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Abstract: The oxidation of AcrH2 to AcrH+ by hydrogen chromate ions in H2O/MeCN (4:1, v/v) is a chain
reaction that is strongly inhibited by oxygen. The initiation reaction between AcrH2 (or AcrD2) and H2CrO4

forms AcrH2
•+ (or AcrD2

•+) and occurs by a one-electron mechanism,kH ) kD ) 4.6 × 102 L mol-1 s-1 (25
°C). The Cr(V) produced along with AcrH• (from the acid ionization of AcrH2•+) are chain-carrying
intermediates. The propagating reaction between AcrH2 and Cr(V), k ) 1 × 108 L mol-1 s-1, is of key
importance since it is a branching reaction that yields two chain carriers, AcrH• and CrO2+, by hydrogen atom
abstraction. The same partners react competitively by hydride ion abstraction, to yield Cr3+ and AcrH+, k )
1.2 × 107 L mol-1 s-1, in the principal termination step. The reaction of CrO2+ and AcrH2, kH ) 1.0 × 104

andkD ) 4.8× 103 L mol-1 s-1, proceeds by hydride ion transfer. The Cr2+ so produced could be trapped as
CrOO2+ when O2 was present, thereupon terminating the chain. AcrH2 itself reacts with Cr2O7

2- + H+, k )
5.6 × 103 L2 mol-2 s-1, but this step is not an initiating reaction. Two successive electron-transfer steps are
believed to occur between Cr2O7

2- and AcrH2, yielding CrIV + CrVI + AcrH+.

Introduction

This research addresses the kinetics and mechanism of the
reaction between 10-methyl-9,10-dihydroacridine (AcrH2, Chart
1) and hydrogen chromate ions. The anaerobic reaction occurs
rapidly, requiring techniques for fast reactions. In contrast, O2

is a strong inhibitor, slowing the reaction by some 2 orders of
magnitude. (This effect is clearly different, however, from the
oxygen effect reported for ferricyanide oxidations.1) Together,
these effects signal a chain mechanism in which O2 acts in a
chain-breaking capacity. A combination of conventional and
stopped-flow UV methods has permitted the identification of
two important intermediates, Cr(IV) and Cr(V). The recognition
of these species and a delineation of their reactions and reactivity
constitute the major part of this study.

Various mechanismssone electron, hydride, or hydrogen
atom transfershave been proposed for reactions of dihydroni-
cotinamide adenine dinucleotide (NADH) and its analogues.2

These are the mechanisms known for NADH and its analogues
in biological and artificial redox reactions.3 The operative
mechanisms have been explored in the AcrH2-HCrO4

- system,
for the reactions of Cr(V) and Cr(IV) as well as those of HCrO4

-

itself.
We did not use NADH, which is unstable toward acid-

catalyzed hydrolysis,4 but AcrH2.5 This acid-stable substance

has been used to study biologically related reactions that utilize
one-electron mechanisms via transient intermediates.6,7 In ad-
dition to defining the role played by the transients AcrH2

•+ and
AcrH• (Chart 1), we sought to probe the Cr(V) and Cr(IV)
species that are important intermediates in chromate reactions8

and which are believed to contribute to the carcinogenic
properties of chromium.9 The reactivity of the Cr(IV) species
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Chart 1. Stable and Transient Species Derived from
10-Methyl-9,10-dihydroacridine
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(H2O)5CrO2+ has been carefully defined.10-12 Studies of the
reactivity of Cr(V), on the other hand, have been more limited;
the cationic transienttrans-(H2O)LCrO3+ ion (L ) [14]aneN4)
tends to undergo one-electron (1e) reactions,13 as do other
cationic Cr(V) complexes.14-21

Experimental Section

Materials. Most reagents were obtained from commercial sources.
AcrH2 and its 9,9′-dideuterated analogue AcrD2 were prepared from
10-methylacridone and LiAlH4 or LiAlD 4.22 These compounds were
stored and handled with minimal exposure to air. 10-Methylacridinium
iodide (AcrH+, Chart 1) was prepared from acridine and methyl iodide.
Solutions of Cr(H2O)62+ were prepared by the zinc-amalgam reduction
of hydrated chromium(III) perchlorate in 0.1 M perchloric acid.
Solutions of CrO2+ were prepared in situ at pH 1.00 by the stopped-
flow mixing of Craq

2+ (0.2-0.4 mM) and an air-saturated solution of
O2 in the presence of the desired substrate.10

Kinetics and Techniques.The kinetics studies were carried out 25.0
( 0.2°C in water-acetonitrile (4:1 by vol.), to provide for the solubility
of the reaction components. The ionic strength, adjusted with perchloric
acid and lithium perchlorate, was maintained at 1.00 M. A Shimadzu
UV-3101 PC spectrophotometer was used for spectra and conventional
kinetics. An Applied Photophysics instrument was used for anaerobic
stopped-flow (SF) studies.

The concentrations of AcrH2 were determined spectrophotometri-
cally, ε285 ) 1.32 × 104 L mol-1 cm-1. The superoxochromium ion,
CrOO2+, was identified and determined at its absorption maximum,
ε290 ) 3.0 × 103 L mol-1 cm-1.23 The NMR and EPR data were
obtained with Bruker 400 and Bruker ER 200 D-SRC instruments,
respectively.

Results

Reaction Stoichiometry.One set of determinations of the
stoichiometry was made under air-free conditions with limiting
HCrO4

- (20 µM). The anaerobic reaction occurred during
mixing. The concentration of the AcrH+ produced was deter-

mined spectrophotometrically at 358 and 417 nm. The stoichi-
ometry is 1.44:1 and 1.47:1, from which this net reaction can
be deduced:

When oxygen-saturated solutions were used under the same
experimental conditions, AcrH+ was formed more slowly, over
∼20 min. The reaction was monitored by the buildup of AcrH+

at 417 nm. At an initial ratio AcrH2:HCrO4
- of 10:1, the reaction

occurred in two stages, as depicted in Figure 1. The same
experiment was then monitored at 320 nm, where AcrH2 and
AcrH+ have an isosbestic point (ε320 ) 2.75 × 103 L mol-1

cm-1). The consumption of HCrO4- (ε320 ) 7.7× 102 L mol-1

cm-1) was complete during the time needed for the first stage
at 417 nm, Figure 1. Thus, the slowly trailing absorbance at
417 nm can be attributed to the oxidation of AcrH2 with oxygen.
To assess the stoichiometry, the kinetic profile at 417 nm was
fit to a linear+ exponential function, the amplitude of which
gave the concentration of AcrH+ produced by chromate oxida-
tion. In this way the stoichiometry in oxygen-saturated solution
was (1.88( 0.06):1, which we interpret as 2:1. The stoichi-
ometry is consistent with either of these net equations, depending
on the form of the chromium(III) product:

A further series of experiments was performed to investigate
the effect of methanol, a trap for the CrO2+ ion that may be an
intermediate under air-free conditions. The yield of AcrH+

declined systematically with increasing [MeOH], being 100%
without MeOH (relative to the expectation from eq 1), 68%
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Figure 1. Kinetic trace monitoring the buildup of AcrH+ at 417 nm
for the reaction of AcrH2 (200 µM) and hydrogen chromate ions (50
µM) at pH 1.0 andµ ) 1.00 M and 298 K. The slower, linear part of
the trace was shown to be due to the reaction between AcrH2 and
dissolved oxygen. The kinetic trace for the same system is also shown
at 320 nm, an isosbestic for AcrH+ and AcrH2, to monitor the loss of
hydrogen chromate ions, which is complete within the faster portion
of the reaction trace.

3AcrH2 + 2HCrO4
- + 11H+ )

3AcrH+ + 2Craq
3+ + 8H2O (1)

4AcrH2 + 2HCrO4
- + 1/2O2 + 12H+ )

4AcrH+ + 2Craq
3+ + 9H2O (2a)

2AcrH2 + HCrO4
- + O2 + 5H+ )

2AcrH+ + CrOO2+ + 4H2O (2b)
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(0.83 M MeOH), and 57% (2.5 M MeOH). This result signals
the competing reactions of methanol and AcrH2 with CrO2+,
the chromium(IV) intermediate.10

Because the superoxochromium(2+) ion may (or may not,
see eq 2) be formed, an attempt was made to detect it among
the products. It is a metastable species that has not been isolated,
even though it has been well-characterized in terms of spec-
troscopy and reactivity.24 A solution was made up to contain
40 µM HCrO4

- and 80µM AcrH2 (the stoichiometric ratio) at
0.100 M H+ in an O2-saturated solution. After the reaction was
finished, 200µM Fe2+ was added to bring about this reaction:

The spectrum was recorded every 2 min. Each spectrum was
subtracted from that prior to Fe2+ addition, after correction for
the small dilution. The very slight excess of AcrH2 required a
correction (because AcrH2 and Fe3+ yield AcrH+ in two steps).
Finally, the absorbance contributions of AcrH+, AcrH2, and Fe3+

were allowed for in this calculation. What remains is a difference
spectrum between the final solution and that after the addition
of Fe2+. As shown in Figure 2, there is a negative absorbance
difference around 290 nm, consistent with the presence of
CrOO2+ (ε290 ) 3 × 103 L mol-1 cm-1).23

Kinetics in Oxygen- and Air-Saturated Solutions.With an
excess of chromate (20µM AcrH2, 0.2-1.75 mM HCrO4

-),
the kinetic data followed a pseudo-first-order rate law. Experi-
ments were performed with varying [HCrO4

-] at [H+] ) 0.100
M and with varying [H+] (0.05-0.3 M) at fixed [HCrO4

-] (200
µM). The value ofkψ was directly proportional to [H+]; see
Figure S1. The experiments at varying [HCrO4

-] had a parabolic
shape consistent with the parallel reaction of Cr2O7

2- (Figure
3), this effect arising from the dimerization equilibrium,

2HCrO4
- ) Cr2O7

2- + H2O, Kd ) 98 L mol-1 at 298 K.25

This value applies to aqueous solutions but is not likely to be
different in the 80% aqueous medium used here. GivenKd, the
concentrations of HCrO4- and Cr2O7

2- can be related to [CrVI]T.
Actually, at these low concentrations, only a minor proportion
is dichromate (4% at the highest), so without great loss of
accuracy, [CrVI]T can be replaced by [HCrO4-] and, where
desired, [Cr2O7

2-] by Kd[HCrO4
-]2. The rate law under these

conditions is given by

where “2” is the stoichiometric factor relating the pair of
reactants. Least-squares fitting gave these values for the
respective third-order rate constants:k ) (1.12( 0.04)× 102

L2 mol-2 s-1 andk′ ) (5.6 ( 0.3) × 103 L2 mol-2 s-1. One
cannot display the fit of the data on a two-dimensional graph,
and so we have constructed a plot of observed vs calculated
values ofkψ, Figure S-2. It is apparent from the numerical
parameters that the less abundant dichromate is considerably
more reactive than the hydrogen chromate ion. This is a striking
effect because in most systems the hydrogen chromate ion is
much more reactive than dichromate. We return to this point in
the Discussion.

Experiments with excess AcrH2 (200µM) over HCrO4
- (20

µM) required use of the linear+ exponential function. The data
were fitted to eq 6 by use of the program Kaleidagraph. The
linear variation ofkψ with [H+] (Figure S-3) confirms the first-
order [H+] dependence. A variation of AcrH2 was also
undertaken, but the data were not fully reliable owing to
interference of the AcrH2-O2 reaction and so are not presented.

The reaction was also carried out by making three successive
injections of AcrH2 into excess HCrO4-. This procedure led to
a uniform increase in AcrH+. With reversed concentrations,(24) (a) Brynildson, M. E.; Bakac, A.; Espenson, J. H.Inorg. Chem.

1988, 27, 2592. (b) Brynildson, M. E.; Espenson, J. H.; Bakac, A.J. Am.
Chem. Soc.1987, 109, 4579. (25) Tong, J. Y.; King, E. L.J. Am. Chem. Soc.1953, 75, 6180-6186.

Figure 2. Difference spectrum from the reaction of AcrH2 (80 µM)
with hydrogen chromate ions (40µM) and Feaq

2+ (200µM) at pH 1.00,
µ 1.0 M, at 298 K. The Fe2+ was added after the other reactions were
complete as a reagent for CrOO2+. The spectral changes shown
represent the absorbance differences before and immediately after the
addition of Fe2+.

CrOO2+ + 3Fe2+ + 4H+ ) Craq
3+ + 3Feaq

3+ + 2H2O (4)

Figure 3. Pseudo-first-order rate constant for the reaction between
AcrH2 (20 µM) and hydrogen chromate ions (50-175µM) in oxygen
saturated solutions at pH 1.00,µ 1.00 M, and 298 K defines a parabolic
function, signaling the contribution of dichromate ions, present only
in much lower concentration than HCrO4

-, to the overall reaction.

-
d[AcrH2]

dt
) 2[H+]{k[HCrO4

-] + k′[Cr2O7
2-]}[AcrH2]

) 2[H+]{k + Kdk′[HCrO4
-]} ×

[HCrO4
-][AcrH2] (5)

Abst ) (Abs∞ - Abs0){1 - e-kψt} + mt + Abs0 (6)
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however, the incremental buildup of AcrH+ grew smaller in
each successive stage (Figure S-4), again symptomatic of the
loss of AcrH2 to oxygen.

Kinetics under Air-Free Conditions. The SF technique was
used to monitor the buildup of AcrH+ at 358 or 417 nm. The
rates were significantly higher, some 10-250-fold higher than
those for experiments with oxygen present, with HCrO4

- or
AcrH2, respectively, taken in excess. With either reagent in>10-
fold excess, pseudo-first-order kinetics was followed. Figures
S-5 and S-6 show the linear dependencies ofkψ on [H+] and
[AcrH2] (AcrH2 in excess). The fitting of these data to the third-
order rate law givesk7 ) (2.49 ( 0.04) × 104 L2 mol-2 s-1.

With chromate in excess, thekψ values showed a linear
dependence on [HCrO4-] (Figure S-7). The seeming discrepancy
between that rate law and eq 5, with the quadratic form, signals
that only the pathway defined by the first term of eq 5 serves
to initiate the chain reaction; this matter will be taken up in the
Discussion. The variation ofkψ with H+ (0.05-0.70 M) led to
the rate law in eq 8, with the parametersk8 ) (1.10( 0.03)×
103 L2 mol-2 s-1 andκ ) 1.9 ( 0.1 L mol-1 (see Figure S-8).

A series of experiments with SO42- added to reactions with
excess AcrH2 were performed to assess the possibility of ion-
pair formation of chromate ions. Sulfate to 0.05 M gave the
same rate constants as in its absence, implying that ion pairing
is negligible.

Kinetic Isotope Effects.The 9,9′-dideuterio analogue AcrD2
was used in D2O-CH3CN solvent. In O2-saturated solution, data
were collected over a range of [DCrO4

-] (50-175 µM, the
excess reagent) at 0.10 M D+. The fit to eq 5 gavekD ) (9.4
( 1.7) × 101 L2 mol-2 s-1 and k′D ) (6.5 ( 1.2) × 103 L2

mol-2 s-1. Thus the kie’s are as follows:k, 1.2( 0.2; k′, 0.86
( 0.17. The compensation effect makes each kie seem larger
than it really is, and we take both to be within experimental
error of unity. Under air-free conditions and with chromate still
in excess, again no kie was found. When excess AcrD2 was
employed under argon, there was a mild kiekH/kD ) 1.71 (
0.06.

The kie for the composite rate constant for the chain reaction,
consisting of a step between Cr(VI) and AcrH2, was obtained
from AcrD+/AcrH+ product ratios in NMR experiments in
which a precise mixture of AcrH2 (40-100 µM) and AcrD2

(100-200 µM) was allowed to react with a deficiency of
chromate (20µM). After the reaction was complete, the1H
spectrum was acquired in very long scans. The ratioR )
[AcrH+]∞/[AcrD+]∞ was determined from the relative peak areas
for the proton in position 9 (Ia) compared to those in positions
1-8 (Ib). The equations areR ) 8Ia/(Ib - 8Ia); [AcrH+]∞ )
R∆/(R + 1); [AcrD+]∞ ) ∆/(R + 1), where∆ ) 3/2[CrVI]0,
because the stoichiometry in eq 1 applies. The kie for the chain
reaction was then obtained from

Owing to the resolution of the NMR instrumentation and some
interference from HOD, because traces of nondeuterated water
were present in the DClO4 stock solution, the result has a sizable
error: (kH/kD)chain ) 3.0 ( 1.1. Isotope incorporation from the
solvent to the products was found to be unimportant in the
control reactions, oxidation of AcrH2 in D2O and oxidation of
AcrD2 in H2O.

The Reaction of Chromyl Ion with AcrH 2. An anaerobic
solution of Craq

2+ (300 µM) was mixed with an equal volume
of an air-saturated solution of AcrH2 (100-200 µM) using an
SF apparatus.10 The concentration of CrO2+ so generated was
determined from the absorbance of AcrH+ at 358 nm; in repeat
experiments, 60( 10 µM CrO2+ was obtained. This procedure
was repeated, but with AcrH2 in the same arm of the SF
instrument as Cr2+, to study the reaction between AcrH2 and
CrO2+ (reaction C),k ) (1.02 ( 0.08)× 104 L mol-1 s-1.

To confirm this rate constant, CH3OH was used as the
competing reagent, as in eq 3. While trying to maintain the
conditions identical, despite the transient nature of CrO2+, the
reaction was conducted with 0.1 M CH3OH only (kψ ) 4.68
s-1, as expected10) and with 200 µM AcrH2 as well. The
experimental rate constant wask ) 6.43 s-1. The expected value
of k, using the rate constant cited in the preceding paragraph is
4.68 + 2.04 ) 6.72 s-1. The agreement between the two is
within 5%.

In a separate experiment CrO2+ was prepared as described,
then diluted to a concentration of 1.5µM. It was then allowed
to react with AcrH2 (5.0-12.5 µM) in a conventional UV/vis
instrument. The rate constant was (1.10( 0.06)× 104 L mol-1

s-1, which agrees well with the value from the SF experiments.
For AcrD2 under the same conditions,k ) (4.8( 0.2)× 103 L
mol-1 s-1 (Figure 4). Thus the kie iskH/kD ) 2.29 ( 0.16.

Interpretation and Discussion

A chain mechanism is implicated by the change in stoichi-
ometry with oxygen present and by the marked rate-inhibiting
effect of oxygen. Other facts bearing directly on the mechanism
are the chromium products with and without oxygen and the
absence of a kie for the overall reaction under oxygen. The
formation of CrOO2+ established that Cr2+ is an intermediate,
and it further demonstrates that, not surprisingly, CrOO2+ does
not react with AcrH2. The only product from AcrH2 is AcrH+,
representing a net two-electron (2e) oxidation. The stoichiometry

-
d[HCrO4

-]

dt
) k7[AcrH2][HCrO4

-][H+] (7)

V )
k8[AcrH2][HCrO4

-][H+]

1 + κ[H+]
(8)

(kH

kD)
chain

)

ln{ [AcrH2]0

[AcrH2]0 - [AcrH+]∞
}

ln{ [AcrD2]0

[AcrD2]0 - [AcrD+]∞
}

(9)

Figure 4. Kinetic data for the reactions of CrO2+ (∼1.5 µM) with
AcrH2 (5-12.5µM) and AcrD2 (10-20 µM) at pH 1 andµ 1.0 M in
air-saturated solutions.
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shows that the final chromium product under anaerobic condi-
tions must be chromium(III). To aid in the discussion of the
complex pattern of reactions, we first present the contributing
reactions in Scheme 1. Many of these and other reactions and
their rate constants are summarized in Table 1.

The experiments with methanol provided kinetic evidence
for CrO2+, by virtue of its partitioning between AcrH2 and
methanol (eq 3). The reduction of CrO2+ by AcrH2 (as well as
by MeOH) yields Craq

2+, which transforms oxygen into CrOO2+,
the superoxochromium(III) ion.9d,e,24This species was confirmed
by its characteristic absorption at 290 nm, which disappeared
when Fe2+ was added to convert CrOO2+ to Craq

3+. It should

also be noted that, with oxygen present, the stoichiometry of
reaction 2 requires a formal Cr(II) species be generated. Taken
together, these data allow us to assign a 2e process, probably
hydride abstraction, to this reaction:

Further support for this mechanism comes from the kie,kH/
kD ) 2.3. This mechanism could not have been predicted reliably
at the outset, however, because the alternative products, AcrH2

•+

+ Cr3+, are not unreasonable and∆G° is -108 kJ mol-1 for
the alternative vs-65 kJ mol-1 for reaction 10. On the other

Scheme 1.Major Reactions for the Chain Mechanism Showing Starting Materials (Rectangles), Intermediates (Brackets),
Products (Rounded Corners), and Products in the Presence of Oxygen (Ovals)a

a The letters in parentheses are the reaction designations from Table 1.

Table 1. Chemical Reactions Involved in the Chain Oxidation of Dihydroacridine by Chromium(VI)

rxn chemical equation rolea rate constantb

Part I. The Major Reactions
A AcrH2 + H2CrO4 f AcrH2

•+ + H2CrO4
- I 4.6 × 102c

B AcrH2 + CrV f AcrH• + CrIV P (B) [∼1 × 108]c,d

C AcrH2 + CrIV f AcrH+ + CrII P 1.0× 104c

D CrVI + CrII f CrV + CrIII P 2× 109e

E CrVI + AcrH• f CrV + AcrH+ P (7.4× 109)f

F AcrH2
•+ a AcrH• + H+ 690 s-1, 1.2× 105g

G AcrH2 + CrV f AcrH+ + CrIII T [∼2 × 107]c,d

H AcrH• + CrIV f AcrH+ + CrIII T (7.4× 109)f

I CrIV f CrIII T 0.1 s-1h

J CrII + CrIV f 2CrIII T ∼1 × 109

Part II. Reactions Important under Oxygen
K CrII + O2 f CrOO2+ X-O2 1.6× 108i

L AcrH• + O2 f Acr(H)OO• X-O2 4.3× 109j

Part III. Reactions of Negligible Importance under Chain Reaction Conditions
M CrII + CrV f CrIII + CrIV T
N AcrH• + CrV f AcrH+ + CrIV T (7.4× 109)f

O AcrH• + AcrH2
•+ f AcrH+ + AcrH2 T (7.4× 109)f

P 2 CrV f CrIV + CrVI T
Q AcrH2 + Cr2O7

2- + H+ f AcrH+ + CrO2+ + HCrO4
- (5.6( 0.3)× 103 L2 mol-2 s-1 k

a Designated as initiation (I), propagation (P), branching reaction (B), termination (T), or termination under oxygen (X-O2). b Rate constants at
298 K and 0.10 M H+ in units of L mol-1 s-1 except as noted. The diffusion-controlled rate constant is 7.4× 109 L mol-1 s-1. c This work.
d Individual values are estimates only, but the ratiokB/kG was determined experimentally.e Reference 10.f Diffusion-controlled rate assumed.
g Reference 28.h In water,k ∼ 0.02 s-1, ref 10. i Reference 23.j Estimated from the effect of O2 on the stoichiometry of the IrCl6

2- reaction, ref
28. k Since the pKa of HCr2O7

- is not known, the bimolecular rate constant cannot be obtained.

AcrH2 + CrO2+ + H+ f AcrH+ + Cr2+ + H2O (10)
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hand, the hydride pathway is fully acceptable in that most
reactions of CrO2+ with other reagents, including every alcohol
examined except cyclobutanol, are known to adopt the hydride
pathway.10 A 1e process with CrO2+ will occur, of course, with
1e donors, such as Fe2+ in the example chosen here.

The Initiating Step. Oxygen greatly reduces the reaction rate,
breaking the chain cycle. The rate constants under oxygen
therefore provide a measure of the rate of initiation. The reaction
between AcrH2 and H2CrO4 can be inferred to proceed by a 1e
mechanism because AcrH2 and AcrD2 react at the same rate.
We note that the order of the reaction with respect to [H+] is
unity, that AcrH2 has no site of protonation, and that H2CrO4

is a reasonably strong acid withKa ) 4.16.26 Despite H2CrO4

being a minor species relative to HCrO4
-, the initial reaction

involves it as one reactant:

where H2CrO4
- is the chromium(V) species required to balance

the equation with the known species involved in the reaction.
From the third-order rate constant from eq 5 andKa (H2CrO4),
we obtaink11 ) (4.36( 0.18)× 102 L mol-1 s-1. The second
(k′) term in eq 5, that involving HCr2O7

-, has a rate lawV )
k′[AcrH2][Cr2O7

2-][H+], with k′ ) (5.6( 0.3)× 103 L2 mol-2

s-1.27

The dichromate pathway, however, does not contribute to
chain initiation. We propose that the reaction between AcrH2

and HCr2O7
- occurs by two 1e steps in such rapid succession

that the intermediate mixed-valent (CrV-CrVI) species cannot
dissociate. The transfer of the second electron and the required
deprotonation of intermediate AcrH2

•+ probably occur within a
solvent cage. This proposal, which presents a reaction that
cannot sustain the chain, is represented by eq 12. That the caged
intermediate should give the products shown and not 2CrV is
consistent with Cr(V) being a much more powerful 1e oxidant
than Cr(VI).

It seems unlikely that AcrH2•+ is itself an intermediate in
the scheme because it cannot be further oxidized by simple
electron transfer. AcrH2•+ is short-lived with respect to the acid-
ionization step in eq F, for whichki

H ) 6.9× 102 L mol-1 s-1

andki
D ) 1.06× 102 L mol-1 s-1.28 The ionization of AcrH2

•+

gives rise to the most important chain-carrying organic inter-
mediate, AcrH•. This species sustains the chain by a 1e reaction
with chromium(VI), HCrO4

- or H2CrO4, to generate chromi-
um(V) (reaction E). Many reactions of AcrH• with 1e acceptors
(e.g., Feaq

3+, IrCl62-) occur at the diffusion-controlled rate, and
it is plausible to suggest the same for H2CrO4. The implied
rapidity of reaction E means in addition that the self-reaction
of AcrH• is not important in this scheme. This is reasonable
because radical-radical reactions (such as those in eq M-Q)
are inherently disfavored by their concentrations, even if
diffusion-controlled.

The Propagation Steps.The rate of oxidation of AcrH2 by
CrO2+ (reaction C) was directly measured. As noted earlier,10

CrO2+ is not highly reactive despite its highE° values for 1e
and 2e reactions, Cr(IV)/Cr(III) (E° ∼ 1.8 V) and Cr(IV)/Cr(II)
(E° ∼ 0.7 V). Reaction C is clearly a 2e reaction, proceeding
most likely by a hydride-ion abstraction, given the kie and the
evidence for Cr(II). The rate constant for Cr2+ + HCrO4

-

(reaction D), another chain propagating reaction, has been
determined independently.10

The most interesting of the propagation steps occurs between
AcrH2 and Cr(V) (reaction B), a branching reaction that
produces two chain carriers from one. Its inclusion is necessary
for an effective chain mechanism. A kie of 1.71 for the overall
chain reaction cannot be attributed to the initiation step because
its kie is∼1. The two product forming reactions [steps C and
E (kinetics controlled by step B)] have respective kie’s
designated kieC and kieB. They can be used to derive an
expression for the kie of the overall chain, (kH/kD)chain,which
was directly evaluated as explained earlier. The relations are

From that, kieB can be obtained:

Since the quantities on the right-hand side of eq 14 were
determined directly, we find kieE ) 4.1 ( 3.2. The algebraic
form tends to amplify the errors, but the result, despite the low
precision, is consistent with hydrogen-atom abstraction as the
mechanism for the single electron reaction between AcrH2 and
Cr(V).

The Termination Step. The kinetic modeling showed that
the only significant termination reaction was the hydride
abstraction from AcrH2 (reaction G). The other reactions that
are possible termination steps were considered (Table 1, Part
II) but all proved negligible according to the kinetic analysis.
It was, however, necessary to postulate the concurrent unimo-
lecular loss of Cr(IV) (reaction I) for which there is some
precedent.10,11

Change in the Excess Reagent.To reiterate, the rate constant
for the chain reaction under anaerobic conditions wask7 ) 2.49
× 104 L2 mol-2 s-1 with AcrH2 in excess butk8 ) 9.2 × 102

L2 mol-2 s-1 (interpolated to 0.1 M H+) with HCrO4
- in excess.

There is a factor of 25 between the two determinations of
supposedly the same quantity. Experiments with added SO4

2-

eliminated ion-pairing effects as being responsible for the lower
rate with excess chromate. Kinetic modeling of this complicated
scheme suggested that the “second cycle” in Scheme 1 (that is,
steps C and D) is not contributing appreciably when HCrO4

-

is in excess. The competing decomposition of chromyl ions (step
I) thus becomes much faster than the second propagating
reaction C. As a result, reactions C and D become unimportant.
Further support comes from the experiments with MeOH added
at the start, designed to promote the formation of Cr2+ from
CrO2+ without formation of AcrH+. These reactions were much
faster than without methanol, resembling the chain reactions
with excess AcrH2.

(26) Tong, J. Y.Inorg. Chem.1964, 3, 1804-1805.
(27) Because the pKa of HCr2O7

- is not known, the bimolecular rate
constant cannot be obtained from the value of k′.

(28) Pestovsky, O.; Bakac, A.; Espenson, J. H.Inorg. Chem.1998, 37,
1616-1622.

AcrH2 + H2CrO4 f AcrH2
•+ + H2CrO4

- (11)

HCr2O7
- + AcrH2 f {HCr2O7

2-,AcrH2
•+} 98

H+

CrO2+ + HCrO4
- + AcrH+ (12)

(kH

kD)
chain

)
2kieB × kieC + kieB + kieC

2 + kieB + kieC
(13)

kieE )
(kH

kD)
chain

× kieC + 2(kH

kD)
chain

- kieC

2kieC + 1 - (kH

kD)
chain

(14)
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A steady-state rate law can be derived for the limited scheme
(that is, with omission of steps C and D):

The estimated chain length iskB/kG, or 4.3. This indicates a
rather inefficient chain, consistent with only an∼10-fold
retardation in the presence of oxygen.

Acid Effects. The saturation effect in [H+] seen in eq 8 is
unusual, since it is characteristic only of the chain reaction and
not of the initiation step. To consider this, one must take into
account the speciation of Cr(V) asf([H+]). pKa values have been
reported for H3CrO4 (pKa1 2.7), H2CrO4

- (pKa2 3.0), and
HCrO4

- (pKa3 7).29 No reference to H4CrO4
+ was made in that

study, but to account for our findings, we postulate its existence
as a reasonably or very strong acid. Further, we take it to be a
more reactive 2e oxidizing agent than H3CrO4, since its positive
charge should facilitate hydride abstraction, as in eq G. The
overall rate of the chain reaction can be expressed as

where Ka0 is the Ka of H4CrO4
+ and kGa and kGb are the

respective rate constants for the reactions of AcrH2 with
H4CrO4

+ and H3CrO4. In this derivation two reasonable as-
sumptions were made: [H3CrO4] = [CrV]T over the pH range
and [H4CrO4

+] = [CrV]T × [H+]/Ka0. From the experimental
data,kB/kGb ) 4.9 andkGbKa0/kGa ) 0.54. Thus the reaction of
AcrH2 with H3CrO4 prefers H-atom abstraction over hydride
abstraction by a ratio of 4.9:1.

Conclusions. The oxidation of AcrH2 by acidic chromate is
a branching chain reaction in which transient species of CrV,
CrO2+, Cr2+, and AcrH• are chain carriers. AcrH2•+ also
intervenes, but not as a chain carrier. Two interconnected chain
pathways operate concurrently, and both are broken by molec-
ular oxygen. The initiation step is electron transfer between
AcrH2 and H2CrO4. A second pathway for that step, the reaction
of HCr2O7

-, occurs but does not initiate the chain reaction.

Appendix

Derivation of Expressions 13 and 14.At [AcrH2]0 )
[AcrD2]0, the product ratio [AcrH+]/[AcrD+] ) kie. Thus

Under a long chain approximation, rateB ) rateC, i.e.,

wherec0 represents the total concentration of the product.
From the above equations one obtains

Upon substitution of these terms into the experssion

one obtains eq 13, which upon rearrangement gives the
expression for kieB in eq 14.
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([AcrH+]/[AcrD+])B ) kieB

([AcrH+]/[AcrD+])C ) kieC

[AcrH+]B + [AcrD+]B ) [AcrH+]C + [AcrD+]C ) 0.5c0

[AcrD+]B ) 0.5c0/(1+ kieB)

[AcrH+]B ) 0.5c0 kieB/(1 + kieB)

[AcrD+]C ) 0.5c0/(1 + kieC)

[AcrH+]C ) 0.5c0 kieC/(1 + kieC)

(kH/kD)chain) ([AcrH+]B + [AcrH+]C)/([AcrD+]B +

[AcrD+]C)

-
d[AcrH2]

dt
)

2kAkB

kG
[AcrH2][H2CrO4] (15)

V ) (2kAkBka0

kGa
)( [H+]

kGb
Ka0

kGa

+ [H+])[AcrH2][HCrO4
-] (16)
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