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In aqueous solutions, the aquachromyl(IV) ion.dOf*, disproportionates to £t and HCrQ~. The reaction

exhibits second-order kinetics with an inverse'THlependence;-d[Cr,d0?]/dt = 38.8[CrO?"13H ']t at 25

°C. The combination of the rate law and substantial kinetic isotope et = 6.9, suggests a mechanism
whereby a hydrogen atom is abstracted from a coordinated molecule of water or hydroxo group within a singly
deprotonated transition state. The buildup of chromate is more complicated and somewhat slower than the loss
of chromyl, suggesting the involvement of intermediates.

Introduction

determined recently by pulse radioly&isThis work provided
a pKy = 3.8 for the (presumably) tetrahedrab®O,~ and a

The unstable IV and V oxidation states of aquachromium pimolecular rate constakt= 3.4 x 108 M1 s for the reaction
are inevitably involved as intermediates in the reduction of petween tetrahedral HCK® and octahedral “6CrO;”. The

chromate and oxidation of Gf*. In the reactions of chromate
with alcohols!? oxalate34 and various other substrates

questioR>6.2of whether the reaction of eq 1 lies to the left or
right has thus been settled by experim€raithough one cannot

number of research groups have demonstrated the involvementyle out the possibility that the actual species in this medium

of Cr(IV)*87and Cr(V)$~2 often complexed to the substrate,

are not the pure aqua forms but rather the formato complex-

in the overall process. ESR spectroscopy was used successtes). Such an assignment would be consistent with the known

fully +-35to identify Cr(V), which may not be produced directly
in the substrate/HCrQ reaction but rather by the dispropor-
tionation of Cr(IV) and reduction of HCrQ by Cr,#+.57°

The possibility that Cr(V) is the active carcinogen in Cr(VI)-

induced cancers has prompted a large number of ESR stidies
in search of Cr(V) in the reduction of chromate by various

biologically relevant organic substratés6 Cr(V) was indeed

identified in almost every study designed to detect it, although
the sheer presence of Cr(V) in such systems provides no

information as to its role in DNA-damaging processes.

tendency of Cr(IV) and Cr(V) to engage in complex formation
with inorganic and organic substraf§s?

2Cr(V) — Cr(VI) + Cr(IV) 1)

The ESR silence of Cr(IV) makes it more difficult to detect
this oxidation state spectroscopically. Nevertheless, careful
trapping and competition studies provided strong evidence for
transient generation of Cr(lV) in reductions of chromate with
organic substrates®’ Several years ago we discovered an
independent route for the generation of Cr@yrom Craf*

In aqueous solutions containing 0.01 M formate/formic acid, ang G720 and shown this surprisingly persistent species to be
Cr(V) disproportionates, eq 1, in a pH-dependent process asjgentical to that produced in the chromate/2-propanol reaction.
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A 0.1 mM solution of Cr(IV), which we believe to be an
aquachromyl ion GgO?*, has a half-life of~20 s at pH T.

Two different pathways for the decay of Cr(l\jhave been
discussed. One is the reverse of e&f1??which was shown to
be thermodynamically unfavorable on the basis of estimated
reduction potentials for the Cr(VI1), Cr(V), Cr(IV) sequerfce,
and the other is disproportionatiéfi,’23eq 2.

2Cr(IV) oq— Cr(IlN) 44+ Cr(V) o4 (2)

Now that a method for generating bulk concentrations of
Crad0?" is available] it should be possible to determine
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experimentally the fate of GO?" in such solutions. Unfortu- 0.03

nately, we have recently discovered that this species has no

prominent features in the UWisible spectrum, despite our E 002

earlier statementdo the contrary. Solutions of gO?" always §

contain some GHOO?* and HCrQ~, both of which absorb S

strongly in the UV. The interference from these two absorbing £ 001/

impurities has led to our erroneous spectral assignment. Also,

a species believed to be 4tV) was recently generated by pulse

radiolysis at pH> 3 and shown to absorb only modestly in the

uv.2 g 0.08 °

In this work we have utilized the known reaction of,g%" s

with methanol, eqs 3 and 4, to monitora@2+ for kinetic %'

purposes by converting it to the strongly absorbingC6?*. < 004

This approach has allowed us to determine precisely the kinetics s

and likely mechanism of decomposition of gD?". 0 s ,

0 700 1400
Cr, @ + CHOH—Cr,> + CHO+H,0  (3) _ o tme/s _
Figure 1. Kinetic traces and second-order fits for (a) formation of
HCrO,~ at 350 nm and (b) disappearance followed by MeOH
C"aq2+ + O2 = Craq002+ (4) indica‘:tor reaction at ZS(JO)nm. F():%nditions?ifﬁg](): 0.10 MY 25°C,

[Crad0?lo = 3.7 x 1075 M (a) and 3.4x 105 M (b). AAbs in (b) is

Experimental Section the difference in absorbance measured after and before the addition of

Solutions of CsO?" were prepared by injecting the appropriate MeOH.

amount of Cg#" (typically 90 uL of 5 or 20 mM solution) into a . 0 .
spectrophotometric cell containing an air- ox-€aturated solution of ~ calculated standard deviation is only 3%, but an uncertainty of

dilute aqueous perchloric acid and, when necessary, lithium perchlorate®=15% in all of our kinetic data is more reasonable considering

to adjust the ionic strength. The yield of " was typically 26- the need to use a fresh reaction solution for each kinetic point,
30%, the rest of the chromium having been converted to (mosthj’Cr ~ see Experimental Section, and the sensitivity of second-order
and some GHOO?" (10—15%). At constant conditions, the yields of  rate constants to concentrations.

Cr.d0?" were highly reproducible10%). This was essential for kinetic

experiments, most of which utilized a separate solution for each Abs, — Abs,
concentratior-time point, as follows. Abs = Abs, + al (5)
A freshly prepared solution of %" was aged inside the 1+ kobJC"aqOH]ot

thermostated cell holder in the sample compartment of a Shimadzu

3101 PC spectrophotometer. At a predetermined time, methanol (40 . . -
uL) was injected to convert the remainingg3?" to CrOC?", eq 3 Another set of experiments in 0.10 M HCj@itilized the

and 4, and the absorbance increase was recorded at 290 nm. Aphighest concentration of gO*" that was experimentally
proximately 16-12 such measurements were carried out for each kinetic attainable, 0.16 mM, and gavieprs = 283 M1 s The
run. agreement (40% deviation) with the rate constant obtained at a

In a similar set of experiments, methanol was replaced with a solution 5-fold lower initial concentration is acceptable, although the
of sodium iodide and the formation of 1was monitored at 350 nm.  reaction was accompanied by-@0% loss of CxOC?**, which
All three chromium species (07", Cr, 00", and HCrQ") oxidize is more than double the percentage that disappeared at 0.03 M
iodide to k™ (e3s0= 2.6 x 10* M~ cm?). At our standard conditions, Craq02+. At the high reactant concentrations a@02+ may
i i 2+ + . X .. ! .

0.033 M I and 0.10 M H, the reactions with GgO" and CeOC? get involved in post-rate-determining steps, thereby changing
were complete upon mixing, but that with chromate requird® min o -

the stoichiometric factor and thus the observed rate constant.

for completion. The addition of iodide to an aged solution ofGt" . -
thus caused a jump in absorbance at 350 nm followed by a slower All the subsequent experiments utilized the lower of the two

absorbance increase. With the concentration @33+ approximately concentrations of GgO** (~0.03 mM). Further lowering of
constant for the duration of the experiment (to within 20% on the basis [Crag0?*] so as to confirm the rate law over a wider range of
of spectral data), the changes in the jump were taken to represent theconcentrations made the absorbance changes too small for
changes in the concentration of 3% precise kinetic measurements.

The reaction rate increases with a decrease ifi.[Kinetic
measurements were carried out in the range 0.8761%] <

The decomposition of GgO?" produces chromate. From the 0.10 M at 0.10 M ionic strength. A plot of the rate constant

Results

absorbance increase at the 350 nm maximum of HC(@so against the inverse concentration offHs linear with a zero
=1.61x 103 M~1 cm™1),2” we obtained a stoichiometric ratio  intercept and a slope of 38.8% Figure 2.
A[CradO?*)/A[HCrO,7] = 2.8 & 0.3 (average of eight deter- An increase in the ionic strength from 0.020 to 0.10 M caused
minations). the rate constant at 0.020 M"Ho decrease from 2.42 10° to
Kinetics. (a) Using Methanol Indicator Reaction Figure 1.99 x 1 M~1 s™L. For a reaction between two dications to

1 (bottom) shows a kinetic curve obtained under typical give a proton and a transition state with & Zharge, as
conditions: 0.10 M HCI@ ~0.03 mM CgdO?*; 25 °C. The indicated by the inverse acid dependence, the rate constant is
data obeyed second-order kinetics and were fitted to eq 5, whereexpected to increase by 30% as the ionic strength increases from
Abs, Absy, and Abs, represent absorbances at tintesime 0.02 to 0.10 M?® With an estimated error a£15% for all the

zero, and after completion of the reaction, respectively. The rate constants, the closeness of the two values neither supports
average of several such runs yieldegs= 482 M1 s™1. The nor rules out the presumedt2charge on the chromyl ions.
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Figure 2. Plot ofksps determined by MeOH indicator reaction, against
[H*]7* for the disappearance of Q©?*, with u = 0.10 M (HCIQ, +
LiClOy), 25°C.

Replacing the solvent water with,D (96% D) caused the
rate constant to decrease by a factor of 5.4t9= 89.4 M1
s 1at 0.10 M H'. If the isotopic composition of the hydrogens
involved in the reaction is identical to that of the solvent, as
one would expect, then some of the reaction in 963@ Btill
involves the remaining H isotope. The corrected valukxok
70.1 M1 s71 (i.e. 89.4— {0.04 x 482) yielding a kinetic
isotope effect (kie)kn/kp = 6.9.

The initial concentration of GgO?* was reproducibly about
50% lower in DO than in HO solutions containing the same
initial concentrations of @and Cgft. The isotope effect on
the yield of chromyl suggests that some step(s) in its formation
from Craét and Q may involve hydrogen ion or hydrogen atom
transfer which competes with other, nonproductive steps.

(b) Using lodide Indicator Reaction. This method is

somewhat less precise than the methanol method because bot

CraO?" and CgO0?t decompose to yield chromate, albeit on
different time scales, and both oxidizetb Is~ in the fast initial

step of the indicator reaction; see Experimental Section. The . ! e .
p thereaction, being the smallest at the beginning and reaching a

overall 3:1 stoichiometry in the reactions of iodide with bot
CraO0?" and HCrQ~, compared to only 1:1 for GO/~
reaction, artificially amplifies (triples) the minor concentration
changes associated with the self-decay of@®?". The rate

Nemes and Bakac

Table 1. Rate Constants for the Disappearance of@ and
Formation of HCr@ 2

10 %kpdM 157t

[HY)/M Crad0?" decay HCrO,~ formatiorf
0.10 4.82¢ 1.099

0.10 0.894 1.12

0.10 1.14

0.10 2.83 0.463
0.080 5.82 1.66
0.040 8.76 1.42
0.025 14.9 2.82
0.020 19.9 3.28
0.020 24.% 2.62k

a25°C, [Cr,{O?"]o = (2.0-3.5) x 10°°M, u = 0.10 M (HCIO, +
LiClO4), except where noted. All the rate constants have an estimated
15% error.? Using MeOH indicator reaction; see texDetermined
at 350 nm 4 Average of two determination§ldometric determination
gavekos= 324 M1 s7L, f Average of three determinatiorfslodometric
determination gavéns = 255 M1 s7. P In D,O (96% D).' In the
presence of added HC§O(0.33 mM).i [Craf0?']o = 1.6 x 10°* M.
kKu = 0.020 M.

throughout the course of the reaction failed to detect any extra
absorbance in the 26880 nm region.

We considered a possibility that, despite the good quality of
second-order fits, the traces are distorted by the slow formation
of chromate in the parallel, slow decay of »C0?", which
caused the “infinity” reading to keep increasing and resulted in
an unreasonably small rate constant. This explanation would
require that the total yield of chromate be greater than that
falculated by the 3:1 stoichiometry, contrary to the experimental
observations. In fact, the ratio [HCEQormed [CradO? ] consumed
calculated from the data collected on two almost identical
solutions at 350 and 290 nm, Figure 1, kept changing throughout

value close to 0.33 when the absorbance at 350 nm stopped
changing.
Interestingly, when the reaction was conducted p®Pthe

constants obtained in these measurements for the disappearand@SS 0f chromyl and formation of chromate took place with

of Cr,dO?* and the appearance of HGyChave values 324 Wt
s 1and 255 M1 s71, respectively at 0.10 M H

The spectral data, which provided directly the concentrations

of CraOO?" and HCrQ~ in the absence of iodide, and
iodometric data, which yieldef[Craf0?*] + [CradOC?*]} and
[HCrO47], were combined and used to calculate the total
oxidizing power of the solution at each kinetic point. No new
species or reactions were needed to account for the data.
(c) Monitoring Chromate The increase in absorbance at 350
nm was slower (by a factor 0f-48) than that observed by use

of methanol and iodide indicator reactions, Table 1 and Figure
1 (top). Kinetic traces are described well by the second-order
rate expression of eq 5. Specifically, there was no obvious delay

in the onset of chromate formation, as would be expected if
chromate were temporarily retained by an intermediate. Addition
of extra chromate (0.33 mM) at the beginning of the reaction

at 0.10 M H" had no effect on the appearance of the traces or
the rate, ruling out slow release of chromate from an equilibrated

complex with any of the available oxidation states of chromium.
Also, chromate complexes with transition metal aqua 848,
including Cgq**,2 exhibit intense absorption bands in the YV
visible region, but the repetitive scanning of the reaction mixture
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3002.
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similar rate constants, Table 1.

Discussion

The second-order kinetics for the disappearance of chromyl,
combined with the 3:1 stoichiometry for chromate formation,
strongly support the disproportionation reaction of eq 2 followed
by either oxidation of Gi(V) by Cr.40?", eq 6, or dispropor-
tionation of Cg(V),'” eq 1. In addition to electron transfer,
reactions 1 and 6 also include a change in geometry and
coordination numbéf as the octahedral Cr(V) is oxidized to
tetrahedral Cr(VI). Also, some rapid aeithase chemistry is
required to generate thermodynamically stable hydrolytic forms
of chromate and chromium(lIl).

(6)

The disproportionation of chromyl was considered in the early
works by Haight and Klaning and later gained some support
by our observation that aged solutions of chromyl contained
large amounts of chromateAlso, a species believed to be gr
(IV) was generated pulse radiolytically and observed to decay
to chromate, the buildup of which followed second-order kinetics
with k=1.2 x 10’ M~ st at pH 3.72* (The published valié
was corrected by a factor of 3 to make it directly comparable
to our data in Table 1.)

The significant kinetic isotope effect and inverse acid
dependence in the present work clearly show that the reaction

Cr,{V) + Cr,O*" —HCro,” + Cr,/*"
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Scheme 1

Cr,yO”* &=2 HOCr,0" + H" K, D
HOCr, 0" + Cr, 0™ - 0Cr', 0" + Cr,"OH™ kg, (S
Cr, OH™ +H &= Cr,.™ (83)

does not take place by simple electron tran3téf.Such a
reaction would generate both products in thermodynamically
unfavorable hydrolytic forms, ®r,O™ and C¥,0%", which

is probably one reason for a more complicated mechanism.

The data are consistent with Scheme 1, which involves
deprotonation of a coordinated molecule of water followed by
hydrogen atom transfer to the chromyl oxygen. Either reaction
1 or reaction 6 completes the scheme.

The hydrogen transferred in the redox step may come from
the coordinated hydroxo group, as in eq S2, or from one of the
coordinated molecules of water, in which case the initial Cr(V)
product would have the formula (H@)r.O*. Further depro-
tonation of both Cg(O);* and (HO}Cr,dO* would be required
to reach the thermodynamically stable hydrolytic form of
octahedral chromium(V) for which pulse radiolysis suggests a
formula “HsCrO4"17; i.e., there are two more protons in this
complex than in the HCr© from which it was derived.

Provided Cg(V) is oxidized rapidly by Cf{O?t, as in eq 6,
the rate law for Scheme 1 is given by eq 7, where, 0% o
represents the total concentration of chromyl. If, on the other
hand, Cg(V) disproportionates, eq 1, then the kinetic factor of
3in eq 7 would be replaced by 1.5.

3Kk KJHCr, O™ ot
(K, + [H'])?

—d[Cr, O], fdt = @)

The K, of Crad0?" is not known, but a value around 5 or
higher would seem reasonable for a chromium complex bearing
an overall 2- charge. Thus, under the experimental conditions,
[HT] > K, the rate law reduces to eq 8 which exhibits an
inverse first order dependence on'Has observed.

3kSZKa[C raqOZJr] t0t2
[H']

—~d[Cr, O Jidt = = Koo [Cra0* Tiot

®)

The plot ofkops against [H] 7% in Figure 2 yields BsK, =
38.8 s'1. Taking K4 = 5, we obtainks, = 10° M~1 s71, This
value greatly exceeds the previously measured rate constant
for hydrogen abstraction by chromyl from aldehydeghe-
nols? and macrocyclic rhodium(Ill) hydrides, all of which
feature strongly reactive elemettiydrogen bonds. On these
grounds, the rate constaki, > 10° M~ s71 for hydrogen
abstraction from coordinated water or hydroxide would seem
unreasonably large.

Another possibility is the loss of a proton and transfer of
hydrogen atom in a concerted process. An obvious case,
illustrating hydrogen atom transfer from a hydroxo group, is
shown in eq 9.

Inorganic Chemistry, Vol. 40, No. 12, 2002723

2Cr, 0% = [Cr,O*+*H-+:0Cr, 0°'] + H" — Cr, OH*" +
Cr0)," (9)

A related mechanism in Scheme 2 involves a hydroxo-bridged
transition state formed by deprotonation of a molecule gdH
coordinated to one chromyl and dissociation of water from the
other.

The scheme assumes that the water dissociates from the labile
position trans to the oxo group and that a hydrogen is transferred
from one of the four water molecules lying in a plane
perpendicular to the GrO—Cr axis. The next reasonable step
might be the dissociation to products, presumably(OH),™
and Cr(O)(OHY", on the basis of the substitutional properties
of chromium(lll) and chromium(V), although it is possible that
a reasonably long-lived @ICrV successor complex is involved,
allowing the rearrangement and proton balancing to take place
prior to the release of products.

The reaction would again exhibit a second-order dependence
on Crd0%*, eq 10.

n k1k2[C raq02+] 2

—d[Cr, O*")/dt =
] KL, [H'] + ks

(10)

For the conditionk, < k_4[H™], the dependence on [Hl
becomes cleanly inverse first order and, at constat,[khps
= nKjky, wheren = 3 or 1.5, depending on the fate of Cr(V),
as discussed earlier.

In terms of the oxidation states, the putativé! CrV successor
complex would be analogous to that expected in thg?Qfr
HCrO4~ reaction. Despite some careful mechanistic work on
this reactiord*=3¢ which included isotopic labeling and product
analysis, we are not aware of any data pertaining to the existence
of a binuclear or polynuclear intermediate(s). We note, however,
that the related Rg”"/HCrO,~ reaction involves an observable
intermediate, presumably an'lF€rV species, although an oxo-
bridged F&—O—-Cr'" complex could not be ruled o&t.
Similarly, the reaction between D, and Cgf" produces
at least two intermediates, one of which is believed to be a
Cr'"UV species with a lifetime of 48 min at 0°C.38

If a similar CM"Cr¥ complex is generated in the present
system, it may dissociate to the hydrolytically stable forms of
Cr(Illl) and Cr(V), react with CgO?*, or disproportionate. The
experimental observations support any scheme that allows Cr-
(V), free or complexed, to react rapidly with either.g3%* or
another molecule of Cr(V) to yield an intermediate which
releases chromate slowly.

S The results of the two experiments i@, Table 1, also

support the presence of an intermediate. On this slower time

scale the disappearance of£P" and release of HCr seem

to take place simultaneously. Apparently, the second stage

release of HCr@ from the intermediateis now fast relative

to its formation. This result implies that there is no significant

isotope effect associated with the second stage, consistent with

the chemistry involving mainly C+O bond breaking.
Regardless of the exact nature and lifetimes, or even the

existence of the intermediate(s) in post-rate-determining steps,

the initial steps in the mechanism seem clear and reasonable.
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Scheme 2 bond to be substantially cleaved in the transition state. The
H 1 proposed hydrogen atom abstraction by tyrosine radical from
K, ...H...Q  OH, hydroxide or a molecule of water coordinated to manganese in
photosystem 41 now appears less likely on the basis of recent
crystal structure repofg
HOH; OH, The rate constant for g1V) disproportionation at pH 3.7,
extrapolated from our data, isx2 1P M~1 s71, almost 2 orders
11(2 of magnitude less than the value measured directly in pulse
radiolysis experiments at that pi.This result suggests that
either the nature of the species or the mechanism changes
between pH 1.7 and 3.7. Further work is needed before this
(orcerY) point can be addressed.

24 i
2007 == | ,0),Cr— 0....Cr = +H* +H,0
-1

Cr,o(OH),* + Cr, (O)(OH)Y**
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