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Characterization of the Potent Insulin Mimetic Agent Bis(maltolato)oxovanadium(IV)
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Bis(maltolato)oxovanadium(lV) (abbreviated BMOV or VO()d)as been characterized by electron paramagnetic
resonance (EPR) spectroscopy in £H, H,O, MeOH, and pyridine at both room and low temperatures. Spin
Hamiltonian parameters for mono- and bis(maltolato)oxovanadium(lV) complexes [VO (Y O(ma)(H0)r] T,

n = 2 or 3) and VO(ma) (Hma = 3-hydroxy-2-methyl-4-pyrone, maltol) have been obtained by computer
simulation (SOPHE). Configurations of solvated vanadyl/maltol complexes, V@&nia)solution (S= solvent)

are proposed on the basis of a comparison of their hyperfine coupling constants with those obtained for related
vanadium(lV) compounds in the literature. Whereas at room temperature pyridine coordinates to M@ @na)
position cis to the oxo ligand (cis isomer), in®l or in MeOH solvated and unsolvated cis and trans adducts of
VO(ma), are all formed, with the cis isomer dominant. As expected, the coordinating ability was found to be in
the order py> H,O ~ MeOH > CH,Cl,. In aqueous solutions at room temperature and neutrakpHand
transVO(ma)(H>0) complexes are present as major and minor components, respectively.

Introduction CHy
. . o . o @
Since the first report of the insulin mimetic properties of (oM \U/o N
vanadium compound vivo in 19851 there has been great \ o/ \o O

interest in the mechanism of the insulin-like function of

vanadium and in developing new vanadium compounds as

potential insulin adjuvants or replacements in the treatment of BMOV, VO(ma),
diabeteg % In addition to the extensively studied off-the-shelf The direct electrochemical i f VO
inorganic species vanadafand vanady?; 1t compounds which € direct electrochemical preparation o (nayas

have been designed, synthesized, and tested over the past decacrx%’D orted n 1592768. although the compoun_d was incompletely
. ; ) oo oo characterized®28 its electron paramagnetic resonance (EPR)
include a variety of chemically modified derivatives such as

VOL,113and VO(Q),L, 1 5where L is a bidentate ligand. Our spectrum was first reported in 1%72and again in 1987 Its

" e S . insulin-mimetic properties, however, were not probed until
;ct))rt])trré?/?;tzg ;c; It3h|\|/|sof\|/elc<)jr Sot(’:ig;lélzt‘? lato)oxovanadium(1V), recently*6-2224 Maltol (3-hydroxy-2-methyl-4-pyrone, abbrevi-
ated Hma), a widely-used and U.S. Food and Drug Administra-
* Authors to whom correspondence should be addressed: Graeme.!ion approved food additive, was chosen as a bidentate ligand
Hanson@CMR.ug.edu.au; Orvig@chem.ubc.ca. in order to increase the lipophilicity and to improve the
T University of Queensland. gastrointestinal absorption of the vanadyl group by passive

¥ University of British Columbia. . - I, )
® Abstract published imdvance ACS Abstract©ctober 1, 1996. diffusion. In addition, the oxygen atom on the six-membered
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ring of the ligand renders the complex moderately water soluble. coordinating abilities; thus we were able to probe extensively
Indeed, on the basis of a comparison of plasma glucose levelsall the possible V®'-containing species which may be of
in diabetic rats treated with a series of vanadium complexes, biological relevance in the reduction of insulin levéisvivo.
VO(may is about 3 times more potent than the uncomplexed gyperimental Section

vanadyl groug® This offers hope for an oral treatment of
diabetes.

V(I1), V(IV), and V(V) are the predominant oxidation states
of vanadium under biologically relevant conditiot¥s3° The
oxovanadium(lV), or vanadyl, moiety VA forms many stable
complexes; although in general ¥Ois more stable than V(llI)
and V(V) speciesdl its stability is enhanced by the chelation of
ancillary ligands (L). The V(IV)/V(V) redox couple is also
strongly pH dependent. The structures of \W@omplexes in
solution are not always rigid. In this submission, we examine
exhaustively the nature of the oxovanadium(lV) maltolato
species present in solution under various conditions.

Solvation effects in bigl-diketonato)oxovanadium(lV) com-
plexes (VO(acag)in particular, acac being acetylacetonate) have
been extensively studied by EPRE3 electron nuclear double
resonance (ENDOR, and infrared (IR¥®37 spectroscopies,

VO(ma), was prepared as previously reporfé@nd its purity was
confirmed by infrared spectroscopy and C/H elemental analysis (Mr.
P. Borda, Department of Chemistry, UBC). Distilled (Barnstead D8902
and D8904 cartridges) and deionized (Corning MP-1 Megapure still)
water was degassed by flushing with prepurifiegldd Ar. Organic
solvents were distilled from the proper drying reagent©gfor CH,-

Cly; CaH, for MeOH) prior to use. Pyridine was used as obtained
from Fisher. To avoid oxidation of vanadium(lV) to vanadium(V),
all solutions were carefully prepared and handled under, @thho-
sphere.

Room-temperature X-band EPR spectra of VO@sajutions (+2
mM), each recorded as the first derivative of absorption, were obtained
in either 2QuL microcapillaries (for MeOH and $ solutions) or quartz
tubes (3 mm o.d., 2 mm i.d.; for GBI, solutions) on a Bruker ECS-
106 EPR spectrometer. A flow-through cryostat in conjunction with a
Eurotherm B-VT 2000 variable-temperature controller provided tem-
peratures of 126370 K at the sample position in the rectangular cavity

. 39 . (TE102). The microwave frequency and magnetic field were calibrated
as well as by X-ray crystallograptj>> There is much to be with an EIP 625A microwave frequency counter and a Varian E500

Iearngd from th's Ilteratur'e despite _the fact tfiadiketonates gaussmeter, respectively. Computer simulations of isotropic and
are bidentate ligands which form six-membered metallacycle anisotropic EPR spectra were performed using the SOPHE simulation
complexes with metal ions, whereas the analogous maltol packagé-#?running on IBM AX-6000 and Sun SPARC station 10/30

derivatives are five-membered metallacycles. The different ring Unix workstations. Spectral comparison and plotting were carried out
sizes may cause variations in properties such as stability andusing Bruker's WINEPR program on a personal computer in conjunc-

solvation.

The interaction of VO(ma)and a number of other oxova-
nadium(lV) chelates with solvents (CHLCEtOH, pyridine) was
previously studied over 20 years ago by Stewart and Porte

tion with PC-NFS software.

Results and Discussion
VO(ma), is moderately soluble in Cil,, MeOH, H0O, and
pyridine. Although stable indefinitely in the solid state, VO-

using low-temperature EPR spectroscopy. Trans adducts of VO-(ma), is oxidized in solution by molecular oxygen, the products

(ma) with ethanol and pyridine were postulated; however, the

and rates of the oxidation reaction of vanadium(IlV) to vana-

authors mainly emphasized the development of computationaldium(V) being solvent dependefit. In CH,ClI, for instance,

techniques to obtain spin Hamiltonian parameters for low-

as indicated by a rapid color change from gray to dark red, VO-

symmetry vanadium(IV) molecules from EPR spectroscopy, and (ma), is quickly oxidized by air (@), forming, most likely, the

the adduct configuratiorper se was neither discussed nor
experimentally pursued.

diamagnetic vanadium(V) dimgfvO(ma)]»(«-0)}.22 In py-
ridine, on the other hand, the vanadium(lV) complex shows a

EPR spectroscopy is a major source of information on the greater resistance to aerial oxidation; in fact, the pyridine adduct

characterization and identification of paramagnetic V(IV)
complexes, especially in solutidf. In spite of a great similarity
in transition energies (defined as thevalues in EPR experi-

VO(ma)(py) can be prepared in high yield by stirring a
suspension of VO(ma)in pyridine, even aerobicalf2 The
oxidation products of VO(ma)in alcohols in the presence of

ments), it has been shown that the hyperfine coupling betweenoxygen are the corresponding alkoxyvanadium(V) complexes,

the unpaired electron and the vanadium nuclear dpia {/2)

cisVO(ma)y(OR), as confirmed by the X-ray crystal structure

may be rather sensitive to the chemical environment, i.e. the determination of the methoxide (R CHs) derivative?® The

coordinating atoms and the geometry of comple®es.

We wish to report the X-band solution EPR results for VO-
(ma), in various solvents at both room and low (dilute frozen
solutions) temperatures.

corresponding reaction in aqueous solution is reversible and
gives rise to the dioxo aniotis-[VO,(ma)] -, which has been
structurally characterized as the potassium%aln the course

The solvents used in our studiesOf kinetic studies of the reaction of VO(mayith oxygen in

(dichloromethane, pyridine, water and methanol) have different MeOH and in HO,2 we have discovered that while the rates
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Pergamon Press: Oxford, U.K., 1987; Vol. 3, p 453.

(32) Atherton, N. M.; Gibbon, P. J.; Shohoji, M. C. B.Chem. Soc., Dalton
Trans.1982 2289.

(33) Sawant, B. M.; Shroyer, A. L. W.; Eaton, G. R.; Eaton, SIn®rg.
Chem.1982 21, 1093.

(34) Yordanov, N. D.; Zdravkova, MPolyhedron1993 12, 635.

(35) Al-Niaimi, N. S.; Al-Karaghouli, A. R.; Aliwi, S. M.; Jalhoom, M.
G. J. Inorg. Nucl. Chem1974 36, 283.
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1972 34, 3171.
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(40) Chasteen, N. DBiol. Magn. Reson1981, 3, 53.

of oxidation of VO(ma) in MeOH and in HO are comparable,
they are faster than that in pyridine and slower than that ig-CH
Cl,. The disparity of VO(ma)stability toward aerial oxidation
displayed in different solvents seems to originate from the
disparity of the solvated VO(magomplexes present in different
media and from the variation in coordinating ability of solvents.
In the solid state, VO(maJ)is five-coordinate with a square
pyramidal geometry in which the oxo ligand occupies the axial
position and the two maltol ligands are trans (F2, Chaf21).
Depending on the coordinating ability of a solvent, complexation
of the coordinatively unsaturated VO(mapecies cis F1 and
trans F2 (Chart 1) with solvent molecules may take place in
solution. Precedence for such solvation can be found in
EPR32734 |IR,3537 and X-ray crystallograph#€-3° studies on
related oxovanadium(lV) chelate compounds. Chart 1 depicts

(41) Wang, D.; Hanson, G. R. Magn. Reson1995 117, 1.
(42) Wang, D.; Hanson, G. Rppl. Magn. Resonin press.
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Chart 1. Possible Structures of VO(main Solution (S= a
Solvent)
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all possible solvated VO(mafomplexes, where S represents - [ r | | I
a solvent molecule. When S is incorporated at a sixth 275 300 325 350 375 400 425
coordination position in VO(ma)its coordination site may be Magnetic Field [mT]

either ci_s (©) or trfins (T) to the u_n_ique oxo ligand (r_efe_rred to Figure 1. EPR spectra of VO(majn CH,Cl,. (a) Isotropic spectrum:;
as the cis or trans isomer). In addition, the asymmetric bidentate, = 9.5914 GHzT = 295 K. (b) Expansions of the vanadium hyperfine

maltol ligand introduces four cis orientational isomers (distin- resonances associated with the principakis in the spectrum; | to V

guished by suffixes 1 to 4). Configuration C3, a trans correspond to theM, = —7/5 =%, 3, ° and 7/, resonances,

configuration of the two alkoxide oxygens for the cis species, respectively. (c) Anisotropic spectrum;= 9.59496 GHz[T = 120 K.

has precedent in crystal structures of the two hexacoordinated(@ Computer simulation of (c).

bis(maltolato)vanadium(V) counterpartsis-K[VO y(ma)] - H,0?? , ) , "

an((jcis-VO(rr)m)z(OMe)?(;/) P [VOz(ma)lH, in CHCI; solution, they have also identified outer sphere
VO(ma), in CH,Cl,. The room-temperature isotropic EPR complexes between VO(acagnd CHC}. Specifically, one

spectrum of VO(ma)in CH,Cl, reveals eight resonancegi molecule of CH{ is hydrogen-bonded to an oxygen atom of
= 1.9707 Aso= —90.05x 104 cm1), consistent with a single ~ "€ of the chelating acadigands and a second molecule of
paramagnetic species of vanadium(IV) (Figure 1a). Consistent ©HCls is coordinated along the symmetry4 axis=<Q) via a
with this, the IR spectrum of VO(majn CH,Cl, showed a  hydrogen bond with the %0 oxygen aton#* In light of the
single =0 stretching frequencyy—o = 992 cn?, identical very weak coordlrjatlng ability of CHLl,, it is reasonable to
within experimental error to 995 cmh observed for the five- describe VO(ma)in CHZC'? as a squaré pyram|d_al comp_lex
coordinate unsolvated VO(magomplex in the solid staf (F1/F2, Chart 1). The multiple species are most likely attribut-
The frozen solution anisotropic spectrum of VO(gria)CHs- able to outer sphere complexes between VOrtie)/F2, Chart
Cl, is shown in Figure 1c. Close inspection of thig= —7/5, 1) and CHCI; in which one or more CCl, molecules are
—5/,, 3/, 515, and’/ “parallel” (2) resonances (Figure 1b;V) hydrogen-bonded to the oxygen atoms from the chelate ligand

reveals additional splitting (at least three resonances) arising®' €SS likely, to the trans isomers (T1/T2, Chart 1).

either from ligand hyperfine coupling or from the presence of ~ VO(ma)z in CH:Cla/Pyridine. The addition of excess
more than a single vanadyl complex. To first order, ligand PYridine to VO(maj (relative to the complex concentration in
hyperfine coupling should yield equally spaced resonances, andCH:zCl2) caused a significant change in the isotropic vanadium
this is clearly not the case (Figure 1b;YV), indicating the nuclea_r hyperfine coupling constant (Table 1), |nd|cat|_ng the
presence of at least three distinct vanady! species. Computeformation of a new complex which we have previously
simulation of the predominant species (resonances labeled * incharacterizett to be VO(ma)(py). Pyridine is well-known to

Figure 1b) with an orthorhombic spin Hamiltonian form adduct complexes with coordinatively unsaturated metal
specieg? A cis configuration for the pyridine adduct VO(ma)
H= Z B(B;*g'S) + S-A;l, (1) (py) is concluded on the basis of two pieces of evidence. IR,
i=Xy,z EPR, and ENDOR spectroscopic results suggest that most

pyridine and substituted pyridine adducts of Bisljketonato)-

and theg andA matrices listed in Table 1 yields the spectrum oxovanadium(lV) either are only cis or are a mixture of cis and

shown in Figure 1d. Thg andA matrices are similar to those
found by Stewart and Porfé. - , — ———
. . . (43) Reedijk, J. IlComprehensie Coordination ChemistryVilkinson, G.,
While proton ENDOR studié$ have confirmed that the Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: Oxford, U.K.,
square pyramidal solid state structure of VO(ag&yetained 1987; Vol. 2, p 73.
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Table 1. Spin Hamiltonian Parameters for VO(raand Its Complexes with Solvent Molecules

comp lex (072 gxa gya gavhl Qiso Azc Axa"C Aya’c Aavb'c Aisoc

VO(ma)/CH.Cl, 1944 1984 1978 19687 1.9707 —163.2 —49.2 —58.5 —90.3 —90.05
VO(ma)/CHCly/toluend 1948 1986 1979 1.971 —161.1 —48.3 —57.4 —89.3
VO(ma)/CH,Cl./py 1.944 1977 1979 19766 1.9686 —165.0 —56.3 —58.9 —93.4 —93.05
VO(ma)/CHCly/toluene/p¥ 1945 1982 1979 1.968 —165.4 —56.3 —58.9 —93.13
VO(ma)/H,0°

cis isomer (species 63%) 1.9646 —-95.5

trans isomer (speciek 25%) 1.9702 —85.00
[VO(ma)]* (specied)f 1933 1980 1971 1.961 1.9660 —178.0 —67.5 —65.0 —-103.9 —98.00
VO(ma)/H,O/glycerol 1938 1979 1975 1.964 —171.00 -62.3 —59.4 —97.57
VO(ma)/MeOH

cis isomer (species 55%) 1.9652 —96.00

trans isomer (speciek 45%) 1.9702 —86.00
VO(ma)/MeOH 1939 1980 1972 19635 169.0 —62.3 —60.0 —-97.1
[VO(H20)s)?* 1932 1979 1979 19633 1964 —182.3 —70.00 —70.00 —107.43 —106.55

2The assignment of the andy principal axes is arbitranP.ga, = Y3(0x + gy + 92, A = Y3(Ac + Ay + Ay). ¢ Units for vanadium hyperfine
coupling are 10* cm™. @ Reference 27¢ The spectrum (Figure 3a) recorded at pH 6.0 also contains [VO{nEpe. f Ratio of water to glycercol
was 1:1.9 The difference betweeA,, and A, is presumably a consequence of the poorly resolved resonances aloxngriteg principal axes
and/or the fact that the experimental spectrum was obtained by subtraction (see text).

trans isomers in solutiof?—37 Pyridine is known to coordinate
strongly to transition metal iorfS,and other strong (anionic)
ligands such as ORand G~ are always found cis in
bis(maltolato)oxovanadium(V) complex&s2 The frozen solu-
tion anisotropic EPR spectrum (Figure S1a) of VO(nia)CH,-
Cly/pyridine revealed the presence of a single species. (Note:
Figures S1-S6 are supplied as Supporting Information.) This
spectrum was simulated with an orthorhombic spin Hamiltonian EBE==
(eq 1), and the parameters are given in Table 1 (see Figure S1b). |

296K

A comparison of thegy and A matrices with those reported by ] ./‘{

Stewart and Por#é reveals a discrepancy in the assignment of c

the gy, A, Oy, andA, values (Table 1). (A simulation based on 352K

Stewart and Porte’s valu€s(Figure Sic) indicates that our : : L : . : : L * !
assignment is correct; a comparison of Figure S1b with the 300 320 340 360 380

spectrum of VO(ma)in pure CHCI, reveals the resonances of Magnetic Field [mT]

the pyridine adduct to be Sllghtly broadeull widths at half- Figure 2. EPR spectra of VO(ma)in H,O, pH 6.0, at variable
maximum for theM, = —7/, and 7/, vanadium hyperfine temperatures rising from 296 K (top) to 352 K (bottom). Spectral
resonances associated with the principal axisz 0.92 and 0.51  acquisition was controlled by an automatic program: temperature
mT, respectively, for VO(ma)in CH,Cl, and 1.4 and 2.2 mT, interval, 2 K; number of scans, 4; temperature stabilization was achieved

h - i by allowing 10 min between accumulations and extra time for fine
respectively, for VO(majpy) in CH,Cl,) The broader reso tuning. The four distinct species displayed at 352 K are laba)dd

nances are a consequence of either ligand hyperfine coupling. 2104 » = 9.6009 GHz.
from the pyridine nitrogen nucleustSy, | = 1/2, natural ' '
abundance 0.37%N, | = 1, natural abundance 99.63%), which 35, K) EPR study was performed (Figure 2). At higher
is coordinated equatorially to VO(mgJor increasedy and A temperatures, the spectral line width is considerably reduced,
strain®* If ligand nitrogen hyperfine coupling is the source of 5 oing the observation of two additional complexes, labeled
line broadening, then a cis geometry for VO(atgy) is likely, a andb in Figure 2. Similar spectra were obtained whether
yvith the possibility of a small number of ligand orjentational the temperature was increased (Figure 2) or decreased (Figure
isomers (e.g. C1to C4, Chart 1). The sniaiindAanisotropy o) syggesting an equilibrium process. The reduced line widths
in the xy plane (Table 1) can more easily be interpreted, o higher temperature arise from more complete motional
however, with pyridine coordinating trans to the oxo group, and averaging of the anisotropig and A matrices’s-47 allowing
consequently the line broadening results from increasadd the observation of specigsandb.
Astrain. Electron spin echo envelope modulation studies should ¢ we assume that the stepwise formation reactions for VO-
be able to provide a definitive answer to the origin of the line (ma), are exothermic, then increasing the temperature will
broadening and hence the structure of this complex. Given yo.rease the equilibri,um constant, producing spegiead b
existing results in the literatufé 3" we conclude pyridine  vich correspond to [VO(bD)2* ,and [VO(ma)[, respec-
coordinates cis to the oxo group. . tively, as shown in Scheme 1. The degree of hydration (number
VQ(ma)z in H20. C_Zharactenzm_g VO(ma)in aqueous of water molecules bound to the latter species, 2 or 3) was not
solution is of utmost importance in terms of the potential yetermined; nevertheless, chioride anions do not seem to be
application of VO(mg) in diabetes therapy. The room- ..,y ients of the inner-coordination sphere, the anions being
temperature EPR spectrum (.)f VO(rpa) water d'sp'?‘y.ed two highly hydrated because of the high dielectric constant of water.
sets of eight resonances which are qualitatively similar to one +4'. 0 rdborate this. the same spectrum was obtained in HCI or
another but are distinguished by slightly different isotropic HNOs. As expecte'd, at neutral pH the complex is re-formed.

vanadium nuclear hyperfine couplings corresponding to tWO e EpR_active vanadium(lV) species in aqueous solutions of
oxovanadium(IV) complexes (apparent in the top spectrum in VO(ma) under various conditions are summarized in Scheme
Figure 2 and labeledcc and d). To probe the possible

interconversion of the two species, a variable-temperature{(296 45, wiison, R.: Kivelson, DJ. Chem. Phys1965 44, 154.

(46) Atkins, P. W.; Kivelson, DJ. Chem. Phys1965 44, 169.
(44) Froncisz, W.; Hyde, J. S. Chem. Phys198Q 73, 3123. (47) Wilson, R.; Kivelson, DJ. Chem. Physl1965 44, 4440.
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Scheme 1. VO(ma), Species and Fragments in Aqueous
Solution
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1. These assignments afto [VO(H,0)s]?" andb to [VO-

(ma)" were confirmed by the disappearance of the two species

a and b upon addition of excess maltol (Figures S3 and S4)
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Figure 3. Isotropic EPR spectra of VO(malh aqueous solution. (a)
Experimental spectrum, pH 6.0, = 352 K, v = 9.6009 GHz. (b)
Computer simulation of the spectrum foiin Figure 2 resulting from
the trans isomers of VO(ma)c) Computer simulation of the spectrum
for ¢ in Figure 2 resulting from the cis isomers of VO(majd)
Computer simulation of the spectrum floiin Figure 2 resulting from
[VO(ma)]*. (e) Computer simulation of the experimental spectrum of
VO(ma): (c) + 0.7(b)+ 0.2(d). (f) Experimental spectrum of VO-

and by computer simulation of the EPR spectra measured as gma), pH 3.0;T = 296 K, » = 9.6006 GHz. (g) Computer simulation

function of pH (Table 1), for example Figure 3a at pH 6.0,
Figure 3f at pH 3.0, and Figure 3g at pH 1.0 ([VQ®)]%").
Computer-simulated spectra for the Figure 2 spedijes and

b are given in Figure 3bd, respectively, with the corresponding
isotropicg andA values in Table 1. Figure 3e corresponds to

of the spectrum arising from [VO@#D)s]?"; v = 9.6002 GHz.

trans to the V@ moiety. This is in agreement with the
proposal that specias represents two vanadyl species.
Frozen aqueous solution EPR spectra of VOM{RJO?2*]

the simulation of the experimental spectrum (Figure 3a) where ~ 2 mM) reveal broad resonances attributable to either a

Figure 3b,3c «0.7) and Figure 3dxX0.2) have been added; a
remarkable correlation is observed. At lower pH (3.0, Figure

distribution ofg and A values § andA strainf448 or intermo-
lecular dipole-dipole coupling resulting from solute aggrega-

3f), the primary species giving rise to the isotropic EPR spectrum tion. Although addition of glycerol to aqueous solutions is

correspond to [VO(maj] and [VO(HO)s]2" in a 2.4:1 ratio.
No interconversion was observed between the two VO{ma)
species in aqueous solution (labeledndd in Figure 2) over
the temperature range 29852 K; however, while the down-
field resonance foc remained constant with increasing tem-
perature, the resonance at higher field, dorshifted slightly
downfield; i.e., the isotropic hyperfine coupling increased
slightly. If c andd were in equilibrium with each other, the

known to produce high-quality glasses, thereby redugiagd

A strain, alcohols react with VO(maproducingcis-VO(OR)-
(ma) complexeg?23 If solute aggregation is the source of
broadening, then dilution of the paramagnetic species may
prevent this from occurring. A frozen aqueous solution of VO-
(ma) ([VO2"] ~ 0.1 mM, 200 scans) is shown in Figure 4c,
and for comparison, a spectrum of VO(mgy02t] ~ 2 mM,

4 scans) in a water/glycerol (1:1) mixture is shown in Figure

two resonances should coalesce, as long as the energy barrie4d. The line widths of the resonances (Figure 4c) have been

is sufficiently small; however, the fact that the resonancecfor
does not shift suggests that spedleepresents two paramag-
netic oxovanadium(lV) species in equilibrium (F1/F2 T1/
T2; see Scheme 1 and Chart 1).

The isotropicg and A values for species (Table 1, Figure
2) closely resemble those of the pyridine adduct VO(ps),
whereas the less abundant isorddras EPR parameters similar
to those of VO(ma)in CH,CI; (Table 1). Thus, speciesand

significantly reduced, though they remain broader than those
observed for VO(ma)in water/glycerol, indicating that the line
broadening results from a combination gfand A strain and
solute aggregation. The effect of glycerol on the EPR spectrum
of VO(ma), was also examined at 350 K, since greater spectral
resolution is achieved at high temperatures for both water and
water/glycerol (1:1) solutions containing VO(mdJigure 4a
and Figure 4b, respectively). Except for a difference in the

d are assigned to the cis and trans isomers, respectively.relative abundance of the two isomers, the two spectra are

Assuming that the trans isomdris unsolvated, then the EPR
spectra recorded in G&l, and HO should be identical and

virtually identical, indicating that both water and water/glycerol
mixtures contain the cis (C1C4) and trans (T1/T2) isomers

subtraction of these spectra would yield the spectrum attributed of VO(ma)S and that further glycerol does not appear to

to cisVO(ma)(H.0) (species). However, we were unable
to obtain the spectrum focissVO(ma)y(H»0) (speciesc),
indicating that the trans isomers (speaig$n CH,Cl, and HO
were not identical and that a water molecule is most likely
weakly coordinated to the vanadium ion in an axial position

coordinate to the oxovanadium(lV) ion. Computer simulation
of the frozen solution EPR spectrum of VO(mah water/
glycerol (Figure 4d) with an orthorhombic spin Hamiltonian

(48) Pilbrow, J. RJ. Magn. Reson1984 58, 186.
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Figure 4. (a) Isotropic EPR spectrum of VO(mah H,O; T = 350
K, v =9.6009 GHz. (b) Isotropic EPR spectrum of VO(mig) H,O/
glycerol (1:1); T = 350 K, » = 9.5992 GHz. (c) Anisotropic EPR
spectrum of VO(ma)in H,O; [VO(ma)] ~ 0.1 mM, number of scans
=200,T =120 K,v =9.5976 GHz. (d) Anisotropic EPR spectrum of
VO(ma) in H.O/glycerol (1:1); [VO(maj] ~ 3 mM; number of scans
=4, T =120 K, v = 9.5924 GHz. Field width of the expanded
resonances is 7 mT. (e) Computer simulation of (d).

(eq 1) and theg and A matrices given in Table 1 yields the
spectrum shown in Figure 4e. Although the isotropic spectra
reveal the presence of at least two paramagnetic specasi(

d), the frozen solution spectra were satisfactorily interpreted in

Hanson et al.

CH,Cl:MeOH

340 360
Magnetic Field [mT]

Figure 5. Room-temperature EPR spectra of VO(pa)varying ratios
of CH,Cl, to MeOH; v = 9.5914 GHz.

of VO(ma); is shown in Figure S6aexpansion of the parallel

z resonances reveals the presence of at least two vanadyl
complexes; computer simulation of the dominant resonances
in this spectrum with thg andA values given in Table 1 and
the orthorhombic spin Hamiltonian in eq 1 yields the spectrum
in Figure S6b.

Concluding Remarks. This study has demonstrated that
various oxovanadium(lV) species, [VO{8)s]2", [VO(ma)]*,
VO(ma), andcis- andtransVO(ma)S, can be distinguished
through the measurement of their isotropic and anisotropic EPR
spectra and their subsequent analysis using computer simulation
studies. While varying the number of coordinating maltolato
ligands between 0 and 2 increases the isotrgpialues only
slightly (1.964 to 1.9707), the absolute value of the isotropic
51y hyperfine coupling constant decreases lineariyl06.55
x 1074, —98.00 x 1074, and—90.05x 104 cm™1) for [VO-
(H20)5]?*, [VO(ma)T*, and unsolvated VO(ma)in CH,Cl,.
However, solvation at either the cis or the trans positions causes
significant changes in the isotropic coupling constants, abolish-
ing the above linear relationship. Isotropt#V hyperfine

terms of a single isolated paramagnetic center, as the spectrafUPling constants are larger for solvation at the cis position
line widths were sufficiently broad to mask the existence of than_for that at the trans position (_Table 1). Clearly, caution is
multiple species. Thus the anisotropic spin Hamiltonian required when structural conclusions are drawn solely on the

parameters may represent an average for the two species preseRgSiS Of @ correlation of donor sets and spin Hamiltonian

in solution.
The frozen solution EPR spectrum of [VO(majFigure S5c)
was obtained by measuring an EPR spectrum of [VO{ja)

pH 3.0 (Figure S5a) and subtracting the spectrum attributable

to VO(may) (Figure S5b). Computer simulation of the spectrum
attributable to [VO(ma)j is shown in Figure S5c together with
the spin Hamiltonian parameters in Table 1.

VO(ma)z in MeOH. Solvation of VO(may by methanol was
characterized because of the similarity of MeOH tgOHin
solvating ability, the miscibility of MeOH (unlike water) in GH
Cl, (which allowed us to study the effect of a donor solvent,
MeOH, on VO(ma) species in ChCly), and the important
oxidation/alcoholysis reactié®?® undergone by VO(ma)

Figure 5 shows the room-temperature isotropic EPR spectra of

VO(ma), in CH.CI; as a function of added MeOH. Similar
spectra were also obtained when £y was added to VO-
(ma) in MeOH. The ability of MeOH to bind to VO(ma)is
evident. In neat MeOH (bottom spectrum), VO(meXhibits

a room-temperature EPR spectrum very similar to that of the
two distinct paramagnetic species found inC(Hat high
temperature (352 K, Figure 2). The cis adduct of VO@ma)h
MeOH was also the dominant isomer at room temperature;
however, the substantially lower abundance of the cis MeOH
adduct may suggest weaker MeOH binding to VO(ma)
compared with that of 0. The frozen solution EPR spectrum

parameters, as solvation and cis/trans isomerism may also be
important.

The EPR study presented herein has identified the presence
of multiple equilibria (Scheme 1) involving the solvation of cis
and trans isomers of VO(maand ligand-dissociated products.
Although details of the mechanism by which “VO(rsdpwers
circulating glucose levels are unknown, mechanistic proposals
will have to consider the equilibria given in Scheme 1. We
have not attempted to measure equilibrium constants for the
reactions given in Scheme 1, and hence we have no information
concerning the various rate constants for these reactions. It may
be that conversion of these species into the biologically
important species occurs sufficiently fast that these equilibria
bear little physiological relevance.
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