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Chromium(V) oxalato complexes have been of considerable interest as intermediates in the Cr(VI) oxidation of
oxalic acid, which is used as a prototype in mechanistic studies of Cr(VI) oxidations of organic substrates. These
complexes have been characterized by X-band EPR spectroscopy from the reactions of Cr(¥Ip(G@V)
(Na[CO(ehba)]; ehba= 2-ethyl-2-hydroxybutanoate{d) with oxalic acid (oxH) in acidic aqueous solutions
(pH=0-1.5;1 = 1 M (HCIO4/NaClQy); 21 °C). Structures and formation mechanisms of these complexes have
been deduced from the dependences of the relative intensities of the corresponding EPR signals (obtained by
digital simulations of the EPR spectra) on the reaction conditions. A range of Cr(V) complexes, including five-
coordinate species, [&{O)(OHy)(ehba)T, [CrVO(ehba)(ox)], and [C¥O(ox)]~, and six-coordinate species,
[CrYO(OH,)(0x)z] ~, [CrYO(OH)(0x))?~, [CrVO(oxH)(ox)]?~, and possibly [CHO),(OHy)2(0x)]~, as well as mixed-

valence Cr(lll}-Cr(V) dimers and trimers and Cr(\Cr(V) species, such as [OErV'(O)s(OH,)(0x)z]3~, have

been characterized. Apart from the first detailed characterization of these species, this is the first spectral evidence
for the existence of mixed-valence Cr(MEr(VI) complexes. On the basis of quantitative analysis of EPR spectra

for the Cr(VI)—-oxH, system, Cr(VI) has been shown to exist mainly in the form of the monooxalato complex,
[CrV(O)(OH)(ox)]™ in the presence of excess oxHThe data on the structures and reactivities of Cr(V) and
Cr(VI) oxalato complexes have been used to propose a new mechanism for the Cr(VI) oxidation,afh oxH
acidic aqueous solutions.

Introduction possible preventive measures for them. As most of the known
. . ) . Cr(V) compounds are EPR-active at room temperature due to
Chromium(V) chemistry has received a considerable degree her ¢ electronic configuration, EPR spectroscopy has become
of recent attention for two main reasois. First, Cr(Vl) is the most powerful technique for studies of Cr(V) chemistry.
used widely as a selective oxidant in fine organic chemicals The reaction of Cr(VI) with oxalic acid (ox§) in acidic

syntheses, and Cr(V) intermediates are commonly formed in uti has b bi f detailed Kineti
the reactions of Cr(VI) with organic substanédés Therefore aqueous solutions has been a subject of detailed kinetic
) ' investigation$ as a convenient model for elucidation of the

elucidations of the structures, formation, and decomposition . .
mechanisms of Cr(V) intermediates are required fpor the general rules of Cr(VI) redox chemistry. Although the detection
o . ; . of Cr(V) species in this reaction by EPR spectroscopy was
optimization of reactions using Cr(VI) as an oxidant, as well reported more than 20 years g structures of these species
as for creation of catalytic processes, using only small amounts por y P
of environmentally hazardotiCr compounds in combination remained unclear. As a part of the current research program
with environmentally safe oxidants §@r H,O,).5> Second, Cr- targgtgq toward a better undgrstandmg of the structures and
(V) complexes with biomolecules have been implic;;\,[e d as reactivities of Cr(V) complexes in aqueous solutiéA8ywe have
undertaken an EPR-spectroscopic investigation of Cr(V) oxalato

important intermediates in Cr(VI)-lnduce(_j gen_otoxmﬂ‘_iéé. complexes formed in the Cr(VI:- oxH, and Cr(V) + oxH
Therefore, a knowledge of Cr(V) chemistry is required to . S .
eactions. Preliminary results of this work have been pub-

elucidate the mechanisms of such genotoxicities and to sugges{ished_&£Hl However, the quantitative interpretation of the

previous resul&s!! was complicated due to the following
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reasons: (i) the range in the reaction conditions and the numberinformation). Therefore, the minor signals due to hyperfine coupling
of experiments were small; (i) the ionic strength was not kept of the%*Cr isotope ¢-9 atom% Cr, resulting in four signals of2.3%

constant; and (jii) in most cases, the reactions were carried outof the major signal) were neglected in the simulations. For each
in 50% aqueous acetic acid, which led to the formation of a SPectrum, three to five independent simulations were performed with

range of mixed acetateoxalato Cr(V) complexes. The current
work presents a detailed quantitative study of Cr(V) oxalato

complexes formed in aqueous perchlorate solutions under a wide

range of reaction conditions.

Experimental Section

Caution! Chromium(VI) compounds are human carcinog€&red
Cr(V) complexes are mutagenic and potentially carcinogén@ontact
with skin and inhalation must bevaided.

Reagents. The following commercial reagents of analytical or higher
purity grade were used as received: 2-ethyl-2-hydroxybutanoic acid
(ehbaH) and tetrahydrothiophene 1,1-dioxide (sulfolane) from Aldrich;
H,C,04-2H,0, NaClQ-H,0, HCIO,, and NaOH from Fluka; Cr@)Na-
Cr,07-2H,0, NaCrOs-4H,0, and Cr(NQ)s-9H,O from Merck. Water
was purified by the Milli-Q technique. Sodium bis(2-ethyl-2-hydroxy-
butanoato(2))oxochromate(V) monohydrate was synthesized by the
method of Krumpolc and Re&!® and its purity was confirmed by UY
visible and EPR spectroscopies.

Methods and Equipment. X-band EPR spectra of Cr(V) complexes
were recorded at 2% 1 °C, using a flat quartz cell with a Bruker ESP

the use of different sets of initial parameters. The differences in the
values of line widths and relative areas, obtained from the parallel
simulations, were up to 15% for major and well-resolved signals, and
up to 30% for minor and overlapped signals. Averaged results of at
least three parallel simulations were used for statistical analysis
(performed with the use of Origin and Excel softwafedf the
dependences between the parameters of EPR spectra and the reaction
conditions. The parameters of the reaction medium, used for the
statistical analysis, were determined as follows: (i) correlations between
pH and [H] values atl = 1.0 M were established by pH-metric
titrations of HCIQ solutions by NaOH? (ii) pKa values a = 1.0 M

for ehbaH (3.30+ 0.05) and oxH (1.25+ 0.05, 4.25+ 0.05) were
determined by potentiometric titrations; and (iii) concentrations of
undissociated oxiHwere determined as

[oxH,] = [oxH,][H J/((H T +K)) 1)

for the Cr(V)-ehbaH—oxH, system and

[oxH,] = ([oxH,], = XICr(VD] )IH W(H T + Ky (2)

300 spectrometer, equipped with a HP 5352B frequency counter and a

Bruker ER 035M gaussmeter. Typical parameters for acquisition of
EPR spectra were as follows: center field, 3500 G; sweep width, 100
G; resolution, 1024 points; microwave frequeney8.66 GHz; micro-
wave power, 10 mW; modulation frequency, 100 kHz; modulation

for the Cr(VI)—oxH, system, whereK, = 5.62 x 1072 is the first
deprotonation constant for oxkind X = 0.13-1.0 is the coefficient
for the extent of the complexation of oxkvith Cr(VI) (see Results).

For ehbaH, only the undissociated form was assumed to exist under

amplitude, 0.97 G; time constant, 1.28 ms; sweep time, 5.24 s; numberthe reaction conditions, on the basis of it§,value (see above).

of scans, 20; and receiver gain,«(80) x 10*. Unless specifically
noted, EPR spectra were acquired at43min after preparation of the
reaction solutions. In all experiments, the ionic strength was kept
constant = 1.0 M; HCIO; + NaClQy). For the experiments with
the variation of [HO], sulfolane was chosen as a highly polar,
chemically inert, and, most importantly, weakly coordinating cosol-
vent!* Therefore, it was anticipated that sulfolane molecules will not
replace the ligands in Cr(V) complexes. The following ranges of
reaction conditions were used: (i) for the CrhbaH—oxH, system,
[Cr(V)]o = 0.010-0.10 mM, [ehbak]o = 1.0—-5.0 mM, [oxH]o =
25—-150 mM, [HCIQ;] = 0—1.0 M, [H.QO] = 54 M (without additions
of sulfolane); and (ii) for the Cr(VIj+ oxH; system, [Cr(VI)} = 2.5~
20 mM; [oxHs]o = 10—100 mM; [HCIQy] = 0—1.0 M; [H;0] = 27—
54 M. Typically, concentrated solutions of Cr(V) or Cr(VI) were added
to the solutions containing the required concentrations oboghbaH,
and HCIQ. For the experiments with added Cr(lll), solutions
containing Cr(NQ)s, oxH,, and HCIQ were preequilibrated (by heating
at ~100 °C for 30 min and then cooling to room temperature) before
the addition of Cr(VI). An Activon 210 ionometer equipped with an
AEP 321 glass-calomel electrode was used for pH measurements.
Processing of EPR Spectra.Initially, digital simulations of EPR
spectra were performed by Spectrum Analysis Package softiviimal
simulation results were obtained with the use of WinSim EPR
simulation softwaré® In both simulation methods, Lorentzian line

Results

The Cr(V) —ehbaH,—oxH; System. Addition of Na[CVO-
(ehba)] to acidic solutions of oxH results in EPR spectra
consisting of three major signals, 3, 5) and three minor ones
(2, 4, 6) (Figure 1, Table 1). The EPR signals disappear after
~20 min (21°C) due to the reduction of Cr(V) to Cr(lll) by
oxH,. The results of quantifying the speciation by digital
simulations of 33 EPR spectra are summarized in Table S1,
Supporting Information. The following dependences among the
relative intensities of the signals-6 and the reaction conditions
have been established. An increase of [ehfathat constant
[oxH;]o and [H']) led to the growth of signal at the expense
of signals2, 3, and5 (Figure 1a,b). However, the relative areas
of the signals were determined by the ratio [ehggbixH ]
rather than by individual concentrations of ehbaithd oxH
(Table S1). A decrease in [H also led to a relative increase
of signall (Figure 1a,c). The weak signdlappeared at [H]
=< 0.25 M (Figure 1c). Variations in the [Cr(\§jand in the
reaction time did not lead to significant changes in relative areas
of the separate signals (Table S1). It was noted that the ratio

shapes and simplex optimization procedures were used for calculationgf the areas of signalf3 and5 was practically independent of

of the positions, widths, and relative areas of EPR sigHaldaximal
deviations between the experimental and simulated spectra were 20
25% (typical examples are shown in Figures S1 and S2, Supporting

(12) International Agency for Research on Cancer (IARSRC Monogr.
Ewval. Carcinog. Risk Chem. Hum. SuppP87 7, 165-168.

(13) Krumpolc, M.; Réek, J.J. Am. Chem. S0d 979 101, 3206-3209.

(14) Arnett, E. M.; Douty, C. FJ. Am. Chem. Sod 964 86, 409-412.

(15) Beckwith, A. L.; Brumby, SJ. Magn. Resanl1987, 73, 252-267.

(16) Duling, D. R.J. Magn. Resanl994 B104 105-110. The software
is available from the Internet (http://alfred.niehs.nih.gov/LMB/pest/).

(17) EPR experiments with varied microwave power did not reveal any
selective saturation of separate EPR sigi&lEherefore, the relative
areas of EPR signals, estimated by digital simulations, are directly
proportional to the concentrations of corresponding EPR-active species.

the reaction conditions. Signd, observed in the Cr(\/}
ehbaH—oxH, system, had a very small relative intensity and
could not be quantified accurately. The relative areas of the
broad signalé were 9-12% in all experiments. No obvious
dependences between the intensity of this signal and the reaction
conditions were revealed (Table S1). Statistical analyses of the
abovementioned dependences led to egs:3

(18) (a) Origin. Technical Graphics and Data Analysis for Windows
Version 4.1; Microcal Software Inc.: Northampton, MA, 1996. (b)
Excel for WindowsVersion 4.0; Microsoft Corporation: Redmond,

(19) 1991y, H.; Miles, M. G.; Pettit, L. D.Anal. Chim. Actal967 38,
475-488.
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Figure 1. Influence of [ehbak] and [HCIOy] on the EPR spectra of
the Cr(V)-ehbaH—oxH, system; [Cr(V)} = 0.050 mM, [oxH]o =
50 mM: (@) [ehbak]o = 2.0 mM, [HCIOQ] = 1.0 M; (b) [ehbaH], =
5.0 mM, [HCIO,] = 1.0 M; and (c) [ehbablo = 2.0 mM; [HCIO,] =
0.10 mM.
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Table 1. EPR-Spectroscopic Characteristics of the Cr(V)
Complexes (Figures-14, Schemes 1 and 2)

Aismh Aiso.b
species Qs 104cm* species Qo 104cm*
1 1.9781 17.1 5 1.9710 20.1
2 1.9774 c 6 1.9703 C
3 1.9763 16.8 7 1.9678 19.7
4 1.9717 c

aError +0.0001.° Hyperfine coupling of°Cr, error40.1. ¢ Cannot
be determined because of high noise level or overlap of the signals.
d Error £0.0003.¢ At [H,O] = 54 M.

[1)/[3] = (0.22+ 0.05)[ehbaH]/[oxH,]* +

((5+ 1) x 10°)[ehbaH]¥[oxH,]* (3)
4
(5)

[21[3] = (9 £ 2)[ehbaH]/[oxH,]
[5)/[3] = 3.4+ 0.8

where [oxH] was estimated from eq 1.

Relative deviations between the values Hf[[3], [2]/[ 3], or
[5]/[3], obtained from the digital simulations of EPR spectra,
and the corresponding values estimated from egS 8id not
exceed 30% (typically 515%, see Figure S3 and Table S1 in
the Supporting Information). Thus, eqs-8 describe the

dependences between relative intensities of separate EPR signals

and the reaction conditions within the precision of the simulation
procedure (see Experimental Section).

The Cr(VI) —oxH; System. As reported previousl¥, 0 the
reactions of Cr(VI) with oxH in acidic aqueous solutions led

Inorganic Chemistry, Vol. 37, No. 13, 1998161
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Figure 2. Influence of the reaction time and [Cr(lll)] on the EPR
spectra of the Cr(VH-oxH; system; [Cr(VI)} = 5.0 mM, [oxH]o =

50 mM, [H,0] =54 M, pH= 1.3: (a) reaction time 3 min; (b) reaction
time 129 min; and (c) reaction time 3 min, in the presence of 5.0 mM
Cr(In).

3480 3490

to the formation of Cr(V) intermediates, which could be easily
observed by EPR spectroscopy. Within a 10% experimental
error, identical EPR spectra were obtained using £iCa-
Cr,0Oy, or NaCrO, as the sources of Cr(VI) (provided thatfH
and [oxH] were constant). However, CgOvas used as a
source of Cr(VI) in most experiments. The intensities of the
Cr(V) EPR signals decreased with decreasing acidity fpH
0—1.5) such that no EPR signals were observed atpH.6.
The intensities of the Cr(V) EPR signals increased during the
first 10—15 min of the Cr(VI)+ oxH; reaction, and then
decayed over 34 h (21°C). The results of quantifying the
speciation by digital simulations for 85 EPR spectra are
summarized in Table S2, Supporting Information. Typical EPR
spectra (Figures-24) consisted of signal8—6, analogous to
those observed in the Cr(ghbaH—oxH, system (the analogy
was established on the basis of identigal values, Table 1),
and a new signal.2%2! As the reaction proceeded, a substantial
broadening of the EPR signals occurred, and the relative
intensities of4 and7 decreased and that 6fincreased (Figure
2a,b). Addition of Cr(lll) caused similar effects, except for the
unchanged intensity of signdl (Figure 2c). An increase in
the [oxH]o led to an increase in the relative signal intensity of

(20) In the Cr(VIy-oxH; system, the EPR signals due @owere larger
than the corresponding signals in the Cr{\éhbaH—oxH, system
and strongly overlapped with the signals du&idherefore, attempts

to simulate the signals due and 6 separately were unsuccessful

for the Cr(VI)—oxH, system.

(21) The preliminary results of Q-band-84 GHz) EPR spectroscopy, as
well as the low-temperature (100 K) EPR experiments, did not give
evidence for the formation of any other EPR-active species in the Cr-
(VI) —oxH; systemtt
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Figure 3. Influence of pH and [oxkl, on the EPR spectra of the Cr- Figure 4. Influence of [HO] and [Cr(VD)] on the EPR spectra of the
(VI) —oxH;, system; [Cr(VI)p = 20 mM, [H;0] = 54 M: (a) [oxHb]o Cr(VI)—0xH; system; [oxH]o = 25 mM, [HCIO;] = 0.10 M: (a) [Cr-
=20 mM, pH= 0.75; (b) [oxH]o = 60 mM, pH= 0.75; (c) [oxH]o (VD)]o = 2.5 mM, [H:0] = 54 M (without sulfolane); (b) [Cr(VI)}] =

=60 mM, pH=1.3; and (d) [oxH]o = 20 mM, pH=1.3. The minor 5 5"m, [H,0] = 27 M (4.3 M sulfolane); and (c) [Cr(V)]= 5.0
signals designated by asterisks are due to the hyperfine coupling of y\1- without sulfolane.

53Cr.
4 and a decrease in that B{Figure 3a,b). A decrease inacidity and the corresponding values estimated from eg8 @ere
led to a substantial increase in the signal intensitie 6f and 5—25%, except for the experiments with prolonged reaction

7 (Figure 3b,c). At low [H] and [oxH], and high [Cr(VI)], times, or in the presence of added Cr(lll) (Figure S4 and Table
7 became the main EPR signal (Figure 3d). Changes in the S2 in Supporting Information). Thus, eqs-8 describe the
time of sampling after commencement of the reaction, the guantitative determination of the concentrations of the species
[oxH3]o, and the [H] did not affect the ratio of signal intensities ~ giving rise to the signals in the EPR spectra, within the precision
for 3 and 5 (Figures 2 and 3). However, an increase in the Of the digital simulation procedure (see Experimental Section).
relative intensity of3 with respect to5 was observed upon a  In most experiments, where [oxld = 5[Cr(VI)]o, theX values
decrease in the [¥0] (Figure 4a,b). A decrease in the JBI in egs 2 and 8 were equal to 1.0, suggesting that, under these
also led to diminished intensities for sign@lsnd7 and to a  conditions, Cr(VI) exists mainly as the monooxalato complex.
shift of signal7 to lower gis, values (Figure 4a,b). The effects However, for the experiments with [Cr(Vh}= 20 mM and

of increasing the [Cr(VI)] were a significant increase in the [0XH2]o = 10—100 mM,X values were within the range 0.3
relative signal intensity of and a small decrease in that4f  0.95, which points to the presence of several forms of Cr(VI).
(Figure 4a,c). The above-mentioned influences of the reaction The X values for all experiments are enumerated in Table S2.
conditions on EPR spectra observed for the Cr{\dXH, . .

system are quantitatively described by egs36 Discussion

I Solution Structures of Cr(V) Oxalato Complexes. The Cr-
[4V[3] = (1.8 0.4)[oxHl[H ] + (V)—ehbah—oxH, and Cr(VI)-oxH, systems are among the
((6£1)x 1074)[H20]/[H+] (6) best models for EPR-spectroscopic studies of Cr(V) intermedi-
ates formed during the reductions of Cr(VI) and Cr(V) by
[5+6)[3]=((7+1) x 10’2)[H20] + organic substrates. This is due to the forrgation of a number
_ of well-resolved, singlet (due to the absencétdfsuperhyper-
(7£2)x 10 5)[H20]/([H+][0XH2]) () fine coupling) EPR signals. Electrochemical studii¢s?2have
[7)[3] = shown that ligand exchange reactions of Cr(V) oxalato com-
plexes occur on the millisecond to second time scale, which is
(1.5 0.4) x 10 )X[Cr(VI)] o[H,O1%/([H I[oxH,]) (8) slow compared to the time scale of EPR spectroscopy (micro-
seconds), but fast in comparison with the rates of the C#(V)
where [oxH] was estimated from eq 2.

Relative deviations between the values4if[3], [5 + 6]/[3], (22) Eckert, J. M.; Judd, R. J.; Lay, P. Morg. Chem 1987, 26, 2191
or [7)/[3], obtained from digital simulations of EPR spectra, 2192.
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Scheme 1. Equilibria among Different Cr(V) Complexes in ~ Table 2. Equilibrium Constants for the Ligand Exchange in Cr(V)

the Cr(V)-ehbaH—oxH, and Cr(VI-oxH, Systems Complexes (Schemes 1 and 2)
- - constant value constant value
Et 0 0 Et 0
By O | /0 /—I K B\ /O—l Kib M (4+1)x 10 Ks (6+1) x 104
/N " 2o SO etz KePM™1  42+9 Ko, M7t (6.3+0.5)x 10°2°
o7 © oTNH of © o O Ks (1.14+0.2)x 1071 (7+1) x 102d
la Ka 1.8+ 0.4 Ky (2.4+0.4)x 10°6
Et 0 F‘ - a All of the constants have been estimated at21 °C,| = 1.0 M.
K, Et N | o b[H,0] = 54 M. ¢ The Cr(V)-ehbaH—oxH, system.d The Cr(VI)—
1b + oxH /Cr/ + 2H,0 oxH; system.
a No—\
2 0 Scheme 2. Possible Mechanism for the Formation of
Cr(VI) and Cr(V)-Cr(VI) Oxalato Complexes in the
o (i o /ﬂ - Cr(VI)—oxH, System
2 + oxHjz L‘ O\CA/ + ehbaH>
o’ No—\ _ [ _
0 3 0 O—ﬁr—o—ﬂr—o + H,0 2 Ho—ﬁr—o
o , o] o) o]
N o /oxm - Cr(VI)a Cr(VDb
K
3 + oxH 4 o7 O/(I:r\o + H
0 _
da f\o oL o W/?l
0 Cr(VD)b + oxH; =——= j; >Cr/ + H0
of © \OH
2 Cr(VI)c
Ks O\W /OH—‘
3+ 0 =—— o o/ r\o + H+
o) _
o]
=~ 0
» o NN %
0 Cr(Vl)e +

T +
[0}

[0)
o} - ~
(0] S
3 + o —— Cr

C
0/|r\o/lr\o + oxH, + H
O [0}

(0] - _

OOl o | o= 0
Sa + 2H0 j; \Cr< + oxHz \0 0

0?07 | “om 7

OH;

(egs 6-8; Figures 2-4); (iii) comparison with well-characterized
isoelectronic and isostructural V(IV) and V(V) oxalato com-
oxH and Cr(VI) + oxH; redox reactions. Thus, the observed plexes24~27 and (iv) empirical correlations between the known
intensities in the EPR spectra (Figures4) can be used to  structures of Cr(V) complexes and their EPR paraméters.
quantify the relative equilibrium concentrations of the Cr(V) Together they provide unequivocal evidence for the structures
oxalato complexes. The structures assigned to the EPR-activeof Cr(V) complexes corresponding to the observed EPR signals,
complexes giving rise to signald—7, and the proposed as outlined below.

mechanisms of ligand exchange reactions leading to these Theg,, andAs, values of species (Table 1) corresporido
species, are presented in Schemes 1 and 2 (designations of thghose of Na[CYO(ehba)] (a five-coordinate oxo complex with
species correspond to those of the EPR signals in Figurds 1 g distorted trigonal bipyramidal structi#®la in Scheme 1).
and Table 1). The corresponding equilibrium constants are However, the statistically significant first term in eq 3 indicates
enumerated in Table 2. An example of the estimated pH that measurable amounts of monoligated complexScheme
dependences for the speciation of the Cr(V) oxalato complexesy  Table S1) exist in equilibrium witiia under the studied

is given in Figure S5, Supporting Information. The criteria for conditions. Other evidence for the existence of an equilibrium
assigning structures rely on a number of independent observaetweenla and1b in aqueous solutions was discussed previ-
tions. These include (i) the [ehbaland [oxH,] dependences  ously? Equations 3 and 4 show that signaland3 result from

of the EPR signals resulting from the ligand exchange reactionsthe stepwise replacement of ehba ligands by oxalal.iThe

of crystallographically characteriz&INa[CVO(ehba)] (eqs

3-5, Figure 1); (i) the [H], [oxHg], [H20], [Cr(VI)], and [Cr- (24) Form, G. E.; Raper, E. S.; Oughtred, R. E.; Shearer, H. MJM.
(1] dependences of the EPR signal intensities for the Cr(V) Chem. Soc., Chem. Commui972 945-946.

oxalato complexes formed during the Cr(\) oxH, reaction (25) Farrell, R. P.; Lay, P. AAppl. Magn. Resanl996 11, 509-519.

(26) Scheidt, W. R.; Tsai, C.; Hoard, J. I. Am. Chem. Sod 971, 93,
3867—3870.

(23) Judd, R. J.; Hambley, T. W.; Lay, P. A.Chem. Soc., Dalton Trans (27) Farrell, R. P.; Lay, P. AAust. J. Chem1995 48, 763-770 and
1989 2205-2210. references therein.
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Oiso and Aiso values of2 and 3, which are close to those df
suggest similar structures for these species (Schenie 1).
However, the significant decrease in the, and increase in
the Aiso values for the specied—7 (Table 1) point to Six-
coordinate, octahedral structures for these Cr(V) compléxes.
These assignments are confirmed by the dependences on ligan
concentrations (eqs—8). The cis structure dba and of the
related complexeéab was suggested from the crystallographic
data for thecis-[V'VO(OH)(0x)2]? (isoelectronic withba) and
cis[VV(0)x(0x)]3~ complexeg*26 although the presence of
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oxH, reaction. The relative broadness of the EPR signal due
to 6 can be explained by the influence of paramagnetic Cr(lll)
ion on the signal of Cr(V), as well as by the presence of several
overlapped signals due to the different Cr(Hr(V) oxalato
complexes?® The shift to lowerms, values for6 in comparison
with 5 is probably due to the electron acceptor nature of the
Cr(lll) substituent, making it a weaker bidentate oxygen dénor.
The formation of mixed-valence Cr(MCr(lll) complexes with
macrocyclic ligands during the photolysis of the corresponding
Cr(lll) complexes has been report&d.

some trans species is not precluded by the results. The complex The natures of the species giving rise to sigigmixed-

expression for the raticd]/[3] (eq 6) can be explained by the
formation of two species with similagis, values,4a and 4b
(Table 1, Scheme 1). The shifts to higlyap values for species
4ab in comparison with5a are consistent with the fact that
OH~ and oxH are stronger electron donors than theOH
ligand2 The decay of the EPR signal due 4aat prolonged
reaction times, or in the presence of added Cr(lll) (Figure 2),
are consistent with a decrease in the [gidtue to the formation

of CO, and Cr(lll) oxalato complexes. The decrease in the
intensity of the EPR signal due t with an increase in the
[Cr(VD]o (Figure 4a,c; Table S2) is explained by the decrease
in the [oxH,] due to the formation of Cr(VI) oxalato complexes
(Scheme 2).

The formation of a Cr(V) monooxalato complék (Scheme
1) was previously suggestet to explain the formation of a
“shoulder” 6 in EPR spectra of the Cr(VAoxH, system
(Figures 2-4). However, the results of the more detailed studies
described here, including variations infBf and the experi-
ments at high [Cr(VI)}] and low [oxH]o (Table S2), are not
consistent with the formation of significant amounts of Cr(V)
monooxalato complexes in the Cr(MbxH, system. Further-
more, the formation of specié€s(although in smaller amounts)
was also observed in the Cr(¥ghbaH—oxH, system. The
presence o6 in the latter system is especially evident at low
acidities (Figure 1c). Under these conditions, taking into
account the presence of excess ehlqahhich is a much stronger
ligand for Cr(V), than oxH), the formation of Cr(V) mono-
oxalato complexes is unlikely. Therefore, an alternative ex-
planation for the nature of speciésvas proposed (see below).
However, a presence of small amountbf which cannot be
distinguished fromba due to the similamgjs, values?® is not
excluded for the Cr(VH-oxH, system, and such species are
likely to be more important at lower concentrations of exH
than were used here. However, the system is more difficult to
quantify at lower [oxH]/[Cr(VI)] ratios.

A clue to the nature of speci€swvas the time dependence of
the EPR spectra for the Cr(\AoxH, system (Figure 2a,b; Table
S2). The growth of the relative signal intensity@®fvith time
suggests its connection with an increase in the [Cr(ll1)] during
the reduction of Cr(VI). The experiments in the presence of
added Cr(lll) (Figure 2c) confirmed this assumption. However,
signal 6 cannot be due to a Cr(lll) center, as the latter gives
much broader EPR signals, which are difficult to observe at
room temperature in aqueous media. Therefore, the formation
of mixed-valence Cr(l1-Cr(V) species is assumed. Sigral
is thought to be due to an oxalato-bridged spetieQuantita-
tive data on [Cr(V)] and [Cr(lll)] changes with time are required
for more detailed studies of the possible structures of the Cr-
(1) —Cr(V) oxalato complexes, formed during the Cr(\AH

(28) The similarity of thegis, values for the complexeSa and 5b is
predicted by the known dependences between demweptor proper-
ties of the ligands andis, values of Cr(V) complexes.

valence Cr(V)-Cr(VI) complexes) are evident from (i) the linear
growth of signal7 with increasing [Cr(VI)} (Figure 4a,c; eq
8); (ii) the relative decay of signal during the course of the
Cr(VI) + oxH; reaction (Figure 2a,b); (iii) the absence of the
signal due td7 in the Cr(V)-ehbaH—oxH, system (Figure 1);
and (iv) the shift to lowemgis, values in comparison with the
other EPR signals (Table 1), suggesting the presence of a weak
electron donor ligand. The relative broadness of signalis
consistent with the larger size of dimeric CreMpr(VI) species

in comparison with the monomeric Cr(V) complexes and/or the
presence of several species. The lowgs value of the Cr-
(V)—Cr(VI) dimer compared to the Cr(IlhCr(V) complex is
also consistent with the greater electron-withdrawing effect of
Cr(VI) in comparison with Cr(lll). To our knowledge, no
mixed-valence Cr(\)-Cr(VI) complexes have been described
previously. The assignment of the structure and formation
mechanism for speciésrequires a knowledge of the structures
of Cr(VI) complexes in acidic aqueous solutions of gxH he
NMR spectroscopic studigswith the use of*C-labeled oxH

(in aqueous acetic acid solutions under similar pH and fpxH
conditions) provided evidence for the existence of Cr(VI) mainly
as a monooxalato comple€(VI)c in Scheme 2§ The results

of quantitative processing of EPR spectra are consistent with
the assumption that practically all of Cr(VI) exists in the form
of a monooxalato complex at [oxH = 5[Cr(VD)]o (X=1.0in

eq 2). Furthermore, the results of experiments with [gyH
5[Cr(VI)]o, when Cr(VI) is partially complexed with oxalate
(X = 0.13-0.95, see Table S2), suggest that only a Cr(VI)
monooxalato complex participates in the formatiorY ¢és the
multiplier X is present in eq 8). The above-mentioned facts,
together with the form of eq 8, allowed us to propose structure
7 (Scheme 2) for the main mixed-valence Cr(\Qr(VI) oxalato
complex in agueous medta. The shift in the EPR signals due
to 7 to even lowergs, values in watersulfolane mixtures

(29) The formation of Cr(V) adducts with different forms of Cr(lll) present
in the reaction mixture (for exampl&r(lil)a —c in Scheme 2) is
expected. These adducts can include both oxalato- and oxo-bridged
Cr(ll) =Cr(V) complexes. However, most of these mixed-valence
complexes will not result in such sharp EPR signals at room
temperature due to interactions of the paramagnetic Cr(lll) and Cr-
(V) centers. It is unclear as to the nature of the species giving rise to
signal 6, but the most likely species would be Cr(HELr(Ill)—
oxalato-Cr(V) trimers. Rapidly relaxing Cr(Ill) dimers with hydroxo
and other bridges are common in the aqueous chemistry of Cr(lll),
and such dimeric centers bound to Cr(V) via an oxalato bridge would
minimize broadening of the Cr(V) signal. Such a species appears to
be the most viable structure to account for sighal

(30) Niemann, A.; Bossek, U.; Haselhorst, G.; Wieghardt, K.; Nuber, B.
Inorg. Chem 1996 35, 906-915.

(31) Farrell, R. P.; Maxwell, I. A.; Lay, P. A. To be submitted for
publication.

(32) The presence of twe-O atoms in the structure of the Cr(VLr(VI)
dimer, 7, is consistent with the structure of the crystallographically
characterized Cr(\)Cr(V) dimer, diu-oxobis[oxo(perfluoropinaco-
lato)chromate(V)] (Nishino, H.; Kochi, J. Knorg. Chim. Acta199Q
174, 93—102). However, alternative structures of the complex
including oxalate as a bridging ligand, cannot be ruled out.
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Scheme 3. Possible Mechanism for the Formation of
Cr(lll) Oxalato Complexes in the Cr(VoxH, System
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(Figure 4a,b) points to the possible formation of Cr(vVQr-
(V)—Cr(VI) oligomers under these conditions.

Data obtained from EPR spectroscopy at room temperature
cannot exclude the formation of Cr(V) dimers, which would
be EPR-silent under these conditidnsHowever, the low-

T
temperature EPR experimeHtdor the Cr(VI)—oxH, system RN ol /0 H,0, H' 0 o | o + 2C0,
did not reveal any signals with-g 4, which would correspond O/C|r\0 0 ~o
to such dimers. o N
Thus, both five-coordinated] and six-coordinate4(7) Cr- o Cr(IlDa
(V) oxalato complexes are formed in comparable amounts 4 0
during the reduction of Cr(VI) by oxHin acidic aqueous B _H
solutions. By contrast, in the case of isoelectronic V(IV) oxalato ﬂ j o g ™
complexes, the six-coordinate form is dominant (and has been ™ \Cr/()H2 j\ ﬁ OH, N
i ) § + - H,0, H
crystallized)?* although the presence of small amounts of a five- o~ | 0 +H O/C|f\o =2
coordinate form in solutions has been shown by EPR spectros- 0 0

}])\O 0

§ f\
<

(0]

copy?®> This difference in preference for six- over five-

coordinate species is consistent with the smaller radius of the sa 0
Cr(V) ion in comparison with V(IV). ol ¥
Implications for the Mechanisms of Cr(VI) Reduction by 0| ;o;]

oxHz in Acidic Aqueous Solutions. The obtained detailed /Cr\o
knowledge on the structures of Cr(V) and Cr(VI) oxalato H0 J, + 2C0,
complexes allowed us to reassign the mechahfsoh the Cr- %0

(VI) + oxH, reaction in acidic aqueous solutions. The results 0

(Table 2, Figure S5) unequivocally establish that Cr(V) exists Cr(Ill)b
mainly in the form of bis-oxalate8 and5a (Scheme 1) under

the studied range of pH values and [@kHThis is inconsistent H

with the earlier suggestions of Srinivasan and &&about the o 9 _| - o % +
dominance of monooxalato Cr(V) complexes. The formation IO\”r/O +H' Oj ﬂ/o H20, H
of the tris-oxalato/oxo specieta has been shown experimen- o~ | om, o 0/C|’\0H2

tally, and the possible presence of small amounts of monooxalato OH, OH,

speciesbb has been assumed (Scheme 1). The structures of Sb

these Cr(V) complexes make them suitable for intramolecular 3+

two-electron reductions via a hydride transfer mechanism ——= [cranox] + 2c0;

(Scheme 3). The mechanism of Cr(V) reduction to Cr(lll), Cr(Ine

proposed by Scheme 3, explains the following experimental
observations: (i) a higher reactivity of Cr(V), in comparison
with Cr(VI), in the reaction with oxit (ii) the formation of
Cr(ll) —Cr(V) and Cr(V)-Cr(VI) adducts and the absence of
evidence for the formation of Cr(M)Cr(V) dimers in the Cr-
(VI) —oxH, system, as the high reactivity of Cr(V) makes its
concentration much lower than those of Cr(VI) and Cr(lll); and
(iii) the formation of mixtures of Cr(lll) aqua complexes and
mono- and bis-oxalato complexXeas the products of Cr(VI)
reduction by oxH (however, this may also be due partially to Assuming that, in the presence of a large excess of;oxH

the slow ligand exchange reactions of the Cr(lll) complexes, (Pseudo-first-order conditiongJir(Vl)c is the main form of Cr-
in para”el with the redox reactions)_ (Vl), but CI’(Vl)d (SCheme 4) is the Steady'state |ntermecﬁé.te,

The present work is consistent with the results of reé&nt
NMR spectroscopic studié$showing the existence of Cr(VI)
mainly in the form of a monooxalato complex in aqueous
solutions in the presence of excess exlBy contrast, the earlier
kinetic studie$® assumed that [HCrg)~ is the main form of
Cr(VI) under these conditions, with Cr(VI) mono- and bis-
oxalato complexes being present as minor intermediates.
Finally, the formation and properties of Cr(IV) bis-oxalato r ] >
complex have been described recedtlyThus, the new data ﬁgﬁcetc'ffe"é’u'lrt‘g)epe”dem of [oxifb and [Cr(VD} (Levina, A. Unpub-
on the structures and properties of Cr(VI/V/IV) oxalato com- (34) The bis-oxalato complexesis-[VVO,(0x);]>~ and cis-[VVO(OH)-
plexes allowed us to reassign the mechanism of the Cr(VI) (0x)2]2~, are the main V(V) species observed by NMR techniques in
reduction by oxH in acidic aqueous solutions. The most likely acidic aqueous solutions in the presence of excess.&Hn the

the comparison of the reaction rates in the Cr{€hbaH—
oxH, and Cr(VI-oxH, systems), the overall reaction rate can
be presented by eq 9 (see Scheme 4):

—d[Cr(VI)J/dt = d[Cr(IV))/dt = k{[Cr(V)d JloxH,] (9)

(33) The Cr(IV) bis-oxalato complex (its proposed structure is shown in
Scheme 4) has been generaiteditu by ligand exchange reactions of
Cr(IV)—ehba complexes with oxalate. The Cr(’x complex is
relatively stable at pH= 4—5 (712 ~ 90 min at [Cr(IV)p = 0.1 mM
and 25°C) and rapidly decomposes in acidic mediaf{~ 10 s at
pH = 1) (Codd, R.; Lay, P. A.; Levina, Alnorg. Chem 1997, 36,
5440-5448). The decomposition of Cr(I\¥)ox in acidic solutions (pH
= 0—-1.5) leads entirely to Cr(lll) (not Cr(V) or Cr(VI)). The
decomposition rate increases sharply with increasing] [&hd is

much slower than its further reduction (as it was concluded from

. . L isoelectronic Cr(VI)-oxH, system, the formation of bis-oxalato
sequence of reactions leading to the Cr(V) comflbxs given complexes is also expected to be thermodynamically favorable.

However, the experimental evidence (refs 11 and 31 and the current
work) points to Cr(VI) existing mainly in the monooxalato form. This
suggests that the Cr(VI) bis-oxalato intermediates are rapidly consumed
in the following redox reactions. Therefore, the steady-state ap-
proximation for the compleXr(VI)d (Scheme 4) is appropriate.

in Scheme 4. The subsequent rapid equilibria leading to the
different forms of Cr(V) are presented in Schemes 1 and 2.
Finally, Scheme 3 shows the possible mechanisms for the

formation of Cr(lll) products. As the formation of Cr(V) is
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Scheme 4. Possible Mechanism for the Formation of Cr(V)
Species during the Cr(VI) Oxidation of oxH
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the following expression for the pseudo-first-order rate constant
(eq 10) can be derived:
Kops = Kiko[OXH1 /(K _; + ky[oxH,]), s7* (10)

where [oxH] is the concentration of undissociated gxH

The following experimentally observédinetic features of
the Cr(VI) + oxH; reaction ([H] = 0.010-1.0 M; 25°C) are
predicted by eq 10: (i) the reaction order with respect tooxH
changes from second to first with an increase of [gxidnd
(i) the reaction rate is practically independent offJHapart
from the influence of acidity on [ox}). The published kinetic
datd are well described by eq 10 (FigureB)hus supporting
the validity of the proposed mechanism (Scheme 4). The

(35) The large scatter of the experimental data (Figure 5) is probably
because of the large errors in determination of [gx{the deproto-
nation equilibria for oxH were estimatedon the basis of amounts of
HCIO, added into the system, and the increase of][ldue to
deprotonation of oxklwas not taken into account).
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Figure 5. Application of eq 10k = (6 £ 1) x 102 M1 s7%; ko/k—;
=54 1 M) to the published kinetic datdor the Cr(VI) + oxH,

reaction in acidic agueous solutions, %5 Points are the experimental
data, and the solid line is calculated from eq 10.

0.25

proposed mechanism for the decomposition of the Cr(IV)
oxalato complex (Scheme 4) is consistent with the known
properties of this comple¥ as well as with the observed
formation of radical species (presumably H£)On the reaction
media’ According to Scheme 4, equivalent amounts of Cr-
(I and Cr(V) are formed practically simultaneously during
the Cr(VI) + oxH, reaction. This explains the appearance of
EPR signab, corresponding to the Cr(IHCr(V) mixed-valence
species, even in the early stages of the redox reaction. The
alternative route leading to Cr(V), namely, the Cr(\A) Cr-

(IV) reaction, is unlikely because the Cr(VI) reaction with the
Cr(IV) oxalato complex at pH= 0—1.5 has been shown to be
much slower than the acid-catalyzed decomposition of the Cr-
(IV) complex33
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