90 7.03 9.59
7.70 1.34 7.66 1.86 7.05 9.37
7.80 1.27 7.78 1.74 7.10 9.21
7.81 1.00 7.85 1.76 7.15 7.64
7.84 0.97 7.91 1.29 7.24 6.01
7.85 0.96 7.98 1.32 7.28 5.83
7.89 0.79 7.31 5.54
7.99 0.76 7.37 4.62
8.03 0.72 7.39 4.87
8.07 0.72 7.42 4.75
8.09 0.70 7.45 4.16
7.57 3.51
7.66 3.47
7.74 3.25
7.80 2.08

0/°C 10%kg/dm® mol*s*  k,/dm®*mol ts? 10" Kg/mol dm~3

21.4 4.65+1.8 4.58 + 0.04 3.61+0.10
25.0 4.63+15 5.15+0.06 2.83+0.20
29.9 550+1.9 6.70 = 0.05 2.51+0.20

AHgf = 47 £ 9k mol ™%, AH,* = 31 + 4 k] mol %, AS," = —50 + 39 J
K tmol™, AS;=—-127+16 JK * mol™*

the protonated or unprotonated form. From the proposed
mechanism in Scheme 1 equation (19) can be obtained for the

(ke[H™T + KeKe)[HTTK,[A]r
([(H] + K(KiK, + Ky[HT + [H7])

(19)

kobs =

elementary processes [equations (8) and (9)] which involve oxi-
dation of HA™ by HCrO,™ and CrO,?", respectively. Over the
pH range used in this study, and using the known values of the
two protonation constants of L-ascorbic acid,® the relation
K.K, < K{[H*] + [H*]?is justifiable, hence K;K, may be omitted
and upon simplification equation (20) is obtained from which

o (GlH] + KKK, ALy
T ([H] + Ke)(Ky + [H'])

(20)

the rate constants k; and kg can be evaluated. Non-linear
regression analyses by the usual method®*® produced the best
fits (Table 3), while the linear form of equation (16) was used to
generate the fits in Fig. 4.

A good fit using equation (20) was directly dependent on the
value of K. The final form of the rate law [equation (20)] is
identical to that used for the chromium(vi) system® above pH 5.
If free chromate is formed during the course of the reaction,
then K; represents the proton-dissociation constant for the
hydrogenchromate anion. From the analysis, the calculated
values of K, are smaller than the literature value by a factor of
3-4, less than an order of magnitude. The agreement between
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Fig. 4 Plot of kg, (K; + [HT])(Kg + [HT])/K [A]; vs. [H*] for the oxi-
dation of L-ascorbic acid by the pentaamminechromatocobalt(ir) com-
plex at different temperatures: (a) 29.9, (b) 25.0 and (c) 21.4°C

the two protonation constants is encouraging, since the latter is
calculated from the kinetic results and furthermore was deter-
mined in the presence of pentaamminehydroxocobalt(ur) which
may have caused a slight lowering of K.

Oxidations by the chromium(vi) ion are known to proceed
through a number of steps including the formation of ester-
type intermediates followed by subsequent electron transfers. In
this intermediate species substrates such as ascorbate is bound
at the chromium centre, generating a five-co-ordinate system
the formation of which is pH dependent and provides a low-
energy route which facilitates electron-transfer processes via an
inner-sphere type mechanism. In deriving equation (19) it
is assumed that formation of the ester intermediate is rate
determining and no appreciable build up of this intermediate
occurs, as three single electron transfers leading ultimately to
the chromium(ir) product are extremely fast.®

The [H*]-dependent path, k;, has the larger rate constant,
while kg is smaller by a factor of 10%. Both, however, are smaller
than those of the major pathways for the reaction between the
free Cr¥' ion and ascorbic acid,® with kg being about two times
smaller than the previous value of 0.10 +0.02 dm® mol™?,
which should be construed as good agreement. It was men-
tioned that during the analysis the value of k; was dependent on
Kg. The somewhat lower value obtained for k; is linked with the
reduced value of K, the protonation constant of HCrO,". In
fact, sample calculations indicate that k, increases as Kg
increases.

The activation parameters for the k, path (AH," =31 + 4 kJ
mol™?, AS, = —127 + 16 J K™ mol™?) are not completely dif-
ferent from those for the reaction between the unbound chro-
mium(vr) ion and ascorbate (Table 3), where the corresponding
values were AH*=44+3 kJ mol™ and AS*=-62+11 J
K™ mol™. The enthalpies of activation are identical, within
experimental error, but a slightly lower entropy of activation is
obtained from this study. It is possible that the role of the solv-
ent is more important in this reaction, due to the presence of
the positively charged cobalt ions. This could influence con-
striction of the solvent molecules, leading to a more negative
entropy, since the activated complexes are expected to be the
same for both sets of reactions.

The foregoing discussion implies that the mechanism pro-
posed is plausible for phase 1 of the reaction. It is observed that
both metal centres participate in electron-transfer processes,
and it is obvious that chromium(vi) retains its oxidising proper-
ties. The ascorbate-induced degradation of the starting com-
plex occurs through electron transfer, not an aquation reaction
mediated by ascorbate. The resulting chromium(vi) ion sub-
sequently reacts with ascorbate in a series of one-electron trans-
fer steps in the usual manner, leading to the formation of
intermediate chromium-(v) and -(1v) states.>*°

Table 3 Summary of rate and activation parameters for the oxidation
of the ascorbate anion, HA", at 25 °C

Oxidant Chromato complex?® Data?® from ref. 9

HCro,” k,=5.15+0.06 k,=59.5+ 0.5
AH,; =31 +4kImol™? AH,* =44 + 3kI mol™*
ASﬁ =—127+16JK™ ASf =—62+11JK *mol?
mol~*

Cro,/*” ke=(4.6 £1.5)%x10°? k, =0.10 £ 0.02

AHg = 47 + 9’k mol™*
ASgf=—-50+39J K™
mol~* mol~*

Ks=2.83 x 107" mol dm™3" K, =1.05x 10"® mol dm~2°

2 All rate constants in dm =2 mol~* s, ® Proton dissociation constant for
HCrO,” ——=Cr0,* + H.

AH,* =695 + 133 kJ mol™*
AS,'=—-127+16 K™

Acknowledgements

Funding for this work was provided through the Department of
Chemistry and a Postgraduate award (to D. A. D.) by the Board
for Graduate Studies, University of the West Indies is gratefully
acknowledged. We also thank the referees for their very helpful
suggestions and criticisms.

References

1 J. H. Espenson and E. L. King, J. Am. Chem. Soc., 1963, 85, 3328;
E. L. King and J. A. Neptune, J. Am. Chem. Soc., 1953, 77, 3186.

2 G. P. Haight, D. C. Richardson and N. H. Coburn, Inorg. Chem.,
1964, 3, 1777; J. Y. Tong and E. L. King, J. Am. Chem. Soc., 1953,
75, 6180; S. A. Frennesson, J. K. Beattie and G. P. Haight, J. Am.
Chem. Soc., 1968, 90, 6018.

3 C. H. C. Briggs, J. Chem. Soc., 1919, 67.

4 A. Okumura, N. Takeuchi and N. Okazaki, Inorg. Chim. Acta, 1985,
102, 127.

5 N. P. Sadler and T. P. Dasgupta, Transition Met. Chem., 1992, 17,
317, 409.

6 P. H. Connett and K. E. Wetterhahn, Struct. Bonding (Berlin), 1983,
54, 95.

7 P. H. Connett and K. E. Wetterhahn, J. Am. Chem. Soc., 1985, 107,
4283.

8 P. H. Connett and K. E. Wetterhahn, J. Am. Chem. Soc., 1986, 108,
1842.

9 D. A. Dixon, N. P. Sadler and T. P. Dasgupta, J. Chem. Soc., Dalton
Trans., 1993, 3489.

10 B. Banas, Inorg. Chim. Acta, 1981, 53, L13.

11 S. K. Ghosh, R. N. Bose and E. S. Gould, Inorg. Chem., 1987, 26,
3722.

12 F. Basolo and R. F. Murman, Inorg. Synth., 1953, 4, 171.

13 T. P. Dasgupta and G. M. Harris, J. Am. Chem. Soc., 1967, 90, 6360.

14 J. F. Endicott, G. Hugh, M. Hoffman and A. House, J. Chem. Educ.,
1969, 46, 440.

15 D. A. Dixon, N. P. Sadler and T. P. Dasgupta, Transition Met.
Chem., 1995, 20, 295.

16 B. M. J. Bielski, in Ascorbic acid: Chemistry, Metabolism and Uses,
eds. P. A. Seib and B. M. Tolbert, American Chemical Society,
Washington DC, 1980, ch. 4, p. 82.

17 D. E. Cabelli and B. H. J. Bielski, J. Phys. Chem., 1983, 87, 1809.

18 K. Abdur-Rashid and T. P. Dasgupta, J. Chem. Soc., Dalton Trans.,
1996, 1393.

19 I. B. Afana’sev, V. Grabovetskii and N. S. Kubrianova, J. Chem.
Soc., Perkin Trans. 2, 1987, 281.

20 K. Tsukahara and Y. Yamamoto, Bull. Chem. Soc. Jpn., 1981, 54,
2642.

21 R. A. Kirby and T. P. Dasgupta, unpublished work.

22 M. Kimura, M. Yamamoto and S. Yamabe, J. Chem. Soc., Dalton
Trans., 1982, 423.

23 N. Oishi, Y. Nishida, K. Ida and S. Kida, Bull. Chem. Soc. Jpn.,
1980, 53, 2847.

24 M. J. Akhtar and A. Haim, Inorg. Chem., 1988, 27, 1608.

25 R. B. Jordan, Reaction Mechanisms of Inorganic and Organometallic
Systems, Oxford University Press, Oxford, 1991, p. 182.

26 P. Martinez, J. Zuluaga, P. Noheda and R. van Eldik, Inorg. Chim.
Acta, 1992, 195, 249.

27 K. Tsukahara, T. lzumitani and Y. Yamamoto, Bull. Chem. Soc.
Jpn., 1982, 55, 130.

Received 8th January 1997; Paper 7/00211D

J. Chem. Soc., Dalton Trans., 1997, Pages 1903-1907 1907



