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Ascorbic acid (H2A) is very rapidly oxidized by the chromium(V) chelate bis(2-ethyl-2-hydroxybutyrato)oxochromate(V) (I) in 
solutions buffered by the ligand acid, 2-ethyl-2-hydroxybutanoic acid, and its anion. Equimolar quantities of the two redox reagents 
are consumed, corresponding to the formation of dehydroascorbic acid and Cr(II1). As in the reductions of I- and HSOF examined 
previously, the reaction proceeds through Cr(IV), which accumulates gradually but disappears quickly after Cr(V) is gone. The 
overall reaction is catalyzed by Cr(IV) and passes through the ascorbate radical (HA’), for which Cr(IV) and Cr(V) complete. 
The proposed reaction sequence (eq 2-5 in the text), in conjunction with rate constants for the component steps obtained by 
least-squares refinement of the stop-flow kinetic data, reproduces the observed rate profiles. The l e  oxidations of ascorbic acid 
by both Cr(IV) and Cr(V) are strongly inhibited by H+, indicating that the conjugate base of ascorbic acid, HA-, is a more powerful 
reductant than its acidic form. The reaction step involving Cr(V) and HA- is subject to kinetic saturation, pointing to formation 
of a Cr(V)-HA- complex having an association constant of 110 M-‘ and a limiting specific rate of 1.9 X lo3 s-( (24 OC, p = 0.4 
M) for electron transfer. Properties of the Cr(II1) products are those of chelates derived from the ligand anion, Lig--the first 
a unipositive bis chelate of (H20)2Cr111 and the second an uncharged bis chelate of (H,O)(Lig)Cr”’. Preservation of the rings 
present in the Cr(V) reactant indicates that chelation persists during all steps involving Cr(V) and Cr(1V). Comparison of specific 
rates with those for known outer-sphere transformation leads to the conclusion that a t  least three of the four individual steps in 
the suggested sequence proceed through inner-sphere activated complexes. It is proposed that the observed autocatalysis requires 
that the radical intermediate, HA’, exist in an uncomplexed state after it is formed but before it is destroyed. 

The reductions of carboxyl-bound derivatives of Cr(V)3 to 
Cr(II1) using le  reagents must, in principle, pass through Cr(1V). 
This atypical s ta te  reacts with some reductants (e.g., TiOH2+ and 
1rc163-)4’5 much more rapidly than does the Cr(V) complex from 
which it is formed, and its intervention is consequently not detected. 
In other instances (reductions with Fe(I1) and V02+)687 reactions 
with Cr(V) and Cr(IV) are more nearly competitive, and it has 
been possible to estimate rates for both t h e  formation of Cr(1V) 
and its subsequent  reduction. 

More complicated kinetic behavior may arise when reductants 
that  undergo both le and 2e oxidations are taken, for in such cases 
four different acts  of single electron transfer may occur. Suitable 
interplay of competing rate processes can then lead to auto-  
catalysis, as has been observed for reductions by H3PO2 (which 
passes through a PI’ intermediate),* by HS03- (which passes 
through Sv),9 and by iodide (in which I’ is implicated).IO 
Moreover, in the latter two systems the gradual growth and sudden 
decay of Cr(1V) have been shown to generate  a clocklike pattern. 

The reductions of Cr(V)  by a variety of organic compounds 
have been described by a number  of workers,]’ but no worker 
appears t o  have observed a Cr(1V) intermediate or reported 
substant ia l  autocatalysis. The present extension deals with t h e  
reduct ion of t h e  bischelated CrVO derivative of 2-ethyl-2- 
hydroxybutyric acid (I) with ascorbic acid (11). The latter reagent 
was  chosen in view of i ts  recognized capaci ty  to enter  into both 
one- and two-electron transactions,12 leading us to  anticipate that  
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it  might  exhibit kinetic characteristics re la ted to  those of t h e  
simpler “ambifunctional” inorganic reductants  previously exam- 
ined. This was found to be the case, although differences in detail 
were noted, reflecting an unusually high activity of this reductant 
a n d  t h e  occurrence of kinetic saturat ion in a key reaction step. 

Experimental Section 
Materials. Sodium bis(2-ethyl-2-hydroxybutyrato)oxochromate(V) 

(the sodium salt of I) was preparedga and purified’ as described. Lithium 
perchlorate, used in kinetic experiments, was prepared by the procedure 
of Dockali3 and was recrystallized twice before use. 2-Hydroxy-2- 
ethylbutanoic acid (the “ligand acid”) and L-ascorbic acid (Aldrich) were 
used as received, but all solutions of the latter were prepared in distilled 
water that had been previously boiled and purged with N, for at least 
4 h (to remove 02). Such solutions were used within 1 h after prepa- 
ration. Cation-exchange resin (Bio-Rad 50W-X2; 200-400 mesh) was 
treated before use as de~cr ibed . ’~  

Stoichiometric Studies. The stoichiometry of the Cr(V)-ascorbic acid 
reaction was determined by spectrophotometric titration at 510 nm. To 
measured quantities of Cr(V) (0.003-0.007 mmol), in a solution buffered 
with equivalent quantities of the ligand acid and its sodium salt, were 
added small known portions of ascorbic acid solution. Optical densities 
were recorded immediately after each addition. Plots of absorbance vs. 
added reductant showed sharp break points as [ascorbic acid]/[Crv] = 
1.04 f 0.04. 

Examination of the Cr(II1) Reaction Products. Reaction mixtures 
(volume 2.5 mL) were 0.056 M in Cr(V) and were buffered by equal 
concentrations (0.3 M) of 2-ethyl-2-hydroxybutyric acid and its sodium 
salt. These were treated with excess ascorbic acid, and the resulting 
mixture was subjected to cation-exchange chromatography at 3 OC.’s  
The major fraction was eluted with distilled water and exhibited ab- 
sorption maxima at 588 (e = 55) and 414 nm ( e  = 70 M-’ cm-’); this 
fraction constituted 70% of the chromium taken when the buffering 

(13) Dockal, E. R.; Everhart, E. T.; Gould, E. S.  J .  Am. Chem. SOC. 1971, 
93, 5661. 

(14) Gould, E. S .  J .  Am. Chem. SOC. 1967, 89, 5792. 
(15) Separations were carried out with use of Bio-Rad 50W-X2 sulfonate 

resin, Hf form, 200-300 mesh, column length 5 cm, capacity 2.0 me- 
quiv. For estimates of extinction coefficients of Cr(II1) complexes, 
aliquots were oxidized with basic H202. and the chromium content was 
determined as chromate. See, for example: Haupt, G .  W. J .  Res. Natl. 
Bur. Stand. (US.) 1952, 48, 414. Spectra of our Cr(lI1) products were 
taken at pH 3.3; these exhibited some variation with acidity, due pre- 
sumably to partial deprotonation of aquo ligands. 
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ms or more). As reactions were accelerated by increasing pH or [as- 
corbate], results became progressively more erratic, and agreement be- 
tween parameters pertaining to most rapid runs (maximal absorbance 
near 15 msec) was generally no better than 20%, probably reflecting 
lower instrumental sensitivity a t  short time intervals. 
Results and Discussion 

Spectrophotometric titration of Cr(V) with ascorbic acid (at 
510 nm) indicates that very nearly equimolar quantities of the 
two redox reagents are used in the transformation at hand. Hence, 
ascorbic acid, like Cr(V), has entered into a net 2e transaction. 
In accord with a large number of past reports of such ascorbate 
oxidations,'2,21 the organic product is taken to be dehydroascorbic 
acid (111):22 

1 I I I I I 
t, msec *O 60 80 

Figure 1. Kinetic profile a t  600 nm for the reaction of Cr(V) chelate I 
(3.7 X lo-' M) with ascorbic acid (7.5 X M) at  23.8 OC. The 
supporting medium was 0.050 M in 2-ethyl-2-hydroxybutyric acid, 0.10 
M in its sodium salt, and 0.30 M in LiCI04; the pH was 3.66. The solid 
line is the experimental curve, whereas the circles represent absorbances 
calculated form the sequence (2)-(5) in the text, taking kl and k3 as 2.82 
X lo2 and 5.31 X lo4 M-I s-l, respectively, and the ratio kz/k4 as 13.2. 
Extinction coefficients used (M-I cm-I): Cr(III), 39, Cr(IV), 516; Cr(V), 
38. Mixing time: 0.005 s. Optical path length: 2.00 cm. 

carboxylate anion was 0.3 M but dropped to 50% when [Lig-] was 0.03 
M. A smaller fraction, readily eluted with 1.0 M NaC104, had maxima 
at 583 (c = 47) and 414 nm (c  = 62 M-I cm-I). Recovery of chromium 
generally fell between 88 and 93%. 

Kinetic Measurements and Estimates of Specific Rates. Reactions 
were monitored by following absorbance changes at  510 and 600 nm with 
a Durrum-Gibson stop-flow spectrophotometer. Total ionic strength was 
maintained near 0.40 M by addition of LiC104, and pH values were 
regulated by addition of measured quantities of 2-ethyl-2-hydroxybutyric 
acid (pK, 3.32)16 and its sodium salt. All runs were carried out a t  23.7 
f 0.2 "C with ascorbic acid in excess. 

Kinetic traces at 510 nm were dominated by the decay of Cr(V). 
Slopes increased markedly as the reaction proceeded, indicating auto- 
catalysis, and then leveled off near the final 10% of reaction when Cr(V) 
was almost exhausted. Curves taken at 600 nm, where Cr(V) and the 
Cr(II1) product have nearly equal extinction coefficients, were more 
complex, showing the growth of a strongly absorbing intermediate and 
then its more rapid consumption (Figure 1). Depending upon reagent 
concentrations, maximal absorbance were observed from 0.01 5 to 0.080 
s after mixing. Fits of our profiles to a reaction sequence featuring 
autocatalysis by Cr(1V) (as described in the Discussion) were accom- 
plished initially by using the program INTEGRAL to generate curves that 
were compred to those o b s e r ~ e d . ~ * " ~ ' ~  Individual rate constants giving 
reasonable agreement between observed and calculated optical densities 
were subjected to further refinement using an iterative nonlinear least- 
squares p r o c e d ~ r e . ' ~ . ~  Parameters resulting from the final refinements 
reproduced the observed curves closely, and agreement between specific 
rates obtained from replicate runs with different master solutions was 
within 10% for the slower reactions (featuring peak absorbances at  50 

Srinivasan, V. S.; Gould, E. S. Inorg. Chem. 1981, 20, 3176. 
Kinetic fits, which utilized a fourth-order Runge-Kutta integration 
technique,I8 were accomplished by a FORTRAN-77 program on an 
IBM 3081D computer system. The FORTRAN-IV version of the 
program, for which we thank Professor Gilbert Gordon (Miami Univ- 
ersity, Oxford, OH), was modified to incorporate the appropriate dif- 
ferential equations and stoichiometric relationships. Copies of the 
modified program may be obtained from R.N.B. 
(a) Margenau, H.; Murphy, G. M. "The Mathematics of Physics and 
Chemistry"; Van Nostrand: New York, 1943; p 469. (b) Wiberg, K. 
In "Techniques of Chemistry", 3rd ed.; Lewis, E. S., Ed.; Wiley: New 
York, 1974; Vol. VI, Part I, p 764. 
This program, which was developed by R. Moore and T. W. Newton 
of Los Alamos National Laboratory, was obtained from Professor 
Gilbert Gordon. The FORTRAN-IV version was changed, with the 
help of Dr. J. W. Reed, to FORTRAN-77 in order to adapt to the IBM 
3100 system. The program, which minimizes the function (AbscSlcd - 
Abs,M2, uses the Gaussian method described by McWilliams and co- 
workers.20 Trial values of the rate constants were those obtained from 
the -INTEGRAL" procedure. Individual experimental points were un- 
weighted. 
McWilliams, P.; Hall, W. S.; Wegner, H. E. Rev. Sri. Instr. 1965, 33, 
76. 
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Since the PKA of ascorbic acid (4.01)23 lies close to the pH range 
used in the kinetic experiments, the acid must be partially con- 
verted to its conjugate base in our systems. 

The relatively high molar absorptivities of the two predominant 
Cr(II1) products indicate that both are bis chelates derived from 
the parent a-hydroxy a ~ i d . 2 ~  The spectrum of that product quickly 
eluted from our cation-exchange resin with 1 M NaC104 corre- 
sponds closely to that of the species formed by reduction of bis 
chelate I with Fe(II), V02+,  and TiOH2+.4,6,7 This component 
is taken to be a bischelated dicarboxylato complex of (H20)2Cr111 
(net charge + l),  and its observed elution behavior confirms this. 
The more rapidly moving fraction, which is eluted with water 
alone, exhibits still higher extinction coefficients (ess8 = 5 5 ,  t414 

= 70 M-' cm-') and appears to be uncharged. Its properties are 
consistent with a bischelated structure in which one of the co- 
ordinated waters has been replaced by a carboxylato ligand derived 
from the buffering acid, and its yield is seen to rise as the con- 
centration of buffer in the generating solution is increased.25 

Reaction profiles taken at  510 nm, where Cr(V) absorbs much 
more strongly than Cr(III), features slopes that increase steadily 
during the first 90% reaction before falling off near the end. We 
are thus dealing with an autocatalytic system in which the growth 
of a catalytic species (as the reaction progresses) more than 
compensates for the attendant loss of substrate(s). Kinetic curves 
recorded at 600 nm (e.g. Figure I) ,  where Cr(V) and Cr(II1) have 
very nearly equal molar absorptivities, are even more informative, 
showing the generation and consumption of an intermediate that 
aborbs strongly in the region characteristic of Cr( IV) complexes.8~~ 
Note that the falling portion of the curve is markedly steeper than 
the rising portion, in contrast to the more usual curves resulting 
from the straightforward superposition of first-order processes, 

(21) See, for example: (a) Kustin, K.; Toppen, D. L. Inorg. Chem. 1973, 
Z2, 1404. (b) Mushran, S.  P.; Agrawal, R. M.; Mehrotra, R. M.; 
Sanehi, R. J. Chem. SOC., Dalton Trans. 1974. 1460. 
For a critical consideration of the usual triketo structure for dehydro- 
ascorbic acid and evidence that it exists as a dimer in the solid state, 
see: Hvoslef, J. Acta Crystallogr. Sect. B: Struct. Crystallogr. Cyrst. 
Chem. 1972, B28, 916. 
This pKA, determined by partial titration in 0.50 M NaC104 at 21.5 OC, 
is in agreement with the value 4.03 (20 'C, = 1.0) reported by 
Pelizzetti.lzb 
Visible spectra of a number of chelated and nonchelated carboxylato 
complexes of Cr(II1) have been compiled by Fanchiang.' Note that the 
2-hydroxyalkanoic acid enters into chelation with Cr(II1) as its unine- 
gative anion but loses both its carboxyl and hydroxyl protons when it 
coordinates with the more acidic Cr(V) center.I6 
The same strongly absorbant uncharged Cr(II1) complex is formed in 
the reduction of Cr(V) complex I with cysteine (S.K.G., unpublished 
experiments, 1986). It was not, however, observed when Cr(V) was 
reduced with Fe(I1) or TiOH2+.4.6 Reactions with these metal center 
reductants were carried out at pH's near 2; hence the concentration of 
carboxylate anion available for ligation was much lower. 
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Table I. Kinetic Parameters for the Reduction of Carboxylate-Bound Chromium(V) with Ascorbate' 
[Red] M PH [LigH]: M [Lig-],d M 10-2kl: M-' s-' 1O4k3,C M-' s-I k2/k4' 10-2c~,(Iv):J M-I cm-l 

0.0075 3.32 0.10 0.10 2.7 4.1 15 4.8 
0.0148 
0.0220 
0.0296 
0.0370 
0.0555 
0.0740 
0.0075 
0.0075 
0.0075 
0.0075 
0.0075 
0.0075 

3.32 
3.32 
3.32 
3.32 
3.32 
3.32 
2.46 
2.67 
3.03 
3.66 
3.99 
4.26 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.30 
0.20 
0.10 
0.050 
0.050 
0.050 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.050 
0.050 
0.050 
0.10 
0.20 
0.30 

2.8 
2.6 
2.2 
2.2 
2.0 
1.8 
0.47 
1.1 
1.5 
2.8 
3.4 
4.6 

3.0 
2.5 
2.2 
1.9 
1.8 
1.5 
0.7 
1.1 
1.2 
5.3 
7.7 
7.1 

9.8 
8.7 
8.4 
7.7 
5.7 
4.9 

18 
16 
19 
13 

11 
9.4 

4.0 
3.8 
3.6 
3.4 
3.5 
3.3 
6.3 
5.6 
4.9 
5.2 
5.6 
4.8 

' Reactions were carried out at 24 OC; p = 0.4 M (LiC10,); chromium(V), added as sodium bis(2-ethyl-2-hydroxybutyrato)oxochromate(V) (I), 
was 0.0037 M throughout. Total concentration of reductant, ascorbic acid, added. 2-Ethyl-2-hydroxybutyric acid. 2-Ethyl-2-hydroxybutyrate. 
eParameters obtained from nonlinear least-squares refinement in which absorbances were compared with those obtained by integration of differential 
equations based on the sequence (2)-(5) (see text and ref 9 and 19). '600 nm. 

for which the reverse holds true. The more sudden drops are 
strongly reminiscent of the profiles for reductions of Cr(V) with 
HS03- and I-, each of which has been shown to have a prominent 
autocatalytic c o m p ~ n e n t . ~ J ~  

Both the intervention of Cr(1V) and the observed autocatalysis 
require that the reducing agent, ascorbic acid (like the oxidant), 
participate in single-electron transactions in our systems, giving 
rise to a radical intermediate (abbreviated HA') en route to the 
2e product, dehydroascorbate, I11 (Ao). A number of workers12J1-26 
have presented evidence that this radical intercedes in ascorbate 
oxidations, and its ESR spectrum has been described in detaiLZ7 

The reaction sequence (2)-( 5 ) ,  consisting of four single-electron 
steps, fits the observed kinetic curve for each individual run. The 

k2 
CrV + HA' - Cr" + Ao + H+ 

early stages of reaction involve only (2) and (3);  as [CrIV] in- 
creases, reaction 4 assumes importance, thus increasing [HA']. 
The latter radical reacts more rapidly with CrV (k2)  than with 
CrIV ( k 4 ) ,  and the CrV-HA' reaction regenerates Cr", leading 
to the observed autocatalysis. When CrV is depleted, (4) and ( 5 )  
continue until all CrTV is converted to Cr1IT. 

Derivation of differential equations generated by sequence 2-5, 
application of the steady-state approximation to radical HA', and 
employment of the Runge-Kutta integration procedure were 
carried out as described for the Cr(V)-S(IV) r e a ~ t i o n . ~  Values 
of k l ,  k,, and the ratio k2lk4 were allowed to vary independently. 
Integration then yielded the concentrations of the three chromium 
oxidation states and ascorbate a t  5-ms intervals. Incorporation 
of molar absorbances of Cr(V), Cr(IV), and Cr(II1) gave cal- 
culated absorbance values of the mixture a t  each point.z8 The 
set of parameters giving the closest fit to the observed profiles 
were used as trial values for a final iterative nonlinear least-squares 
refinement. l 9  

Table I lists values of the parameters k, ,  k3, kz/k4, and ccr(IV) 
resulting from these refinements. Calculated absorbances (solid 
circles) obtained from one set of parameters are compared with 

(26) See, for example: (a) Taqui-Khan, M. M.; Martell, A. E. J.  Am. Chem. 
SOC. 1968, 90, 6011; 1969, 91, 4668. (b) Laurence, G. S.; Ellis, K. J. 
J .  Chem. SOC., Dalton Trans. 1972, 1667. 

(27) (a) Yamazaki, I.; Mason, H. S.; Piette, L. H. J .  Biol. Chem. 1960, 235, 
2444. (b) Yamazaki, I.; Piette, L.  H. Biochem. Biophys. Acta 1961, 
50, 62. 

(28) The value of ccr(v) was taken from the initial absorbance of the reaction 
mixture and that of cCr(lll) from the final abosrbance. Both of these were 
kept fixed, but cCr(lV) was allowed to vary. Ascorbate and dehydro- 
ascorbate absorb negligibly at the wavelengths used. 

Scheme 
0- 
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the appropriate experimental curve in Figure 1 .  The quick drop 
in absorbance at  600 nm, soon after the maximum is attained, 
reflects the decay of Cr(1V). 

As emphasized in connection with earlier treatments of this 
~ o r t , ~ . l ~  these parameters are much less precise than those asso- 
ciated with more straightforward kinetic systems requiring just 
one specific rate for each kinetic run. It is clear, however, that 
the sets of rate constants reproducing the experimental curves for 
individual runs show substantial variation with changes in the 
reaction medium. Both the Cr(V)-ascorbate component ( k , )  and 
the Cr(1V)-ascorbate component (k , )  are more rapid at higher 
pH's. Moreover, the apparent value of k3 decreases a t  higher 
ascorbic acid concentrations, pointing to the formation of a Cr- 
(1V)-ascorbate complex. If formation of this complex entails a 
mobile equilibrium, kinetic evidence alone cannot tell us whether 
electron transfer takes place within the complex or between the 
free redox partners in equilibrium with it, although comparisons 
of individual specific rates leads us to favor the former alternative 
(see below). In any case, the limiting specific rate, ( k & , ,  for 
this kinetic component and the association. constant for the complex 
( K )  are related to the various values of k,  

Least-squares refinement of k,  values a t  pH 3.32 yields (k3),im 
= (3.6 f 0.4) X lo4 M-ls-' a nd an association constant of 18.6 
f 5.1 M-'.29 



Reduction of Cr(V) with Ascorbic Acid 

Values of kl remain very nearly constant if [ascorbic acid] is 
kept below 0.05 M, although there is a hint of an approach toward 
kinetic saturation at higher concentrations. The downward trend, 
with increasing ascorbate, in the ratio k2 /k4  (which pertains to 
the competition between CrV and CrIV for the radical HA') 
probably reflects again the partial conversion of Cr(1V) to an 
ascorbate complex, but for this step, (eq 5 )  in the redox sequence, 
the adduct appears to be more reactive than the unbound oxidant. 

The marked accelerations, with increasing pH, of the one- 
electron reductions by ascorbic acid of both Cr(V) and Cr(1V) 
(k,  and k3) undoubltedly relfect, in part, the conversion of the 
reductant to the more reactiveIzb uninegative form, HA-. In 
addition, however, both Cr(V) and Cr(1V) are thought to be 
involved in acid-base equilibria within the acidity range exam- 
ined.7J0v30 Hence, at least three components may be undergoing 
partition between protonation levels, each with a different acidity 
constant, complicating the relationships between rates and acidity. 
Values of k, and k3 resulting from our treatment appear to be 
of insufficient precision to justify an overall multiparameter re- 
finement dealing with runs a t  seven acidities. 

Neither of the two principal Cr(II1) products, both of which 
are taken to be bischelated derivatives, is thermodynamically 
favored, for both undergo eventual aquation on standing in our 
media. Preservation of the rings shows us that chelation persists 
during all steps involving Cr(V) and Cr(1V). Partial conversion 
of the diaquo fraction to the unhcarged species having an addi- 
tional carboxylato group at an axial position almost certainly 
occurs a t  the Cr(1V) level, for this state is now recognized to be 
more substitution labile than either Cr(V) or Cr(III).8 

The most remarkable aspect of the present study is undoubtedly 
the very high reactivity of ascorbate in this system, a facet which 
is particularly striking in view of the weakly reducing formal 
potential (0.93 V) that has been estimatedLzb for l e  oxidation of 
HA- to HA'. It is instructive to compare the specific rate for the 
initial Cr(V)-HA- step ( k ,  - 7 X lo2 M-' s-l ) t o that for the 
reaction of the same Cr(V) complex with IrC163- (3.4 X 10-2),5 
a reductant with nearly the same formal reduction potential as 
HA-.31 The self-exchange rate for the Ir(II1,IV) couple is re- 
corded as 2.3 X lo5 M-' s-1,32 whereas that for HA-,HA' has been 
estimated as 3.5 X 105.33 The Marcus stipulates that 
two reductants having the same formal potentials and very nearly 
equal self-exchange rates should react with a given oxidant at very 
nearly the same specific rates, provided that both "cross-reactions" 
are outer sphere. The observed rate ratio (kHA/kI,(rII) = 2 X lo4) 
pertaining to the two reductants then implies strongly that the 
Cr(V)-ascorbate reaction (k,) is utilizing an additional (Le., an 
inner-sphere) path. 

Although both k3 and k l  are seen to vary with pH, their ratio 
in a given medium falls between 100 and 200 throughout the range 
examined, being substantially above the corresponding kq,,Iv,/ 
kcrcv) ratios for reductions with U(1V) (10-20)35 and with I- 
(30-60),'O which are thought, on the basis of other evidence, to 
proceed by outer-sphere paths. Since a large inner-sphere com- 
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ponent appears to contribute to k,, the ratio k3/kl would be 
expected to fall below 20 if k3 were to employ only an outer-sphere 
route. The reverse is the case, indicating that the Cr(1V)-HA- 
reaction is, like k , ,  predominantly inner sphere. Furthermore, 
the inversion in relative rates (k , /k , )  for oxidation of HA', which 
reacts with Cr(V) 5-20 times as rapidly as with Cr(IV), points 
to the operation of an inner-sphere path for the Cr(V)-HA' 
reaction but leaves open the question with respect to the 
Cr(1V)-HA' step.36 Thus, rate comparisons with known systems 
suggest that a t  least three of the four steps in the proposed redox 
sequence involve bridged activated complexes. 

In principle, an inner-sphere Cr(1V)-ascorbate reaction should 
produce a Cr(II1)-bound oxidation product. However, oxidation 
of ascorbate disrupts its enediol function, leaving the oxidized 
forms (HA' and Ao) much less effective ligands than ascorbate 
itself. Thus, Cr(II1)-bound products would be expected to suffer 
rapid aquation in the medium used. 

A number of workers have suggested that reductions of the 
higher oxidation states of chromium by organic hydroxyl com- 
pounds proceed through ester-like intermediates having at least 
one Cr-O-C  nit."^*^^ It is reasonable to suspect that a similar 
species (e.g., "precursor complex" IV in Scheme I) intervenes in 
each of the inner-sphere steps in the proposed sequence. Internal 
electron transfer (IET) within IV may yield a Cr(II1)-HA' in- 
termediate (V), which, upon rapid aquation, releases radical HA', 
for which Cr(V) and Cr(1V) compete. Analogous schemes may 
apply to the Cr(V)-HA- reaction (2) and the Cr(V)-HA' reaction 
(3) ,  the latter yielding the Cr(1V) complex of dehydroascorbate 
(CrIV-A0), which should also experience rapid aquation. An 
alternate route for the overall conversion, involving a Cr(V)-HA- 
intermediate that can undergo internal electron transfer to Co- 
(1V)-HA' and thence to Cr(II1) + dehydroascorbate, cannot be 
considered a major contributor, for it does not entail release of 
free HA'; hence, it does not ammodate the observed autocatalysis. 

It is likely that the latter point helps explain why, despite the 
extensive body of past work pertaining to the oxidations of organic 
compounds by the higher valence states of c h r ~ m i u m , ~ ~ ~ ~ ~ , ~ ~  au- 
tocatlaysis is reported only rarely. The sequence we propose 
requires not only that the organic substrate exist at three oxidation 
levels differing by a single unit but also that the middle (radical) 
state be stable enough to allow two metal oxidation states to 
compete for it. Since the radical must exist in uncomplexed state 
after it is formed but before it is destroyed, chelation involving 
the substrate would be expected to disfavor autocatalysis. As- 
corbate yields a stabilized radical, in which the unpaired electron 
is delocalized over the enediol system, and in the present case, 
possible chelation with the chromium center is hampered by the 
ligand environment about the oxidant, which has blocked off four 
coordination positions. Only two coordination sites remain, and 
these lie trans to each other. Autocatalysis should become less 
likely if less effective "blocking ligands" were to occupy the co- 
ordination sphere of the oxidant. A final requirement is the 
inversion in relative rates of the two higher states of the oxidant 
in attacking the primary reductant (on one hand) and the radical 
intermediate (on the other). This inversion occurs in the four 
autocatalytic Cr(V) systems examined thus far, but its source 
remains a puzzling point. 
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