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The quantitativen situ generation of a range of Cr(IV) carboxylato complexes in aqueous media has been achieved
by a combination of the newly-developed Cr(IV) ligand exchange chemistry together with the existing methods
of reduction of Cr(VI) or Cr(V) complexes. The reactions Cr(M)As(IIl) and Cr(V)+ V(IV) in buffer solutions

of the corresponding ligands were used for generation of Cr(IV) complexes with 2-hydroxy-2-methylbutanoate
(hmba), 2-ethyl-2-hydroxybutanoate (ehba), arg-Quinate (ga) ligands. Addition of oxalate (ox), malonate
(mal), or 2-picolinate (pic) to the generated Cr(IV) complexes led to the quantitative formation of the new Cr(IV)
species. Spectral and chemical properties of Cr(IV) complexes with the mentioned ligands have been described
for the first time (except for the known Cr(IV)ehba complexes). In excess ligand, Cr(IV) appears to exist
mainly as bis-chelated oxo complexes, on the basis of-Ud8ible and CD spectroscopic data. All of the studied
Cr(IV) complexes exhibit bell-shaped pH dependences of their stabilities. The regions of maximum stabilities
and maximal half-lives ([Cr(IV}] = 0.1 mM; 25°C) are as follows: pH- 3 and~30 min for Cr(IV)—hmba and
Cr(IV)—ehba; pH~ 5 and~1.5 h for Cr(IV)-ox; pH~ 5 and~1.5 min for Cr(IV)-mal; pH~ 5 and~20 min

for Cr(IV)—pic; pH~ 6 and~1 h for Cr(IV)—qa. The stabilities of Cr(IV) complexes have been compared with
those of the corresponding Cr(V) complexes (studied by EPR spectroscopy). The results are discussed in terms
of the possible roles of Cr(IV) and Cr(V) complexes as the DNA-damaging agents in chromium-induced
genotoxicities.

Introduction = 2-4) are essential. The Cr(IVWehba complexes are

It was claimed only a decade ago, that “Cr(IV) does not have relatively stable at these pH values but quickly disproportionate

any aqueous solution chemistry”, since the known Cr(IV) to Cr(V) and Cr(lll) complexes at higher pH valus.

compounds (such as alkoxo and porphyrinato complexes) are. Two other ty%‘?s ofr(k:]r(IV) comtplexes(\j/vere rte_zp?rtefl togorl';';
generally unstable in aqueous medli@dne family of Cr(IV) In agueous media. € generation and reactivity of a Cr(IV)

2+ i _
compounds, which are relatively stable in water solutions ?qu? ((j:qmptlex (p:resulr(?ably [g;o(ow?é ).halv:/lb:g? ln\éess
(several hours at pH= 2—6), are the diperoxo triamines igated in strongly acidic media, s In Q,

oy ) ¢ .
[Cr'V(0,)(NRs)3].2 However, the reactivity of such complexes C);? and a Cr(IV)-glutathione intermediate was postulated

; ; during the reduction of Cr(VI) by glutathione in slightly acidic
is determined by the presence of the peroxo groups more '[han(pH — 2-4) solutions’® Thus, the known aqueous Cr(IV)

byREre]iei;I()l/V)C-}((:)eurI](;e:rld co-workérshowed that Cr(I\Vyehba  Chemistry is limited to acidic media (pH 4). However, the
' growing interest in possible roles of Cr(lV) intermediates in

complexes can be stabilized in aqueous media by the one-th mutagenic and carcinoaenic properties of Cr compdiia
electron reduction of the well-characterized YOKehba)]~ € mutagenic and carcinoge cp operties o . comp S
(the mutagenicity of the other “intermediate” oxidation state,

complex-® with reductants, such as V(IV). However, the ; , 15 ; .
reactions of aqueous Cr(VI), in the presence of excess ehba,Cr(V?’ IS now well established requwelse studies over the
physiological range of pH values (4:5.4):

with two-electron reductants, such as As(lll), are more conve- . . o) .
(I Previous studies of the reactivity of Cr(IV) complexes in

nient* For both types of processes, slightly acidic media (pH . . 4 .
yp P gntly P aqueous solutions were devoted mainly to their redox reactions
i idi i=3,9,17,18 i i
® Abstract published if\dvance ACS Abstract€ctober 1, 1997. in aCIdI.C media’ Howe\{er, very "ttle_ is known ab(.),ut.
(1) The following abbreviations for the ligands were used in this work: - Cr(IV) ligand exchange chemistry. The existence of equilibria
hmba= 2-hydroxy-2-methylbutanoate(2; edta= ethylenediamine-  petween Cr(IV) complexes with one, two, or three ehba lighinds

tetraacetate(d); ehba= 2-ethyl-2-hydroxybutanoate{?; mal = : s .
malonate (propanedioate{}); ox = oxalate (ethanedioate{3); pic was recently disputetf. The possibility of ligand exchange

= picolinate (2-pyridinecarboxylate()); ga = (—)-quinate

((1R,3R4R 5R)-1,3,4,5-tetrahydroxycyclohexanecarboxylatel2 Lig (8) Ghosh, M. C.; Gelerinter, E.; Gould, E. Biorg. Chem 1992 31,

= any of the above-mentioned ligands. 702-705.
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Coordination ChemistryWilkinson, G.; Gillard, R. D.; McCleverty, 114, 4205-4213. (b) Bakac, A.; Espenson, J.Atc. Chem. Re4993

J. A., Eds.; Pergamon Press: Oxford, U.K., 1987; Vol. 3, pp—699 26, 519-523.

969. (10) Bose, R. N.; Moghaddas, S.; Gelerinter,liiorg. Chem 1992 31,
(3) Gould, E. S.Coord. Chem. Re 1994 135/136 651-684 and 1987-1994.

references therein. (11) Barr-David, G.; Hambley, T.; Irwin, J. A.; Judd, R. J.; Lay, P. A;;
(4) Ghosh, M. C.; Gould, E. Snorg. Chem 1991, 30, 491-494. Martin, B. D.; Bramley, R.; Dixon, N. E.; Hendry, P.; Ji, J.-Y.; Baker,
(5) (a) Krumpolc, M.; Réek, J.J. Am. Chem. Sod978 100, 145-153. R. S. U.; Bonin, A. M.Inorg. Chem 1992 31, 4906-4908.

(b) Krumpolc, M.; Roek, J.J. Am. Chem. Socl979 101, 3206- (12) (a) Sugden, K. D.; Wetterhahn, K. E. Am. Chem. S0od 996 118

32009. 10811-10818. (b) Stearns, D. M.; Wetterhahn, K. Ehem. Res.
(6) Judd, R. J.; Hambley, T. W.; Lay, P. A. Chem. Soc., Dalton Trans Toxicol 1997, 10, 271-278.

1989 2205-2210. (13) (a) Luo, H.; Lu, Y.; Shi, X.; Mao, Y.; Dalal, N. $Ann. Clin. Lab.
(7) Fanchiang, Y.-T.; Bose, R. N.; Gelerinter, E.; Gould, E.Irfrg. Sci.1996 26, 185-191. (b) Luo, H.; Lu, Y.; Mao, Y.; Shi, X.; Dalal,
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equilibria involving the Cr(IV}-ehba complexes and oxalate base; integration time 2.56 ms). The reactions CHVY(IV) were
has been briefly mentionéd. also studied by observing absorbance changes at 560 nm (since V(V)

This work is aimed primarily toward the investigation of products do not absorb at this wavelength; see Results), using the SX-

Cr(IV) ligand exchange reactions in order to generate new types 17 MV with photomultiplier (PM) detector. For the single-wavelength

of relatively stable Cr(IV) complexes under biologically-relevant studies, kinetic curves consisted of 1000 points in logarithmic time
base. Typical conditions were as follows: (a) for Cr(\t)As(lIl)

co_nditions. In additi_on, the Cr(_l\/_aehba complexes were reactions, [Cr(VD)} = 0.1 mM, [As(Ill)]o = 5 mM, [Lig] = 100 mM,
reinvestigated to clarify the conflicting reports on the natures py = 2.5-4.5, reaction time 1000 s; (b) for Cr(V) (excess)V(IV)

of these specie¥:8 reactions, [Cr(V)] = 1 mM, [V(IV)] o = 0.02-0.2 mM, [Lig] = 10—
200 mM, pH= 3.5, reaction time 20 s; and (c) for Cr(\} V(IV)
Experimental Section (excess) reactions, [Cr(\)]= 0.1 mM, [V(IV)]o = 2 mM, other

conditions as for (b). The reactions (a)-(c) were carried out at25

! - h 0.1 °C in solutions containig 1 M NaCIQ,. Since V(IV) is easily

and Cr(V) _complexes are mutagenic and p?‘e“t'a“y carcinogefife. oxidized by aerial oxygen, all Cr(\} V(IV) reactions were carried

Contact with skin and inhalation must beaided. _ out under an Ar atmosphere. No such precautions were taken for the
Reagents. The following were used in the preparations of the reactions Cr(vl)+ As(lll) because the kinetic parameters were

reaction solutions: acetic acig,L-atrolactic (2-hydroxy-2-methyl- independent of [@). The time-dependent spectra, collected by the PDA

benzeneacetic) acid hemihydrate, arsenic(lll) oxicis; and trans- detector, were processed using the global analysis (&lstftware,

(1S29- andtrans{1R,2R)-1,2-cyclohexanediols, glycine, 2-ethyl-2- a5 described previoust. The kinetic curves collected by the PM

hydroxybutanoic acid, 2-hydroxy-2-methylbutanoic acid, malonic (pro- getector were processed using the nonlinear least-squares algorithm
panedioic) acid, and salicylic (2-hydroxybenzoic) acid sodium salt (all \yithin the SX-17 MV software.

Aldrich); picolinic (2-pyridinecarboxylic) acid and oxalic (ethanedioic)
acid dihydrate (Fluka);<)-quinic ((1R,3R4R,5R)-1,3,4,5-tetrahydroxy-
cyclohexanecarboxylic) acid (ICN Biomedical); ethylenediamine-
tetraacetic acid disodium satt;glucose p-gluconic acid sodium salt,
pyruvic (2-oxopropanoic) acid sodium salt, J{aO,-4H,0, VOSQ-
5H,0, NaVG;, NaHSQ, NaClQ-H,0, NaOH, and HCIQ(all Merck);
d,L-lactic (2-hydroxypropanoic) acid lithium salt angproline (Sigma);
and Milli-Q water. All commercial reagents were of analytical grade
and were used without further purificatiéh.M[CrVO(Lig)]-H,0 (M

= Na, K; Lig = ehba, hmba, ga), Na[(Cys)]-2H,0 (Cys =
L-cysteine), and (NkJ[V'VO(OH)(0x)]-H.O complexes were syn-
thesized by known procedurg®:?* Solutions of As(lll) were prepared

Caution. As(lll) and Cr(V1) compounds are human carcinogéhs,

Equilibrium Studies. Typical conditions for studies of the ligand
exchange equilibria were as follows: [Cr(I¥)}¥ 0.1 mM (generated
by the reaction of 0.1 mM Cr(VI) with 5 mM As(I11)§8 [Lig] = 0—200
mM; [NaClQy] = 1 M; pH = 2.5-6.0%° and 25+ 0.1°C. Spectral
changes were observed using an HP 8452 A diode-array spectro-
photometer £ = 250-800 nm; resolution 2 nm; integration time 0.2
s). In most cases, the stabilities of the Cr(IV) complexes were sufficient
for steady-state spectral measurements (no significant absorbance
changes during 1 min). However, for the least stable complexes (like
Cr(IV)—mal), time-dependent spectra were observed and the results
were extrapolated to zero time using the Glint software. Processing
by dissolving AsOs in NaOH solutions (molar ratio As(l11):NaOk: \?Jetrgecgfizgagatsggﬁtgraoarir;?ne;t)gqv\?;%ns of the equilibrium constants
1:3). Solutions of V(IV), prepared by dissolving VO$6H,0 in 0.1 . ) Co
M HCIO,, were standardized by permanganatometric titratiamd _ Decom_posmon Studies. The decomposition of Cr(IV) complexes
stored under argon. Buffer solutions of the ligands, containing As(ll) in water (in the absence of excess Cr(VI)) proceeded by two parallel
and 1 M NaClQ, were passed through a column of Dowex A-1 pgthways: disproportionation tc_; Cr_(III) and Cr_(V) (eq 1, sec_ond order
chelating resin (Fluka) to ensure the absence of traces of heavy metalsWith respect to [Cr(IV)]) and oxidation of the ligand (eq 2, first order

Cr(IV) Generation Studies. The reactions, Cr(VI}- As(lll) and with respect to [Cr(IV)])® Decompositions of Cr(1V) complexes were
Cr(V) + V(IV), were followed using an Applied Photophysics SX-17 ) ] ]
MV stopped-flow spectrophotometer with a photodiode-array (PDA) 2Cr(IV)—Lig — Cr(V)—Lig + Cr(lll) —Lig (1)
detector afl = 350—-750 nm; resolution~1 nm. Typically, 250 time- ) ) ) o )
dependent spectra were collected during the reaction (logarithmic time Cr(Iv)—Lig + Lig — Cr(Ill) —Lig + oxidized Lig @
(14) Farrell, R. P.; Judd, R. J.; Lay, P. A.; Dixon, N. E.; Baker, R. S. U.; studied by recording the time-dependent spectra on the HP 8452 A
Bonin, A. M. Chem. Res. Toxicol989 2, 227—229. spectrophotometed (= 250—800 nm; resolution 2 nm; time between
(15) Dillon, C. T.; Lay, P. A.; Bonin, A. M.; Dixon, N. E.; Collins, T. J,; measurements %0 s; integration time 0.2 s) at [Cr(I\)¥ 0.1 mM
Kostka, K. L. Carcinogenesis993 14, 1875-1880. (generated by the reaction of 0.1 mM Cr(VI) with 5 mM As(IIf),

(16) The lower pH values relate to the conditions in certain cellular [Lig] = 100 mM, pH= 1-82° [NaClO;] = 1 M, and 25+ 0.1 °C.

organelles, lysosomes, that uptake and solubilize Cr compounds by . .
phagocytosis and play an important role in genotoxicities of insoluble Given the complex nature of the decomposition processes (egs 1 and

chromates: (a) Elias, Z.; Poirot, O.; Pezerat, H.; Suquet, H.; Schneider, 2); the half-life ¢1,) was chosen as the simplest empirical parameter
0.; Daniee, M. C.; Terzetti, F.; Baruthio, F.; Fournier, M.; Cavelier, 10 compare the stabilities of the complexes ([Cr(bghd [Lig] were
C. Carcinogenesid989 10, 2043-2052. (b) Cohen, M. D.; Costa, kept constant in all experiments; see the conditions above). Half-lives

M. In Environmental and Occupational Medicin2nd ed.; Rom, W. for all complexes were determined from the absorbance changes at 550
17 NG}; Edh" k/'lm(e: ngr‘l danI(Ej %‘]"- Aﬁfsgﬁ’MAéligégpi’l?%(féb_ nm, where the absorbances of Cr(lll) and Cr(V) complexes were
an 317035 o M- & Gould, .Sl - Lhem. S0 negligible in comparison with those of Cr(IV) (see Results).
(18) Bose, R. N.; Fonkeng, B.; Barr-David, G.; Farrell, R. P.; Judd, R. J.; The Cr(V) complexes formed from Cr(IV) disproportionations (eq
Lay, P. A.; Sangster, D. B. Am. Chem. Sod 996 118 7139-7144. 1) themselves disproportionate slowly to Cr(lll) and Cr(VI) (eq 3). This

(19) Ghosh, M. C.; Bose, R. N.; Gelerinter, E.; Gould, Elrdrg. Chem
1992 31, 1709-1713.

(20) (a) Leonard, A.; Lauwerys, R. Rlutat. Res 1980 75, 49-62. (b) (26) King, P. J.; Maeder, MGlint—Global Kinetic AnalysisVersion 3.31;
Leonard, A.; Lauwerys, R. RMutat. Res198Q 76, 227—239. Applied Photophysics Ltd.: Leatherhead, U.K., 1993.

(21) The “ligand acids” were checked for the absence of reducing impurities, (27) Lay, P. A.; Levina, Alnorg. Chem.1996 35, 7709-7717.
as described in: Chandra, S. K.; Gelerinter, E.; Gould, ReS. Chem. (28) The reaction times, providing quantitative yields of Cr(IV), were

Intermed 1996 22, 43—52. dependent on [Lig], pH, and temperature and were chosen from the
(22) Codd, R.; Zhang, L.; Freeman, H. C.; Lay, P. A. To be submitted for kinetics of Cr(IV) formation.
publication. (29) Since the solutions containing Lig and As(Ill) were self-buffering in
(23) De Meester, P.; Hodgson, D. J.; Freeman, H. C.; Moore, [@odg. the pH region of interest, no additional buffers were required. The
Chem 1977, 16, 1494-1498. pKa values for the buffer acids (measured by potentiometric titration;
(24) Palmer, W. GExperimental Inorganic Chemistr{Cambridge Uni- 1 M NaClQy; 25°C, errors+0.05) are 3.65 (hmbai 3.30 (ehbak),
versity Press: Cambridge, U.K., 1954; p 319. 3.10 (gaH), 5.15 (picH), 1.25 and 4.25 (ox}] 1.40 and 5.70 (malg),
(25) Skoog, D. A.; West, D. M.; Holler F. JFundamentals of Analytical and 9.20 (HAsOy).

Chemistry 7th ed.; Saunders College Publishing: New York, 1996; (30) Origin. Technical Graphics and Data Analysis for WindoWersion
pp 366-372. 4.1; Microcal Software Inc.: Northampton, MA, 1996.
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Table 1. UV—Visible and CD Spectral Characteristics of Cr(IV) Carboxylato Complexes

no. compleg® spectral features (25800 nm¥

1 [Cr'VO(ehbaH)]° 300 sh (3780); 370 sh (1710); 422 min (1280); 512 max (2380)
2 [Cr'VO(OH,)x(ehba)p 270 sh (5500); 650 max (180)

3 [CrvYO(hmbaH)]° 300 sh (3900); 370 sh (1860); 412 min (1530); 502 max (2940)
4 [Cr'VO(gaH)]° UV —visible: 370 min (1390); 480 max (3940)

CD: 415 max fAe = +1.25 cnt mM™?)

5 [CrVO(pic)]°® 422 min (990); 518 max (2240)

6 Cis-[CrVO(OH,)(0x)]*~ 300 sh (3300); 364 min (1340); 410 sh (1670); 530 max (2460)
7 cis-[Cr'VO(OHy)(mal)]? 448 min (760); 562 max (1380)

aNumbers correspond to the structures in SchenfeCbmplexesl, 3, and4 were generated by the reactions of 0.1 mM Cr(VI) with 5 mM
As(ll) in 200 mM buffer solutions of the corresponding ligands (pt3.5); [NaCIQ] = 1 M; 21 °C. The spectrum of compleXwas estimated
from the [Lig] and pH dependences for the spectra of Cr{l#hiba complexes (Figure 1, eq 5). Comple%e§ were obtained by additions of 100
mM of the corresponding ligand buffers to the solutions of Cr{t¥iinba complexes (generated by the reaction of 0.1 mM Cr(VI) with 5 mM
As(lll) in 10 mM hmba buffer); pH= 3.5; [NaClQ] = 1 M; 21 °C. ¢ sh= shoulder; extinction coefficients (M cm™?) are given in parentheses.

process accelerates with an increase in pH valteghus, the full power, 10 mW; modulation frequency, 100 kHz; modulation amplitude,
disproportionation of Cr(IV) is represented by eq 4. Decompositions 0.97 G; time constant, 1.28 ms; sweep time, 5.24 s; number of scans,
20; receiver gain, k 10*. Changes of Cr(V) concentrations with time
3Cr(V) — 2Cr(VI) + Cr(Ill) (3) were determined by measuring the areas of the EPR signals using the
deconvolution procedure in WIN-EPR softwafe.
3Cr(1V) — Cr(VI) + 2Cr(ll1) 4)

Resul
of Cr(IV) under the studied conditions led to the formation of the esults

mixtures of Cr(VI), Cr(V), and Cr(lll) complexes. Concentrated NaOH Generation of Cr(IV) by Reactions of Cr(VI) with As(lII)
solutions were added (to pH 13) to the reaction solutions after the  in Carboxylate Buffers. Gould and co-workefshave shown
practically complete £95%) decomposition of Cr(IV); the alkaline  that the reaction of Cr(VI) with an excess of As(lll) (a “pure”
solutions were heated at 8C for 2—3 min (these conditions provide  yyo-electron reductant) in ehba buffer (pH 2—4) under

the fast disproportionation of Cr(V) by eq 3). After the solutions 5 \pian conditions leads to the relatively fast (reaction times
were cooled to room temperature, the B¥sible spectra, showing 30-300 s dependent on the pH and the ligand concentration)

the characteristic [Cr?~ peak @max = 372 NM;emax = 4.81 x 1C° . .
ML cm3)%2 were recorded. The amount of Cr(Vl), thus determined, formation of Cr(IV)-ehba complexes, which then undergo slow

was used as the indicator for the ratio between disproportionation (eq d@Composition. We have tested the analogous reactions in a
1) and ligand oxidation (eq 2) pathways in the decomposition of each number of carboxylate buffers (Table S1 and Figure S1 in
Cr(IV) complex. In separate experiments, NaOH was added to the Supporting Information). In some of the buffers (ox, mal, edta,
reaction solutions immediately after the generation of Cr(IV) and then pyruvate, glycinate, prolinate, salicylate, and acetatep-
Cr(VI) was determined as described above. The amounts of Cr(VI) glucose), the reactions led to the formation of Cr(lll), without
found were one-third of [Cr(IV}] (in accordance with eq 4), thus  any observable intermediates. In another group of buffers (pic,
confirming the validity of the analytical procedure. citrate, atrolactate, gluconate, and lactate) unstable intermediates
lon-Exchange Studies. Sephadex A-25 and C-25 ion-exchange were formed. Finally, in the cases of hmba, ehba, and ga

resins (Pharmacia LKB) were used for the studies of ion-exchange buffers, practically quantitative yields of relatively stable
behavior of Cr(IV) complexes. The Cr(IV) complexes were generated . ’

as described above, except that the reaction solutions did not Contain!ntermed_iates were achieved (Figure S1b). Spectra of these
NaClO,. Solutions of the Cr(IV) complexes were sorbed onto the INtermediates possess strong absorbances at GMD nm,
column (cooled to~4 °C) and then were eluted sequentially with water ~ characteristic for Cr(IV) complexég¢Table 1 and Figure Sla).

and NaCl solutions of increasing concentrations. Crystallographically Thus, Cr(IV) complexes with the tertiary 2-hydroxy carboxylato

characterize®#33 Na[Cr'"'(Cys)] and (NH;),[V'VO(OH,)(ox),] com- ligands, hmba, ehba, and ga, exhibit considerable stability in
plexes were used as the reference sources of thermodynamically stablglightly acidic aqueous media. Notably, the same ligands are
and highly colored + and 2- anions, respectively. also among the best for stabilizing the corresponding Cr(V)

Circular Dichroism (CD) Spectroscopy. CD spectra were recorded complexes, which have been isolated and charactetiZ&a.
on a Jasco 710 spectropolarimeter«{ 300—-700 nm; resolution 1 nm; G ! : :

- ; . eneration of Cr(IV) in the Reactions of Cr(V) Complexes

scan rate 500 nm/min; response time 0.125 s; temperatute 2IC). with V(IV). The reaction of [CfO(ehba)]~ with the one-

The CD spectra were processed using the Origin software. The Cr- . . . .
(IV) complexes, used for CD spectroscopic studies, were generated byelectron reductant V(IV), leading to the intermediate formation

the Cr(VI)+ As(lll) reactions, as described above, except that a higher Of Cr(IV)_—ehba complexes, has been St_Udied previdusyy
[Cr(VI)]o was used. The latter was necessary to obtain optimal CD Observation of the spectral changes at a single wavelength (490
signals. However, the disproportionations of Cr(IV) complexes (eq 1) nm). Application of the global analysis allowed us to study
were faster due to the higher [Cr(I\§)kypically 0.5 mM in comparison this and related reactions in more detail; typical results are shown
with 0.1 mM used in the UV visible spectroscopic studies). Chro- in Figures S2 and S3, Supporting Information. The reaction of
mium(ill) complexes (used for comparative spectroscopic studies of excess [CYO(ehba)]~ with V(IV) in ehba buffers led to a fast
Cr(Iv) and_ Cr(ll1)) were generate_dn situ by reductions of the (time scale 310 s) growth of absorbance at 40900 nm due
cogi?%”%'ggogégv) i(o_rggzxégé" ghei):f:E? c':\lr?\%sc%m exes were t0 the formation of two colored species (Figure S2a): CriV)

P Ry p P ehba 4max = 512 nm) and V(V}-ehb&® (absorbing at 400

recorded at 24 1 °C, using flat quartz cell on a Bruker ESP 300
spectrometer, equipped with a HP 5352B frequency counter and a 220 NM). The molar amounts of Cr(I¥ghba complex formed

Bruker ER 035 M gaussmeter. The parameters for acquisition of EPR Correspond to the molar amounts of V(IV) introduced into the
spectra were as follows: center field, 3500 G; sweep width, 100 G; system (at [Cr(V)] = 10[V(IV)]o, Figure S2b). Analogous
resolution, 1024 points; microwave frequensyd.66 GHz; microwave results were obtained for the reactions of an excess of either

(31) Krumpolc, M.; Réek, J.Inorg. Chem 1985 24, 617-621. (34) WIN-EPR Version 921201; Bruker-Franzen Analytic GmbH: Bremen,

(32) Haupt, G. WNatl. Bur. Stand. Circ. (U.S.)952 48, 414-423. Germany, 1996.

(33) Form, G. E.; Raper, E. S.; Oughtred, R. E.; Shearer, H. MJM. (35) Hambley, T. W.; Judd, R. J.; Lay, P. lorg. Chem1992 31, 345—
Chem. So¢.Chem. Commurl972 945-946. 351.
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[CrYO(hmba)]~ or [CVO(ga)] ™~ in the corresponding ligand —s—pH=25
buffers with V(IV). The estimated spectra of Cr(IV) complexes
(after subtraction of the absorbances of V(V) complexes)
correspond (within 5% experimental error) to those obtained 2000
from the Cr(VI)+ As(lll) reaction (Table 1, Figure S1a). The
reactions of Cr(V) complexes with excess V(IV) in hmba, ehba,
and qa buffers led to the formation of transient Cr(IV)
intermediates, which were reduced rapidly to Cr(lll) complexes
(Figure S3a). Kinetics of these reactions were further compli- 1000 *¢+
cated by transformations of the initially formed brightly yellow i
V(V) complexes to pale yellow products, presumably V(V) [
dimers® and/or V(IV,V) oligomers®® Nevertheless, taking into
account the spectral changes due to V(V) reactions, the 2000
calculated spectra of the Cr(IV) intermediates were the same,
within experimental error, as those obtained by the previous
methods (an example for Cr(I¥ehba is shown in Figure S3b).
Dependences of UV-Visible Spectra of Cr(IV) Complexes
on pH and Ligand Concentrations. The data confirm previous
observations* that the absorbances at 40600 nm for the
Cr(lV)—ehba complexes decreased with decreasing ligand
concentrations. Furthermore, we observed the same phenom-
enon for the Cr(IV}3-hmba and Cr(I\V3-ga complexes (Figure 2000+
S4 in Supporting Information). The dependences of the Cr(IV)
spectra on the ligand concentration and pH were studied in more
detail for the Cr(IV)-ehba complexes. The analogous trends

-1

cm

o

e M'

1000

have been found for Cr(I\ehba complexes obtained from both
the Cr(V)+ V(IV) and Cr(VI) + As(lll) reactions (Figure 1a,b); 10004 ¢
i.e., the decrease of absorbance values with decreasing ligand a
concentration becomes more pronounced at higher pH values. 4
Ikr)lr(ieu(ran%penmental data (Figure 1c) are described by the equi- 0 50 100 150 200
' [Lig], mM
1 LS 2 + ehbaH (5) Figure 1. Changes of extinction coefficients (560 nm) with changing

[Lig] and pH for Cr(IV)—ehba complexes: (a) experimental data,

. Cr(IV)—ehba complexes generated in the reaction of 1 mM N&pcr
wherel and?2 are the two different Cr(I\A-ehba complexes, (ehbay] with 0.05 mM V(IV), [NaCIO,] = 1 M, 25°C; (b) experimental

K= (5% 2) x 103 M (1 M NaClO,, 25°C), and ehbablis data, Cr(IV)-ehba complexes generated in the reaction of 0.1 mM
the protonated form of the ligand Kg = 3.30)2° Cr(VI) with 5 mM As(lll), [NaClO4] = 1 M, 25°C; (c) the points are

From the data of Table 1, the absorbance of comglex estimated from eq 5, using(1l) = 2100 M cm™, ¢(2) = 0, K =
560 nm is negligible in comparison with that of compl&x 5x1073 M, and [K«(ehbaH) = 3.30.

This allowed an estimation of the spectrum for com@gXable ; ; ;

1, Figure S5 in Supporting Inforrgation).. Within Ftﬂﬁfe experi- étrtg/rgpf ,tb?sgﬁ;“ierﬁthee%rlg:‘\fglr_ E])?S:Jeyr:: rl-r?gzg I(_)il;]tzﬂl]:dr?g (t::]lgn
mentgl error £5%), thg spectrum dt'wa's mdepenqlept of pH formation of the mixtures of Cr(IV) and Cr(lll) complexes
and ligand concentration, thus conflrmlng the validity of eq 5. (Figure S6 in Supporting Information).

The spectra of Cr(1V) cqmplexes were_lndepender_n (eﬁm)_ Decomposition of Cr(IV) Complexes. Kinetics of the
of both [Lig] and pH at high concentrations of the ligands ([Lig] decomposition reactions of the Cr(ihba complexes at pH
= 150 mM and pH= 2—4 for Cr(IV)—ehba and Cr(IVyhmba;  5_4 \ere studied in detail by Gould and co-work@rsn the

[Lig] = 50_mM and pH= 3—7 for Cr(IV)—_qa). current work, the stabilities of different Cr(IV) complexes were
Generation of Cr(IV) Complexes by Ligand Exchange .,y nared over a broad range of pH values. Under the

Re?)?:tions. '.I;jhe. ligands usgd for this purpfoTe s_Zo;JﬁLd bde @) conditions used for the decomposition studies (see Experimental
S_Fah_ehtlo OX; Ea);uo_n (Cr(v) 'Sha Vg_fly po;/veru OXIha Jan ith Section), the initial spectra of the Cr(IV) complexes were
(if) highly soluble in water. The ability of ox to exchange with - wicaly independent of pH. The results (Figure 2) show that

Cr(l\_/)—ehba complexes was noticed.prc_aviou’sglwthough no the bell-shaped pH dependences of stabilities are characteristic
details were supplied. The mal and pic ligands are also swtablefor all of the complexes. The Cr(IApic, Cr(IV)—ox, and

for this reaction. The addition of Lig2 (where Lig2 ox, mal, Cr(v)— L

! . . " ga complexes are significantly more stable at pH
or pic) to the solutions of Cr(IVyLig1 cor_nplexes (Lig= eh?’a' 4.5 than the Cr(lVyhmba and Cr(IV)}-ehba complexes.
hmba, or qa), generated by the reactions (?r(VI)As(III) In However, only the Cr(IV)-ga complex is reasonably stable at
the correspon(jlng buffers, led to changes in the-Wisible __pH~ 7 (r1n~ 500 s: see Figure 2). The Cr(I¥jmal complex
spectra. The f'”_a' spectra were dependent on th? nature of Lig2;q generally less stable than the other Cr(IV) complexes (inset
_(the corresponding spectral features are given in T"?‘b'e 1 t_’Utin Figure 2). The results of analyses of the reaction mixtures
independent of the nature and concentration of Ligl. It is after the practically complete-@5%) decomposition of Cr(I\V)

essential for the formation of Cr(IV)Lig2 complexes that Lig2 (Table S2, Su . : : ;
. . , Supporting Information) show that, in the pH regions
be added after the generation of the Cr{Ajgl complex. corresponding to the maximum stability of each complex, the

(36) (a) Chasteen. N. DStruct, BondingBerlin) 1983 53, 105138 () <" v)—mal, Cr(IV)=ehba, and Cr(IVyhmba complexes are

Codd, R.; Hambley, T. W.; Lay, P. Anorg. Chem1995 34, 877— decomposing mainly by disproportionation (eq 1). While
882. disproportionation reactions are also prevalent in the decomposi-
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Figure 2. pH dependences of the half-lives of decompositions of
Cr(1V) complexes (28C). See Experimental Section for the conditions
of the decomposition studies.

Table 2. Equilibrium Constants for Ligand Exchange in Cr(IV)
Complexes at pH= 3.8

Ligl  Lig2 K Ligl  Lig2 K
hmba  ox (6£3)x 1° hmba ga 1.2-05
ehba 0X (2£1) x 100 hmba ehba (21)x10?
hmba pic (3£1)x10® hmba mal (21) x 10
ehba pic (21)x1®* ga oX 10+ 3

alt was assumed that, under the conditions [Cr(F£)P.1 mM, [Lig]
= 10-100 mM, 1 M NaClIQ, and 25°C, Cr(IV) exists mainly in the
form of bis-chelated oxo complexes (see Discussion). Equilibrium
constantsK = ([Cr'VO(Lig2).][Lig1]®/([Cr'VO(Ligl).][Lig2]?) were
determined by UV-visible spectrophotometry. The low stabilities of

the Cr(IV) complexes and the relatively small differences in absorbance

Codd et al.
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Figure 3. Spectral changes in the system Cr#\¢a—ox with changing
[ox]/[ga] ratio at pH 4.4 ([Cr(IV)} = 0.1 mM; 25°C): (a) spectrum
of the Cr(IV)—qa complex at [gaF 100 mM (dashed line) and spectra
of the Cr(IV)—ga—ox complex at [ox]/[qa}r 0.01—0.33 (solid lines);
(b) spectrum of the Cr(IVWyox complex at [ox]= 100 mM (dashed
line) and spectra of the Cr(I\V)ga—ox complex at [ox]/[qa}= 0.72—
10.0 (solid lines). Isosbestic points are shown by arrows.

(Figure 3) are consistent with the sequential ligand exchange
reactions

CrIV( El_ \Y}
ga), + ox==_Cr "(ox)(ga)+ qa (6)
cr (ox)( o

ga)+ ox==Cr "(ox), + qa @)

whereK; =26+ 5 andK, = 0.4+ 0.1 (pH= 4.4, 1 M NaClQ,
25 °C); ox and ga are the sums of all protolytic forms of the

spectra of the complexes (see Table 1) are the sources of largecorresponding ligands (the protolytic equilibria were not taken

experimental error$. At pH = 4.4,

tions of the Cr(IV)-ox and Cr(IV)-ga complexes, oxidations

into account, since the studies were performed at a constant
pH value).
Interactions of Cr(IV) Complexes with lon-Exchange

of the ligands (eq 2) are significant in these cases. Finally, the Resins. The Cr(IV)—qga and Cr(IV)}-ox complexes were sorbed

decomposition of the Cr(I\ipic complex under the studied
conditions occurs mainly by oxidation of the ligand (Table S2).
The results of experiments with variable As(lll) concentrations
(2—50 mM) showed that As(lll) does not take a significant part
in the decomposition of Cr(IV). For all of the Cr(lV)

onto a column of Sephadex A-25 anion-exchange resin~{pH

5; 4 °C) and were eluted by 0.15 and 1.5 M NaCl solutions,
respectively. Such a behavior corresponds to monoanionic (for
Cr(1V)—qga) and dianionic (for Cr(I\/jox) complexes (as it was
shown in ion-exchange experiments with the reference com-

complexes, a decrease in the pH values led to the relative plexes [Cr(Cys)~ and [VO(OH)(ox);]2~, performed under the

increase in the contribution of the ligand oxidation pathway (eq
2).
Ligand Exchange Equilibria of Cr(IV) Complexes. The

same conditions). All of the other Cr(IV) complexes quickly
decomposed on the ion-exchange column; thus their charges
could not be determined by this method. Decompositions of

ligand exchange reactions of Cr(IV) complexes were studied the Cr(IV)—hmba, Cr(IV)}-ehba, and Cr(I\A-mal complexes

at pH= 3.8,i.e., under the conditions where all of the complexes

led to the formation of chromate(VI) (detected as the yellow

had reasonable stabilities (Figure 2). The results (Table 2) zone on Sephadex A-25), while Cr(I¥pic decomposed

allowed the ligands to be placed in the following order of
increasing stability of the corresponding Cr(IV) complexes
toward ligand exchange reactions: hmbahba~ mal < qa

< pic < ox. At low concentrations of hmba buffer (2@0

mM), 0.2 mM ox was sufficient for complete ligand exchange
with 0.1 mM Cr(IV)—hmba, independent of the buffer concen-
tration. This suggests the formation of a bis(oxalato)chro-

entirely to Cr(lll) (visually observed as a decoloration). These
data are in agreement with the results of the Cr(IV) decomposi-
tion studies in solutions (Table S2). None of the complexes
were retained by a Sephadex C-25 cation-exchange resin.
CD Spectroscopic Studies of Optically-Active Cr(IV)
Complexes. Since the Cr(IV)-ga complexes are optically-
active, their properties were also studied by CD spectroscopy

mium(IV) complex. The ligand exchange reactions were studied (Figures S7 and S8 in Supporting Information). However, the

in more detail for the system Cr(I\)ga—ox, since these two
ligands form the most long-lived (Figure 2) and significantly
spectrally different (Table 1) Cr(IV) complexes. The results

interpretation of CD spectroscopic data was complicated by two
main factors. First, the CD signals are relatively weak and the
noise level is high (Figure S7a). Slow scan rates or multiple
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scanning could not be used for increasing the signal:noise ratioScheme 1. Assigned Structures of Cr(IV) Carboxylato
because of the instability of the complexes. Second, Cr(lll) Complexes
¢
o}
o ol o &

and Cr(V) are inevitably present in the reaction mixture due to 0
R g(”) o] O—I + 2H,0 R 3 R
Cr(IV), and Cr(V) complexes with ga ligands are of comparable o — ji /c( + W
/ \O R o/ 0
o H w

the decomposition of Cr(IV) and the CD signals of Cr(lll), R
intensity at all wavelengths in the range 300 nm (Figure 0 OH, HO OH
S7a). By contrast, the absorbances in-tsible spectra for

the Cr(lll) and Cr(V) complexes at = 500-600 nm are 1 R=R'=Et ?
negligible compared to those of Cr(IV) (Figure S7b). Within 3 R=E;R=Me
the experimental error{10%), the CD spectra of Cr(I\V)ga
complexes (Table 1) were independent of pH and [Lig] at high OH
ligand concentrations ([Ligk 50 mM; pH = 3-7; typical OH
spectra are shown at Figure S8a). By contrast, the CD spectra yo HO o——l 0 O o ‘—| 0
of Cr(V)—ga complexes were strongly pH-dependent (Figure 0, |/o 4 N | o~
S8b). This difference in behaviors of the Cr(iga and L1 /r<
Cr(V)—ga complexes was observed also by-tWsible spec- o ° % oH of © NO
troscopy (Figure S9 in Supporting Information).

Comparison of Stabilities of the Cr(IV) and Cr(V) 4 HO 5
Complexes. Chromium(V) complexes formed during the H
disproportionation of Cr(IV) (eq 1) are easily detected by EPR
spectroscopy at room temperatdfeKinetic curves for decay 00 ﬁ o@ - ° o ‘|)| /0H7|2_
of the Cr(IV)—hmba, Cr(IV)}-ehba, and Cr(I\rga complexes /[/i > r<o 2; >Er\
(UV—visible spectroscopy) were compared with those for the 0”7 0 (l) o 0
accumulation and decay of the corresponding Cr(V) complexes =0 Y
(EPR spectroscopy). The resulesd, Figure S10, Supporting 60 70

Information) show that, under the reaction conditions ([l5g]

10-200 mM; pH= 2-8; 21°C), Cr(IV) complexes with hmba,  p_glycose (Table S1). The additions of Lig2 (Lig2 1,2-
ehba, and ga ligands are significantly less stable than thecyclohexanediols ap-glucose) to the solutions of Cr(IV)Ligl
corresponding Cr(V) complexes. complexes (LigE= ehba, hmba, or ga) at [LigH 10—50 mM,

The rates of Cr(V) decay (measured by EPR spectroscopy),[Lig2] = 50-250 mM, and pH= 4—9 did not lead to any
under the above mentioned conditions, did not significantly significant UV—visible or CD spectral changes that could
change with variations in [As(Ill)] (250 mM). Thus, the rates  correspond to the formation of new Cr(IV) species. In addition,
of the reactions Cr(V}- As(lll) under these conditions are  the presence of Lig2 did not significantly change the rates of
negligible, compared to the relatively fast reactions Cr(¥l)  decomposition of Cr(IV)-Ligl complexes under the above-
As(Iln). mentioned conditions.

EPR spectra of the Cr(I\)Ligl—Lig2 systems (Ligl= Chromium(V)—edta complexes are formed during the reaction
hmba, ehba, or ga; Lig2 pic, ox, or mal) under the conditions  of Cr(VI) with the Co(ll)-edta complex at pH= 3—4 in the
corresponding to the full replacement of Lig1 by Lig2 in Cr(IV) presence of excess edta, and the possible formation of Gr(IV)
complexes (Table 2; confirmed by UWisible spectroscopy)  edta complexes in this system was also postul¢tddowever,
show only the signals of the corresponding Cr{\jgl when the edta buffers (pH 3—4) were added in excess to the
complex. Furthermore, only Cr(W¥)Lig1 signals were observed  solutions of Cr(IV)-ehba complexes (generated by the Cr(VI1)
in solutions containing 0.1 mM [€O(Ligl),]~ and 100 mM + As(lll) + ehba reactions), no significant changes in UV
Lig2 buffer (pH 3.8). These data lead to the conclusion that visible spectra were observed. Similarly, no evidence was found
Cr(V) complexes with pic, ox, and mal ligands are apparently for the formation of Cr(IV) complexes with other 2-amino
at very low concentrations under the studied conditi§n$his carboxylates (glycinate andprolinate).
is probably the result of the unfavorable equilibria for ligand
exchange with Lig2 rather than of fast decomposition of CKV)  Discussion
Lig2, since the EPR signals of Cr(\Lig1l are stable for several

hours in the presence of excess Lig2. Solution Structures of Cr(IV) Complexes. The assigned
Relatively stable Cr(V)/1,2-diol (including-glucose) com-  structures of Cr(IV) complexes with ehba, €), hmba 8), ga
plexes are found at physiological pH vali#g? By contrast, (4), pic (5), ox (6), and mal {) ligands are given in Scheme 1

no evidence was found for the formation of Cr(IV) complexes (only protonated forms of complexds 3, and4 are shown).

with trans{1S 29)-, trans{1R 2R)-, or cis-1,2-cyclohexanediol The UV—visible and CD spectral features of the corresponding

or p-glucose. No observable intermediates were formed in the complexes are summarized in Table 1.

reductions of Cr(VI) to Cr(lll) by As(lll) in the presence of The Cr(IV) oxidation state in complexes-4 is confirmed

by the same spectral characteristics of the species obtained either

(37) EPR spectral data on the Cr(V) complexes have been published: Barr-Dy one-electron reductions of Cr(V) with V(IV) or by two-
David, G.; Bramley, R.; Brumby, S.; Charara, M.; Codd, R.; Farrell, electron reductions of Cr(VI) with As(lll) in buffer solutions

R. P.; Hanson, G. R.; Irwin, J. A.; Ji, J.-Y.; Lay, P. A.Chem. Soc., i ;
Faraday Trans 1995 91, 1207-1216. of the corresponding ligands. However, the Cr¥)V(IV)

(38) However, Cr(V}-ox complexes are formed by the ligand exchange reaction is much Iess_ useful than the Cr(\:H)_As(III) reaction,
reactions Cr(V)-ehba+ oxH, in more acidic media (pH= 0—1.5). for three reasons. First, although the reactions of excess Cr(V)

See: (a) Farrell, R. P.; Judd, R. J.; Lay, P. A; Bramley, R.; Ji, J-Y. with V(IV) lead to quantitative yields (with respect to V(IV))

{Tr?i(,gérggeg 1%%%35’ 33853410' (b) Farrell, R. P. Ph.D. Thesis, ¢ yho relatively stable Cr(IV) complexes, the spectral changes

(39) (a) Branca, M.; De&sA.; Kozlowski, H.; Micera, G.; Swiatek, J.
Inorg. Biochem 199Q 39, 217-226. (b) Irwin, J. A. Unpublished (40) Ohashi, K.; Aramaki, M.; Kaise, M.; Yamamoto, Knal. Sci.1989
results. 5, 73-77.
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due to the formation of Cr(IV) are small in comparison with Scheme 2. Possible Protolytic Equilibrium of Cr(IV)
the absorbances of excess Cr(V). In the reactions of Cr(V) with Complexes with 2-Hydroxy Carboxylato Ligands
excess V(IV), Cr(IV) is formed only as a transient intermediate

en route to further reduction to Cr(lll). Second, the analysis of i f|> o ﬂ ° R o ‘lf o /0_|
the absorbance changes due to the formation of Cr(lV) is j; o’ i il 2% j/i & 1
complicated by the formation of colored V(IV) and V(V) o o—R o o’ \g R
complexeg! On the other hand, As(lll) and As(V) compounds H R b

are colorless in the wavelength region of interest. Finally, V(IV)
is easily oxidized by aerial oxygen under the reaction condltlo_ns. Our results are in agreement with the concludirthat
As a consequence, to obtain accurate results in reactions . e . L

- . - . Cr(IV) under the studied conditions exists mainly in the forms
involving small concentrations of V(IV), £must be rigorously

excluded, but it does not affect the Cr(\) As(lll) reactions. of blls-chelated pomplexes (SCheme 1). The main evidence
The UV-visibl tra of th . ted by additi previously used in support of the bis-chelated structure for the
€ VisIble spectra of Ine Species generated by addition Cr(IV)—ehba complex wag¢ 7 (i) Cr(IV)—ehba reacts with

of excess Lig2 (Lig2= pic, mal, or ox) to the solutions of Cr(VI) to form a Cr(V) bis-chelate, [O(ehba)]~, and (ii)

Cr(iv)—Ligl cqn_]plexes (Ligt= ehba, hmba, or qa) are close the reactions of Cr(I\rehba with various reductants seem to
to those of the initial complexes (all possess strong absorbance@,ield Cr(lll) complexes, containing two ehba ligands. Ad-

in 400-600 nm region; see Table 1) and are very different from ditional arguments found here are (i) 2 mol of ox is required

the known UV~visible spectra of Cr(lll)-Lig2 complexes for the formation of 1 mol of the Cr(IVjrox compl »
. 5 plex and (ii)
(possessing weak absorbances at-4E0 and 556600 nm): the ligand exchange in the Cr(I¥pga—ox system proceeds in

These observations confirm the oxidation state of Cr in the :
s . two sequential steps (eqs 6 and 7).
Cr(IV)—Lig2 complexes. The complete replacement of Ligl The existence of different protolytic forms for the Cr(IV)

(tj)y ngd2 n Su?h tﬁomplex&:_s IS conft|rmed b% the Itack of OIcomplexes with 2-hydroxy carboxylato ligands (Scheme 2) was
ependence ot the resuiing spectra on the naturé an suggestetf by analogy with the known chemistry of V(1)

C?nr(]:entratlog OIfVL'ng.' 2An addlmonal .arg#me.nt f?r the fohrmatlon ehba complexe®. In previous studied the uncharged form

o the new CIVY 162 cometes i he Sanicant hanes  (scheme 2 of i Cr(Vychoa compleses was assumed o

of the parent Cr(IV)-Ligl complexes (Figure 2). The question exist as the main one at pH—Z., since the rates of its rg_dqx

h b ked, Why could Cr(Wlig2 com' lexes not be reacjuons were independent of ionic strength. The equilibrium

t €n can be asked, Why 92 P studies (Table 2) showed that ehba, hmba, and ga are poorer

obtained by the reactions Cr(Vi)y As(lll) in the presence of . . e

Lig2 (Table S1)? Furthermore, it was found that small additions I|gar_u_:is than pic and ox for C_r(IV) at pH: 3.8. Th'$ IS an
fLia2 t.th titati ’ f fi £ Cr(\V) in Cr(VI additional argument for the existence hf3, and4 mainly in

of Lig2 prevent the quantitative formation of Cr(IV) in Cr(VI) the protonated forma at this pH value, since the reverse order

+ As(ll) + Ligl reactions (Figure S6). The possible answer of stability was observed for the corresponding Cr(V) com-

can be found in the mechanism of these reactions, where the -
i T . r plexes, where the ligands are fully deproton&&& On the
formations of Cr(VI>-As(lll) —Lig1 adducts are involved in the other hand, the ion-exchange behaviorgdt pH ~ 5 shows

rate-determining steff. The presence of the ligands of other the presence of a partially deprotonated fdsnfScheme 2).

types may lead to the formation of different adducts that are Unfortunately, more detailed studies of the protonation of Cr(IV)

2?: sutlr:able for_g\llvo-electro_n ;[rr]ar:stl;]er érom A;(III) to|Cr(VI) " complexes were difficult because (i) these reactions do not lead
e other possible reason is that the Cr{/Jg2 complexes, to appreciable changes in B\Wisible and CD spectra and (ii)

formed during the the reaction Cr(\4 As(lll) + Lig2, rapidly the Cr(IV/) com ;
. . ) plexes are relatively stable only over a narrow
react with Cr(VI) (by contrast, the reaction Cr(IW) Cr(VI) is pH region (Figure 2).

i 4

relaﬂvely slow forfthhe Cct:r(IV)—ehba Icompleg:@. i Sch Dominance of the six-coordinate forms for Cr(IV) complexes
1 The structures Odt N br(IV)_ C(_)lmp exéie(n _fS'Tq ¢ eme” with ox and mal ligandsg§ and7 in Scheme 1) was suggested

) were assumed to be s\,/|m| ar to _t ose of the crys:ta 0" on the basis of (i) crystallographic d&tdor the V(IV) oxalato
graphlcalIy-.characterlzéﬁ [Cr‘O(ehbajl~ and [QWO(hmbaﬂ complexcis[VVO(OH,)(0x)2]?~, and (i) EPR studies of Cr(V)
(f!ve-coqrdlnated oxo complexes, with a d'StO.rted trlgonal- oxalato complexes, showing the prevalence of the six-coordinate
bipyramidal geometry), as opposed to the six-coordinated, form, similar t06.37-38 The appearance of six-coordinated forms
octahedral geometry of the corresponding Cr(lll) compleéxes. ;'/,ch less likely for complexes with the more bulky ligatds
Electrochemical studiéshave shown (in the case of the ehba (1,3, 4, and5in Scheme 1). The results of ion-exchange studies
complexes) that the major structural rearrangement follows the sulgg’e’sting a dianionic form for the Cr(I¥px complex are in

electron transfer in Cr(IV)/Cr(lll), not in the Cr(V)/Cr(IV) agreement with structu® The decomposition studies (Figure
couple. An additional argument for the structural similarity of 2) showed thas is the most stable Cr(IV) complex under the
Cr(lV) andCCr\(/VZ; c:mm’:\re_d) t((): C”rl(”l) complexels, |sdthat t?e studied conditions, whil& is the least stable one. It suggests
reactlpnz rl( ) hS( )h c :5 )Aartle”se_v)eéa I\C/)r ers o that five-membered chelates of Cr(IV) are much more stable
magnitude slower than the I & s(lll r(IV) reac- . than the six-membered ones, as found for the Cr(V) andfogs.
tions?3 although the former reactions are more thermodynami- The dependences of UWisible spectra on the ligand

4
cally favorablet concentrations for Cr(I\Vi-ehba complexes were explaiféd’
in terms of the addition of a third ehba ligand (in monodentate
fashion) to complexX. The arguments against this explanation

(41) The formation and further reactions of V(v¥g¢hba were not taken
into account in a previous stulipf the system Cr(VH V(IV) +
ehba. This led to some misinterpretations of the kinetic data. Thus,
the formation and decomposition of Cr(IV) (monitored at 490 nm) (43) This refers to the reactions in ehba, hmba, and ga buffers at pH
were assigned to three sequential steps. In fact, there are only two 2.5-4.5.
steps corresponding to the formation and decomposition of Cr(IV), (44) Electrochemical studies (Eckert, J. M.; Judd, R. J.; Lay, Rnég.
respectively (as shown from absorbance changes at 560 nm, where Chem 1987, 26, 2191-2192) show that Cr(V) complexes are more

the influence of [V(V)] is negligible). The third step observed at 490 powerful oxidants than Cr(VIl) compounds.
nm corresponds to further transformations of Véhba. (45) (a) Mitewa, M.; Bontchev, P. RCoord. Chem. Re 1985 61, 241—
(42) This was established from kinetic studies of the reaction Cr{VvI) 272. (b) Farrell, R. P.; Lay, P. AComments Inorg. Chem992 13,

As(lll) in ehba buffer at pH= 2—44 133-175.
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have been discussed in detéind will not be repeated here.
The alternative approathis to assume the existence of an
equilibrium between the mono- and bis-ligated Cr(féhba
complexes. The detailed studies performed in the current work
(Figure 1, eq 5) allowed us to assign struct@rgscheme 1) to
the mono-ligated form. The estimated BVisible spectrum

of 2 (Table 1, Figure S5) is close to that of the Cr(IV) aqua
complex?® Studies of the equilibrium between mono- and bis-
ligated Cr(IV)—ehba, performed with Cr(IV) complexes gener-
ated by both the reactions Cr(M) V(IV) and Cr(VI) + As(lll),

give similar [Lig] and pH dependences (Figure 1). Notably,
the former reaction is accelerated with increasing pH, while the
rate of the latter is decreased with increasing pH. Thus, the
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On the other hand, oxalato and picolinato complexes are well-
known for Cr(lll).2

Implications for Cr(IV) and Cr(V) Genotoxicities. Both
Cr(IV) and Cr(V) can be formed intracellularly by reduction of
Cr(VI),1912as well as by oxidation of Cr(Ill) with the activated
oxygen formed in enzymatic reactioffs.Recent EPR spectro-
scopic studie® show that relatively stable Cr(V) compounds
existin »ivo bound to carbohydrates or carbohydrate residues
of nucleotides. In this respect, the observation that Cr(IV) does
not form complexes of any significant stability with 1,2-diol
moieties of carbohydrates in neutral aqueous media can be an
argument against a significant role for Cr(IV) in genotoxicity.
The other argument is that the Cr(vgarbohydrate complexes

observed absorbance changes (Figure 1b) cannot be explained;q staple for hours at physiological pH (733}ut the lifetimes

by the incomplete conversion of Cr(VI) to Cr(IV) at higher pH
values.

The Cr(IV) decomposition studies have shown that, at certain
pH values (see Figure 2), the Cr(Wpx and Cr(IV)}-ga
complexes are remarkably stable in dilute aqueous solutigas (
=1-1.5h at [Cr(IV)b = 0.1 mM and 25°C). However, the
second-order disproportionation reactions (eq 1) will make the

of the known Cr(IV) complexes under these conditions are
measured in minutes or seconds (Figure 2). On the other hand,
a slightly acidic medium (pH= 4.5-5.5), which is applicable

for the cellular uptake of insoluble chromates by phagocyf6sis,

is favorable for the existence of Cr(IV) complexes with different
types of ligands (ox, pic, or qa; Figure 2). The shorter lifetimes
of the Cr(IV) complexes in comparison with those of Cr(V)

isolation of these complexes from more concentrated aqueouscan be compensated by the higher reactivity of Cr(IV) in

solutions very difficult.

The most remarkable result of the Cr(IV) decomposition
studies is the shift of the relative stability region for Cr(iV)
ga to higher pH values in comparison with Cr(F@hba and
Cr(IV)—hmba (Figure 2). Initially, it was thought that at higher
pH values a linkage isomerization occurred to bind the 1,2-
diol moieties of ga to Cr(IV), by analogy with the Cr(¥jja
complexeg24” However, this explanation is unlikely because
(i) no significant changes were observed in the-tjsible and
CD spectra of the Cr(I\Wrga complexes with changing pH, in
contrast with the Cr(\j)-ga complexes (Figures S8 and S9),
and (ii) no evidence was obtained for Cr(IV) complexation with
1,2-cyclohexanediols armelglucose. The increased stability of
Cr(lV)—ga at pH= 4.5 may be caused by steric hindrance for
the Cr(lV) disproportionation reaction due to the bulky ga
ligands (see structurkin Scheme 1). At lower pH values, the
decomposition of the Cr(I\)yqa complexes probably occurs
mainly by intramolecular oxidation of the secondary alcohol
groups with Cr(I\V)*8

The important difference in the chemical properties of Cr(IV)
and Cr(V) is that 2-hydroxy carboxylates (ehba, hmba, and ga)
and especially polyols (1,2-cyclohexanediols arglucose) are
much poorer ligands for Cr(1V) than for Cr(V). This is probably
the result of the lower acidity of the ROH groups bound to
Cr(lV). Thus, the ROH groups of the Cr(IV) complexes with
ehba, hmba, and ga ligands remain mainly protonated atpH
2—4 (Scheme 1), while those of the corresponding Cr(V)
complexes are fully deprotonated under these condifiéis.
An analogous reason probably causes the instability of the
Cr(IV) complexes with polyol ligands in contrast to the
corresponding Cr(V) complexé8. The other difference in
Cr(lV) and Cr(V) chemistry is the formation of Cr(IV)
complexes with ox and pic ligands, which are relatively stable
at pH= 4—6 (Figure 2). The formation of Cr(V) complexes
with ox and pic ligands at these pH values was not observed.

(46) For [CrO(OH)s)2: Amax= 260 NM;emax= (5 £ 1) x 1EM~tcm1°

(47) The effects of pH on the structures of Cr{\)a complexes in aqueous
solutions have been studied in detail by EPR spectroscopy (Codd, R.
Unpublished results).

(48) The analysis of the reaction mixtures show that only Cr(lll), not Cr(V)
or Cr(VI), is present in the reaction mixtures after the decomposition
of the Cr(IV)—qga complex at pH< 3. Thus, the ligand oxidation is
the only significant pathway of Cr(I\Y)ga decomposition under these
conditions.

oxidation reactions due to the higher redox poterfiaf.
Furthermore, the intracellular concentrations of Cr(IV) com-
plexes, causing DNA damage, are likely to be on the micromolar
or nanomolar level (analogous to the case of Cr(V) com-
plexes)415 Therefore, the second-order decomposition reac-
tions (eq 1) of Cr(IV) complexes in intracellular media are
expected to be much slower than in tievitro studies.

Perhaps an important advantage of Cr(IV) (in comparison
with Cr(V)) in biological systems is its ability to form complexes
with a wider variety of ligands. Thus, mainly Cr(V) complexes
with 2-hydroxy carboxylate and 1,2-diol ligands can be expected
to exist under physiological conditions, but Cr(IV) can addition-
ally form complexes with bis(carboxylate) (like ox and mal)
and heterocyclic (like pic) ligands. All of these types of ligands
are likely to exist in intracellular media. Finally, Cr(IV)
2-hydroxy carboxylato complexes have a higher propensity to
lose one ligand in comparison with their Cr(V) analogs. Thus,
no significant UV*-visible spectral changes were observed for
the solutions of Cr(V)ehba complex with increasing ligand
concentrations ([LigF= 10—200 mM; pH= 3.5; Figure S2a),
while the spectra of the Cr(I\)ehba complexes were strongly
dependent on [Lig] under these conditions (Figures 1, S2a, and
S4). The loss of one ligand from [@D(ehba)]~ and the
following complexation of the mono-ligated species with DNA
have been postulated to be key steps in DNA cleavage by this
Cr(V) complext* In agreement with this mechanism, an excess
of ehba effectively inhibits the cleavage procéssAs intra-
cellular reactions of Cr complexes are likely to proceed in the
presence of ligands in great excess, the ability of Cr(IV)
complexes to lose ligands more easily can give them a
preference in reactions with DNA in comparison with Cr(V)
complexes.

Thus, the chemical properties of Cr(IV) complexes in aqueous
solutions make them likely candidates for the active species in
Cr-induced genotoxicities. The published dat& provide
some evidence that Cr(IV) is a more potent DNA-damaging
agent than Cr(V). However, these results are not definitive,
since no data on the structure and stability of Cr(IV) species
under the reaction conditions were obtained. The results of the

(49) Dillon, C. T. Ph.D. Thesis, University of Sydney, 1995.
(50) Liu, K. J.; Shi, X.; Jiang, J.; Goda, F.; Dalal, N.; Swartz, H. Ahn.
Clin. Lab. Sci 1996 26, 176-184.
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current work can be used as the basis for more systematic studies Supporting Information Available: Tables giving the results of
of Cr(lV) reactions with DNA. global kinetic analysis for Cr(IV) generation reactions and results of
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