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The solution properties of two isomeric forms of the V-EDDA complex (the symmetricR-cis and asymmetric
â-cis) have been studied using multinuclear NMR spectroscopy. The isomerization constant of the aqueous
equilibrium mixture expressed as [R-cis]/[â-cis] increasedon the addition of organic solvents (methanol, formamide,
and DMSO) anddecreasedon the addition of salts (NaCl, NaClO4, and NH4Cl). The isomerization constant and
corresponding thermodynamic parameters were determined under a variety of conditions. The solution studies
were consistent with the interpretation that solvation is the major contributor to isomer stability. Solid state
characterization of theâ-cis isomer of NH4[VO2(EDDA)] confirmed this conclusion and allowed detailed
examination of the role of hydrogen bonding in this complex. The structural parameters for this complex are
triclinic, P1h, a ) 6.787(1) Å,b ) 7.272(1) Å,c ) 11.014(1) Å,R ) 95.084(9)°, â ) 92.805(8)°, andγ )
100.009(9)°. The dynamic processes of these complexes were examined in water and in water-DMSO mixtures
resulting in observation of an unknown intramolecular dynamic process. The extent to which this complex responds
to the environment is discussed, and its implications for biological studies and the mechanism of action of vanadium
compounds are briefly considered.

Introduction

It has been recognized for many years that the specific
coordination geometry of metal complexes and their properties
are affected by a number of factors including metal ion, ligand,
solvation, temperature, and ion association (see, for example,
ref 2). Vanadium complexes are particularly susceptible to
external influences since the vanadium atom is small and readily
accommodates several coordination geometries. In view of the
current interest in vanadium compounds as oral insulin
substitutes,3-5 it is important to understand how various factors
affect the structure and properties of vanadium complexes. The
current paper probes the sensitivity of the structure and stability
of isomeric aqueous vanadium(V) complexes to solvent and salt
effects.
Vanadium(V) forms well-characterized complexes with ligands

derived from EDTA.6-12 Two EDTA complexes, differing in

protonation states and counterions, have been characterized by
X-ray crystallography; both show the vanadium atom in an
octahedral geometry with acis-dioxo unit.7,8 Solution studies
have convincingly shown that these complexes retain the solid
state structure in solution.9 In addition, solution studies have
been carried out on complexes from ligands analogous to EDTA
including those ofN-(hydroxyethylamine)ethylenediamine-
N,N′,N′-triacetic acid, N,N′-(dimethylethyl)ethylenediamine-
N,N′-diacetic acid (H2DMEDDA), and ethylenediamine-N,N′-
diacetic acid (H2EDDA).9,12 The major DMEDDA complex
in solution has similar spectroscopic properties to the EDTA
complex and, accordingly, has been proposed to be structurally
similar; the minor product (∼3%) observed in these solutions
has not been characterized in detail.9 Two complexes of similar
stability form with EDDA as ligand.9 The symmetricR-cis
complex (1) is structurally similar to the EDTA complex, and
theâ-cis complex (2) is an asymmetric isomer. The geometry
of 2 was deduced from spectroscopic studies in aqueous
solution.9

In the present study we report solution and solid state
characterization of the V-EDDA complexes. The extent to
which the stability of the isomers is dependent on solvation and
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ionic interactions is explored using solvent and salt mixtures.
The effects of solvent and salt on the rapid interconversion is
also examined because, in contrast to the corresponding cobalt-
(III) complexes, the vanadium(V) complexes interconvert in
aqueous solution.13,14 The solid state structure of theâ-cis
complex is determined and compared to that of the EDTA
complex. We conclude that in vanadium(V) complexes of a
ligand such as EDDA, where more than one stable isomer can
form, environmental effects may even determine which isomer
is predominant in the mixture. Should the biological effects of
vanadium compounds be strictly related to their structure,
information on model systems should be important to under-
standing the nature of the active vanadium species in biological
systems.

Experimental Section

Materials and Methods. All chemicals obtained from Sigma or
Aldrich were reagent grade and used without further purification. Stock
solutions of NH4[VO2(EDDA)], NH4Cl, KCl, NaCl, and NaClO4 were
prepared by dissolving the crystalline material in water or D2O and
stored at ambient temperature. K3[VO2(EDTA)]‚4H2O,6 NH4[VO2(H2-
EDTA)]‚3H2O,15 and NH4[VO2(Oxal)2]‚2H2O16,17 were prepared as
described previously. IR spectra were recorded on a Perkin-Elmer 1600
FT-IR in KBr pellets. Microanalyses were performed by Desert
Analytics, Tucson, AR.
Preparation of NH4[VO2(EDDA)]. NH4VO3 (0.58 g, 5.0 mmol)

was dissolved in 15 mL of H2O, and the pH was adjusted to 7.5 with
a solution of NH4OH (5 M). Solid H2EDDA (0.95 g, 5.4 mmol) was
added, and the suspension was stirred until dissolution was complete
at which point the pH had decreased to 7.3 (if the pH of the solution
was less than 7.3, it was increased to obtain better yields). This yellow
solution was filtered to remove undissolved particles before adding 35
mL of ethanol. The resulting solution (a precipitate begins to form
after 1 day) was kept at-15 °C for 5 days at which time a yellow
crystalline material had precipitated. The precipitate was isolated by
filtration and washed twice with 5 mL of ethanol. The isolated yield
of NH4[VO2(EDDA)] was 1.1 g (89%):51V NMR δ(D2O) -503 (â-
cis),-514 (R-cis); 1H NMR δ(D2O) 3.76 (4H, dd, AB), 2.97 (4H, dd,
AB) (R-cis), 3.72 (2H, dd, AB), 3.70 (2H, dd, AB), 3.5, 3.1, 2.7 (4H,
m, CDEF), (â-cis);9 13C{H} NMR δ(D2O) 186.1, 57.0, 56.8, 51.5 (R-
cis), 185.9, 182.6, 60.7, 59.1, 50.1 (â-cis); IR (KBr) 3238 (s), 3130
(s), 1602 (s), 1451 (s), 1416 (m), 1392 (m), 1331 (s), 1306 (s), 1283
(m), 1259 (m), 1211 (w), 1151 (w), 1127 (m), 1090 (w), 1048 (m),
1018 (m), 1006 (w), 975.2 (m), 944 (m), 931 (s), 906 (s), 883 (s), 857
(s), 830 (s), 741 (m), 723 (m), 644 (m), 602 (m), 578 (m), 560 (w),
530 (m). Anal. Calcd for C6H14N3O6V: C, 26.19; H, 5.13; N, 15.27.
Found: C, 26.31; H, 5.06; N, 15.12.
Preparation of NMR Samples. The samples were prepared from

a 300 mM stock solution of crystalline NH4[VO2(EDDA)] at pH 7.0
in water or D2O. The use of deuterio or protio solvents depended on
whether or not a particular sample was to be analyzed by51V NMR
spectroscopy (normal solvents) or by both51V and1H NMR spectros-
copy (deuterated solvents). Organic solvents (methanol (CH3OH or
CD3OD), formamide, or DMSO (or DMSO-d6)) and/or stock solutions
of inorganic salts (NaCl, NaClO4, or NH4Cl) were added in the
appropriate ratios to a solution of 0.100 mL of 300 mM V-EDDA
using a 1.000 mL syringe. The final volume of each sample was
adjusted to 1.000 mL by the addition of water or D2O.
Samples used to measure the [R-cis]/[â-cis] ratio were prepared in

triplicate typically containing from 10 to 30 mM NH4[VO2(EDDA)]
(although up to 100 mM solutions have been examined in this manner).
NMR Spectroscopy. NMR spectra were recorded on a Bruker ACP-

300 spectrometer operating at 300 MHz for1H, 75 MHz for 13C, and

79 MHz for 51V. Routine parameters were used when recording the
1H and 13C NMR spectra and DSS (sodium 3-(trimethylsilyl)-1-
propanesulfonate) was used as an external reference. The [R-cis]/[â-
cis] ratio was determined by integration of1H NMR spectra using the
CH2COO signal for both isomeric complexes in solutions containing
D2O/CD3OD and D2O/DMSO-d6. The accuracy in quantitation by1H
NMR spectroscopy was significantly higher than the accuracy obtained
by quantitation using51V NMR spectroscopy given the overlap of
signals. However, in all cases, the results obtained by both methods
were in close agreement.
The51V NMR spectra were recorded using a sweep width of about

25,000 Hz, an accumulation time of 0.1 s, a pulse angle of 90°, a
relaxation delay of 0.0 s, and approximately 1000 scans. No significant
changes were observed when an increased relaxation delay was used
during accumulation of the spectra. The51V NMR spectra are
referenced to external VOCl3. Using the known total vanadium
concentrations (assuming all vanadium exists in oxidation state V) and
the mole fraction of each vanadium species, the concentrations of each
of the EDDA complexes and other oxovanadate species were calculated.
An exponential line broadening of 15 was imposed on the accumulated
data before Fourier transformation, at which point each51V NMR
spectrum was phased, baseline corrected, and integrated. In light of
the importance of spectral integration, we used several methods to
ensure accuracy in our integrations. The51V NMR spectra were
simulated using Glinfit and/or integrated by use of Bruker software or
manual integration. Particular care was taken in the integration of51V
NMR spectra at ambient temperature where significant resonance
overlap is evident (see Figure 1). In addition the integrations of the
51V NMR spectra were compared to the integrations of the1H NMR
spectra where better signal resolution was obtained. The reported data
represent the average value for the mole fractions of vanadium atoms
in the respective vanadium complexes obtained from three different
sample solutions. The indicated error limits reflect the deviations in
these measurements (note, the accuracy in the experiments carried out
by use of1H NMR spectroscopy was significantly higher than that
reported in this manuscript).
When determining the thermodynamic parameters, the NMR spec-

trometer was calibrated within(1° using an ethylene glycol sample.
The NMR spectrometer was equilibrated for 10 min at each temperature
before the first spectrum was recorded. To ensure that the temperature
had stabilized, a second NMR spectrum was acquired and compared
to the first spectrum. These measurements were initiated at ambient
temperature, and then the higher temperatures were measured. Upon
completion of a series, the temperature was reduced to ambient and
the initial measurement redone to ensure that no redox chemistry had
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1404-1405.

Figure 1. 51V NMR spectra of 30 mM V-EDDA at pH 7.0 in (a)
D2O, (b) D2O-DMSO-d6 (1.4 M), and (c) 4.0 M NH4Cl in water.
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altered the sample under examination. When possible1H NMR
spectroscopy was used for these experiments.
X-ray Structure Determination of NH 4[VO2(EDDA)]), 2. Crystals

of diffraction quality were obtained by slow diffusion of ethanol into
a concentrated aqueous solution (approximately 0.3 M) of NH4[VO2-
(EDDA)]. A clear yellow crystal of2 (0.42× 0.36× 0.28 mm3) was
used for X-ray data collection (see Table 1 for parameters). Intensity
data were collected on a Siemens P4 diffractometer using Mo KR (λ
) 0.7107 Å) radiation. The unit cell constants were determined from
a least-squares fit to the angles of 25 reflections. Data were collected
(θ/2θ scans) to (sinθ)/λ ) 0.595 Å- 1 (0e he 8,-9e ke 9,-14
e l e 14). The intensities of three standard reflections were examined
every 97 reflections; no significant changes were noted. Lorentz and
polarization corrections were applied, along with an empirical absorption
correction based on intensities of selected reflections as a function of
ψ (Tmax ) 0.88,Tmin ) 0.72). A total of 2453 unique reflections was
observed; all of these reflections were employed during the full-matrix
weighted least-squares refinement onF2.
The structure was solved by using the direct methods routine TREF

in the Siemens SHELXTL PLUS program library.18 Hydrogen atoms
of the ligand were placed in idealized positions, while the protons of
the ammonium counterion were located in a difference Fourier map
and refined independently with isotropic thermal displacement param-
eters. All non-hydrogen atoms were refined with anisotropic thermal
displacement parameters; at convergence ((∆/σ)max) 0.001 for the last
cycle)R) 0.0289, andwR) 0.0801. Neutral atom scattering factors
and anomalous dispersion corrections were used.19

Results and Discussion

Preparation of NH4[VO2(EDDA)] (V-EDDA). The V-ED-
DA complex has previously been prepared from NH4VO3 and
H2EDDA at pH 6.0-6.5.9 However, in view of the reported
problems with reduction of the vanadium, this procedure was
modified. We found that below pH 7.0 the V-EDDA complex
will slowly reduce to generate a green solution. The lower the
pH the faster the reduction occurs; at pH 5 the reduction will
be noticeable in 4 h, whereas at pH 6-7 the reduction takes
place over the course of 1-2 days. Above pH 8-8.5 the
V-EDDA complex hydrolyzes to form vanadate, vanadate
oligomers, and free EDDA ligand. It appears that isolation of
the NH4[VO2(EDDA)] may be best carried out in the pH range
7-8.5. Indeed, mixing NH4VO3 and H2EDDA at pH 7.0-7.5

gave rise to NH4[VO2(EDDA)] in 89% yield, free of the reported
complicating redox reactions. In the following solution studies
the isolated crystalline V-EDDA complex was used.
Stability of r-cis andâ-cis Isomers in Aqueous Solution.

The exact concentrations of the approximately 1:1 mixture of
R-cis andâ-cis isomers can conveniently be monitored by1H,9
13C,9,12 and 51V12 NMR spectroscopy. The previous careful
analysis of the1H NMR spectrum, combined with the observed
temperature dependence,9 allows unambiguous assignment of
the resonance at higher field in the51V NMR spectrum to the
R-cis isomer (Figure 1) and the13C resonances in the13C NMR
spectrum (Figure 2). The equilibrium between theâ-cis and
R-cis isomers (1) is expressed by the ratio [R-cis]/[â-cis] (2).

Most of the results described here were carried out using a
stock solution of the V-EDDA complex. In addition, a series
of spectra were examined over the pH range from 5.5 to 9.0
which did not reveal any significant changes in the magnitude
of the [R-cis]/[â-cis] ratio. Below pH 6.0 significant reduction
of the complex is observed even though the fraction remaining
asR-cis andâ-cis V-EDDA complexes maintains an essentially
unchanged [R-cis]/[â-cis] ratio (within experimental error). As
anticipated the [R-cis]/[â-cis] ratio did not change as a function
of concentration from 10 to 100 mM V-EDDA complex.
Stability of r-cis and â-cis Isomers in Mixed Solvent

Systems. Given the insolubility of NH4[VO2(EDDA)] in
organic solvents and the fact solvent mixtures are known to

(18) Sheldrick, G. M.Siemens analytical X-ray instruments, Inc., 1990,
Madison, WI.

(19) International Tables.International Tables for X-ray Crystallography;
1974, Kynoch Press: Birmingham, UK, 1974; Vol. IV.

Table 1. Crystal Data and Structure Refinement for2
empirical formula C6H14N3O6V
formula weight 275.14
temperature -100°C
wavelength 0.71073 Å
crystal system triclinic
space group P1h
unit cell dimensions a) 6.787(1) Å R ) 95.084(9)°

b) 7.272(1) Å â ) 92.805(8)°
c) 11.014(1) Å γ ) 100.009(9)°

volume 532.07(12) Å3

Z 2
density (calculated) 1.717 mg/m3

absorption coefficient 0.952 mm-1

F(000) 284
crystal size 0.42× 0.36× 0.28
Θ range for data collection 2.0- 25.0°
index ranges 0e he 8,-9e ke 9,-14e l e 14
reflections collected 2662
independent reflections 2453 [R(int) ) 0.0202]
refinement method full-matrix least-squares onF2

data/restraints/parameters 2453/0/178
goodness-of-fit onF2 1.081
final R indices [I > 2σ(I)] R1) 0.0289,wR2) 0.0801
R indices (all data) R1) 0.0324,wR2) 0.0827
extinction coefficient 0.019(4)
largest diff peak and hole 0.359 and-0.268 e A-3

Figure 2. Variable temperature13C NMR spectra of 100 mM
V-EDDA at pH 6.9 in (a) D2O and (b) D2O-DMSO-d6 (1.3 M). The
13C resonances for theR-isomer are at about 57 and 52 ppm,
respectively.

â-cish R-cis (1)

K ) [R-cis]/[â-cis] (2)
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induce solvent effects in a manner similar to pure solvents (see,
for example, ref 20), solvent mixtures were used to quantitatively
examine the changes in the [R-cis]/[â-cis] ratio as a function
of solvent composition. Three solvents, methanol (CH3OH or
CD3OD), formamide (H2NCHO), and dimethyl sulfoxide (DMSO
or DMSO-d6), were chosen because of their properties and the
solubility of NH4[VO2(EDDA)] in these solvents. In some
experiments with DMSO-d6 and CD3OD, both51V NMR and
1H NMR were employed to measure the stability ratio in D2O-
organic solvent mixtures. In Figure 1 the51V NMR spectra
are shown of 30 mM crystalline NH4[VO2(EDDA)] dissolved
in D2O and 1.5 M DMSO-d6 and in Figure 2 the13C NMR
spectra of 100 mM crystalline NH2[VO2(EDDA)] dissolved in
D2O and 1.3 M DMSO-d6. Comparing these two spectra (and
others) shows that the ratio of [R-cis]/[â-cis] has increased upon
addition of DMSO-d6 (from 1.1- to 1.4-fold excess).
As shown in Table 2, the [R-cis]/[â-cis] ratio gradually

changed from 1.1 to 2.3 when increasing the CH3OH (or CD3-
OD) concentration from 0 to 19 M. Despite the similarity of
methanol to water, its presence favors theR-cis isomer by more
than a factor of 2. A similar effect is observed on the addition
of formamide. The [R-cis]/[â-cis] ratio increases from 1.1 to
2.1 when the formamide concentration increases from 0 to 20
M. At only 11 M DMSO theR-cis isomer is in 7-fold excess
over theâ-cis isomer demonstrating that this solvent is much
more effective in stabilizing theR-cis isomer than either
methanol or formamide.
All three organic solvents show that the stability of theâ-cis

isomer decreases as the amount of organic solvent increases.
The size of the effects on the stability ratio is less obvious since
the stability ratio decreases in the following order: DMSO>
CH3OH ∼ formamide> water. Since the dielectric constant,

ε, for these solvents decreases in the following order: formamide
> water> CH3OH > DMSO, the dielectric constant of the
solvents does not show a pattern consistent with the observed
stability pattern of the [R-cis]/[â-cis] ratio in the mixed solvent
systems. Alternative solvent properties such as dipole moment
(formamide> CH3OH ∼ DMSO > water) or polarizability
(DMSO> formamide> CH3OH > water) also do not show a
simple correlation with the observed stability patterns; although
the solvent polarizability does come closer than the dielectric
constant or dipole moment. The possibility that hydrogen
bonding is important to the stability of either theR-cis or the
â-cis isomer suggests that a correlation may exist with these
solvents’ abilities to donate electron density to electron-deficient
centers or accept electrons from electron-rich centers. Using
Gutmann’s scale to describe the property acceptor number
(AN),21 we find the order water> CH3OH ∼ formamide>
DMSO. This is exactly the order that was observed for the
increasing stability of theR-cis isomer. Thus, it is plausible
that the [R-cis]/[â-cis] stability pattern is a result of a less
favorable solvent interaction with theâ-cis isomer. This would
be in agreement with the suggestion by Amos and Sawyer that
the two isomers have different solvation spheres.9 Perhaps the
addition of a component that competes effectively with the
solvent will favor theâ-cis isomer and decrease the [R-cis]/[â-
cis] ratio. This possibility is explored in the following.
Stability of r-cis andâ-cis Isomers in Salt Solutions.The

effects of NaCl, NaClO4, and NH4Cl on the [R-cis]/[â-cis] ratio
was determined by51V and/or 1H NMR spectroscopy. As
shown in Table 3 a gradual increase in NaCl and NaClO4

concentration is accompanied by a decrease in the [R-cis]/[â-
cis] ratio. This effect is even more dramatic when NH4Cl is
added, since the addition of 6.3 M NH4Cl decreases the ratio
from 1.1 to 0.65. The51V NMR spectrum of a solution
containing the V-EDDA complex and 4.00 M NH4Cl is shown
in Figure 1c. Clearly theâ-cis isomer becomes the dominant
isomer in the presence of 4.00 M NH4Cl.
The decreased [R-cis]/[â-cis] ratio at high salt concentrations

is consistent with the interpretation that solvation of theR-cis
isomer is disrupted and/or solvation of theâ-cis isomer is
increased. The observation that NH4Cl is significantly better
than NaCl in stabilizing theâ-cis isomer could be attributed to
the higher ability of this salt to hydrogen bond to theâ-cis
isomer of the vanadium(V) anion. It is possible that one isomer
must form slightly stronger interactions than the other; a VO2

unit and one carboxylate group in theR-cis isomer may be
slightly better hydrogen bond acceptors than two carboxylate

(20) Bosch, E.; Rose´s, M.J. Chem. Soc., Faraday Trans.1992, 88, 3541-
3546. (21) Gutmann, V.Coord. Chem. ReV. 1976, 18, 225-255.

Table 2. Stability of R-cis andâ-cis [VO2EDDA]- Isomers at pH
7.0 (Before Addition of Organic Solvent) in Mixed Solvent Systems
at 18°Ca-d

solvent

concentration of
organic solvent
in H2O/M

stability
[R-cis/â-cis]

ratio

H2O 1.1((0.1)
H2O/CH3OHb 4.9((0.1) 1.5((0.1)

9.9((0.1) 1.8((0.1)
15((1) 2.0((0.1)
19((1) 2.3((0.1)

H2O/H2NCHOc 5.0((0.1) 1.3((0.1)
10((1) 1.3((0.1)
15((1) 1.9((0.1)
20((1) 2.1((0.1)

H2O/DMSOd 2.8((0.1) 1.5((0.1)
5.6((0.1) 2.8((0.1)
8.4((0.1) 4.1((0.1)
11((1) 7.0((0.1)

a The reported errors in the [R-cis]/[â-cis] ratio are the average
deviation from the mean value of three experiments (analyzed in
triplicate). b The concentrations of [R-cis] and [â-cis] isomers were
measured in 30 mM solutions prepared from solid NH4[VO2(EDDA)]
using51V NMR and1H NMR spectroscopy. See Experimental Section
for further details. Neat CH3OH/CD3OD corresponds to 24.5 M; the
latter was used for the1H NMR experiments.c The concentrations of
[R-cis] and [â-cis] isomers were measured in 30 mM solutions prepared
from solid NH4[VO2(EDDA)] using 51V NMR spectroscopy. See
Experimental Section for further details. Neat formamide corresponds
to 25.2 M. d The concentrations of [R-cis] and [â-cis] isomers were
measured in 30 mM solutions prepared from solid NH4[VO2(EDDA)]
using51V NMR and 1H NMR spectroscopy. Above 5 M DMSO the
51V NMR resonances ofR-cis andâ-cis merge complicating measure-
ments by51V NMR spectroscopy. See Experimental Section for further
details. Neat DMSO-d6 corresponds to 15.2 M.

Table 3. Stability of R-cis andâ-cis [VO2EDDA]- Isomers at pH
7.0 in the Presence of Various Salts at 18°Ca,b

additive
concentration of
the sal in H2O/M

stability
[R-cis/â-cis]

ratio

no salts 1.1((0.1)
NaCl 4.0((0.1) 1.0((0.1)

5.3((0.1) 0.92((0.06)
NaClO4 4.0((0.1) 1.0((0.1)

5.3((0.1) 0.90((0.06)
NH4Cl 3.0((0.1) 0.86((0.07)

4.0((0.1) 0.80((0.04)
5.3((0.1) 0.74((0.06)
6.3((0.1) 0.65((0.06)

a The errors in the [R-cis]/[â-cis] ratio are the average deviation from
the mean value of three experiments (analyzed in triplicate).b The
concentrations of [R-cis] and [â-cis] isomers are measured in 30 mM
solutions prepared from solid NH4[VO2(EDDA)] using 51V NMR
spectroscopy. See Experimental Section for further details.
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groups and one oxovanadium group in theâ-cis isomer.22

Hydrogen bonding between solvent and complex would be
consistent with the large entropic term contributing to the
stability of the V-EDDA complex.23 To further probe the
importance of hydrogen bonding we pursued two lines of
inquiry, solution studies further exploring the nature of the
stabilization by solvents and salts and solid state characterization
of theâ-cis isomer.
Thermodynamic Parameters for the Isomerization Reac-

tion Between â-cis and r-cis V-EDDA Isomers. As de-
scribed previously by Amos and Sawyer, higher temperatures
favor theR-cis isomer.9 Within the limited temperature range
(283-328 K) available to us due to the limited stability of the
V-EDDA complexes, we determined the changes in the [R-cis]/
[â-cis] ratio in water, a water-DMSO (1.3 M) mixture, and
2.0 M NH4Cl. The data are shown in Figure 3 in a lnKeq plot
as a function of 1/T. The parameters in water agree with those
previously reported by Amos and Sawyer9 and allow comparison
of thermodynamic parameters in three solvent systems.
Although the [R-cis]/[â-cis] ratio is higher in the water-

DMSO mixture, the parameters for∆S and∆H are indistin-
guishable within experimental error. Since an increasing [R-cis]/
[â-cis] ratio is observed with increasing concentration of DMSO
and decreasing concentration of H2O, the changes in the [R-cis]/
[â-cis] ratio presumably reflect some destabilization of theâ-cis
isomer at the lower H2O concentrations. This is consistent with
hydrogen bonding to theâ-cis isomer or a destabilizing solvation
effect as the H2O concentration decreases on theâ-cis isomer.
The thermodynamic parameters obtained in a solution con-

taining 2.0 M NH4Cl were slightly different from those obtained
in water and mixed water-DMSO solutions (see Figure 3). Of
particular interest was the slightly lower∆S term (6.4 cal/mol
K compared to 7.8/7.9 cal/mol K). Perhaps this difference
supports the interpretation that the addition of salt decreases
the need for solvent organization around theâ-cis isomer; it is
possible that the salt is able to take the place of some of the
H2O molecules, thus stabilizing this isomer. However, if NH4

+

simply takes the place of the H2O molecule in a hydrogen bond,
no or small differences in the entropy term would also have
been anticipated. As shown in Table 3, salts other than NH4-
Cl, less capable of hydrogen-bonding to the V-EDDA isomers,
also significantly decreased the [R-cis]/[â-cis] ratio. These salt
effects are consistent with the interpretation that solvent
organization and not hydrogen bonding is the most important
contributor to determination of the [R-cis]/[â-cis] ratio.

Stability of r-cis andâ-cis Isomers in Combined Salt and
Mixed Solvent Systems. Adding a salt to a solution of the
V-EDDA complex in a mixed solvent system should explore
the effectiveness of possible hydrogen bonding and solvation
in stabilizing theR-cis andâ-cis isomers. If solvation is the
dominant factor affecting the stability pattern, the salts should
enhance the effects of solvent on the [R-cis]/[â-cis] ratio in the
mixed solvent system compared to water. On the other hand,
if the hydrogen bonding (both intra- and intermolecular) with
the â-cis isomer is the dominating factor in determining the
stability of the two isomers, the [R-cis/][â-cis] ratio should
change less in the water-DMSO series as compared to the pure
water series.
As shown in Table 4 a series of studies of the V-EDDA

complex in the presence of 3.00 M NH4Cl began at a [R-cis]/
[â-cis] ratio of 0.86. The addition of DMSO to this solution
(maintaining salt and V-EDDA complex concentrations con-
stant) raised the [R-cis]/[â-cis] ratio. At 2.8 M DMSO the
original decrease in the [R-cis]/[â-cis] ratio has been overcome,
resulting in a [R-cis]/[â-cis] ratio of 1.1. Increased addition of
DMSO continues to increase the [R-cis]/[â-cis] ratio at a rate
significantly faster than that observed in aqueous solution.
These results support the interpretation that the solvation of the
R-cis and/orâ-cis isomers is more important to the overall
[R-cis]/[â-cis] ratio than hydrogen bonding.
Lability of the r-cis and â-cis Isomers of the V-EDDA

Complex. The rates of the interconversion of the two isomers
in aqueous solutions are complete within a few minutes. In no
case was it possible to observe anything but the equilibrium
mixture of the two isomers even though the starting point was
100% â-cis isomer. The second order rate constant for
V-EDDA complex formation (pH range 2-3) was determined
to be 108 M-1 s-1 and attributed to the reaction between VO2

+

and HEDDA.24 The reactions between H2VO4
- and H2EDDA

or H2VO4
- and H3EDDA were reported to be significantly

slower (no further information was provided).24 Attempts to
observe the conversion between theR-cis andâ-cis isomers in
the neutral pH range using variable temperature1H, 13C, and
51V NMR spectroscopy were carried out in this work. Close
examination of the51V NMR spectra of V-EDDA isomers in
Figure 1 in water, in a water-DMSO mixture, and in the
presence of 4.0 M NH4Cl show little, if any, differences in the
respective line widths. Thus, no exchange betweenR-cis and
â-cis isomers is occurring on the51V NMR time scale. This
conclusion is also supported by variable temperature51V NMR
spectra showing no changes in line width attributable to
exchange processes (data not shown).
Evidence for some dynamic process in these solutions was

found in the13C NMR spectrum (Figure 4). The spectra of

(22) Fitzgerald, W. R.; Parker, A. J.; Watts, D. W.J. Am. Chem. Soc.1968,
90, 5744-5749.

(23) Yamada, S.; Nagase, J.; Funahashi, S.; Tanaka, M.J. Inorg. Nucl.
Chem.1976, 38, 617-621. These measurements and evaluations were
made without consideration of the two isomeric forms of the
V-EDDA complex. (24) Yamada, S.; Ukei, Y.; Tanaka, M.Inorg. Chem.1976, 15, 964-967.

Figure 3. Plots of lnKeq as a function of 1/T in water (0), 1.3 M
DMSO (9), and 2.0 M NH4Cl (×). The points are the experimental
data, and the solid line is that calculated with the indicated thermo-
dynamic parameters. The calculated parameters are shown with
experimental uncertainties (obtained as standard deviation on the
resulting line in a spreadsheet simulation).

Table 4. Stability of R-cis andâ-cis [VO2EDDA]- Isomers in the
Presence of Various Concentrations of DMSO in 3.0 M NH4Cl
Solution in H2O at 18°Ca,b

additive
concentration of
DMSO in H2O/M

stability
[R-cis/â-cis]

ratio

NH4Cl (3.0 M) 0.0((0.1) 0.86((0.07)
1.4((0.1) 0.95((0.06)
2.8((0.1) 1.1((0.1)
4.2((0.1) 1.5((0.1)

a The errors in the [R-cis]/[â-cis] ratio are the average deviation from
the mean value of three experiments (analyzed in triplicate).b The
concentrations of [R-cis] and [â-cis] isomers are measured in 30 mM
solutions prepared from solid NH4[VO2(EDDA)] using 51V NMR
spectroscopy. The pH of the solutions were adjusted to 7.0 before
DMSO was added to the solutions. See Experimental Section for
further details.
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solutions containing 100 mM V-EDDA at pH 7.0 in the
presence and absence of 1.3 M DMSO-d6 and D2O are shown
in Figure 4. The line widths of the methylenes adjacent to the
carboxylate in theâ-cis isomer increase at elevated temperatures,
both in D2O and in D2O-DMSO-d6 mixtures, indicative of a
dynamic process in this temperature range. The corresponding
methylene group in theR-cis isomer shows different behavior;
this signal is a doublet at 303 K which is coalesced at 323 K.
The possibility that this process reflects formation of a square-
pyramidal complex equilibrating with theR-cis isomer is less
likely since the51V NMR spectra failed to show a distinct
resonance for such a vanadium complex. Given the structural
difference and the time scale of51V NMR spectroscopy, such
a new complex should give an additional NMR resonance.
Presumably the doublet indicates some structural differences
in the R-cis isomer, perhaps two forms ofR-cis isomer, one
symmetric and the other asymmetric.13C NMR spectra
recorded below 301 K support this possibility.1H NMR spectra
also support the interpretation that such an intramolecular
process exists in theR-cis isomer. Further information requires
a more detailed analysis, including consideration of the slow
redox reaction that occurs at elevated temperatures in these
mixtures during extended spectral accumulations. We conclude
that the behavior of both methylene groups adjacent to the
carboxylate in theR-cis andâ-cis isomers is indicative of new
intramolecular dynamic processes. Furthermore, our results
show that although theR-cis andâ-cis complexes equilibrate
within a few minutes, their rates of isomerization are slower
than the rates of formation and/or hydrolysis of other complexes
such as the V-EDTA complex,10,25 the V-Tricine complex,26
and other vanadium(V) complexes with aminocarboxylate
ligands.27,28

In the past, hydrogen bonding has been deemed important
for the formation of the solid state structure of several vanadium
complexes29-32 and less important in others.15 The following

studies were aimed at exploring whether a hydrogen-bonding
contribution exists in the solid state.
Characterization of Solid State NH4[VO2(EDDA)]. In-

frared Spectroscopy. The properties of the solid material were
examined using IR spectroscopy. Two bands, one symmetric
and one asymmetric,33 at 905 and 857 cm-1 arise from the VdO
bonds in the VO2+ group in NH4[VO2(EDDA)]. The frequen-
cies for VdO bonds in othercis-dioxovanadium(V) complexes
were measured for comparison; at 935 and 900 cm-1 for K[VO2-
(DMEDDA)] ‚H2O,9 at 923 and 866 cm-1 for NH4[VO2-
(Oxal)2]‚2H2O, at 935 and 895 cm-1 for K3[VO2(EDTA)]‚4H2O,
and at 928 and 892 cm-1 for NH4[VO2(H2EDTA)]‚3H2O. The
locations of the stretches for the V-DMEDDA complex are
very similar to those of the stretches in the potassium V-EDTA
complex, neither of which enjoys significant stabilization by
intermolecular hydrogen bonding. However, the differences in
the locations of absorbance bands are very small compared to
the ammonium V-EDTA complex which does show an
intermolecular hydrogen-bonding framework. Although such
considerations are encouraging, larger differences were also
observed in the absorbance bands of the ammonium V-Oxal
complex. Furthermore, it has been shown that, although
stretching frequencies are sensitive to formation of hydrogen
bonds, variation in angles and other factors, such as counterions,
will also affect the stretching frequency.34 We conclude that
not only the ligand but also the counterion affect the precise
location of the absorbance band, and suffice it to say that the
differences in the absorbance bands for the V-EDDA complex
compared to the V-EDTA complex suggest that the structures
are somewhat different or that the force constant in the
V-EDDA complex is different than in the EDTA complex.35

Characterization of Solid State NH4[VO2(EDDA)]. X-ray
Crystallography. Figure 4 shows the structure and the labeling
scheme of the V-EDDA anion and the closely interacting NH4+

cation as characterized by X-ray crystallography. Tables 5 and
6 list the atomic coordinates and metric parameters, respectively.
A figure of the anion drawn with 50% thermal ellipsoids is
included in the Supporting Information. The anion was found
to be theâ-cis isomer of the V-EDDA complex (structure2).

(25) Crans, D. C.; Mahroof-Tahir, M.; Shin, P. K.; Keramidas, A. D.Mol.
Cell. Biochem.1995, 153, 17-24.

(26) Crans, D. C.; Ehde, P. M.; Shin, P. K.; Pettersson, L.J. Am. Chem.
Soc.1991, 113, 3728-3736.

(27) Crans, D. C.; Shin, P. K.; Armstrong, K. B.Mechanistic Bioinorganic
Chemistry; Thorp, H., Pecoraro, V., Eds.; American Chemical
Society: Washington, DC, 1995; pp 303-328.

(28) Shin, P. K. Multinuclear NMR elucidation of the structure of
vanadium(V) complexes with amino acid derivatives. Ph.D. Thesis,
Colorado State University, 1993.

(29) Giacomelli, A.; Floriani, C.; Ofir de Souza Duarte, A.; Chiesi-Villa,
A.; Guastini, C.Inorg. Chem.1982, 21, 3310-3316.

(30) Dewey, T. M.; Du Bois, J.; Raymond, K. N.Inorg. Chem.1993, 32,
1729-1738.

(31) Vergopoulos, V.; Priebsch, W.; Fritzsche, M.; Rehder, D.Inorg. Chem.
1993, 32, 1844-1849.

(32) Crans, D. C.; Mahroof-Tahir, M.; Anderson, O. P.; Miller, M. M.Inorg.
Chem.1994, 33, 5586-5590.

(33) Griffith, W. P.; Wickins, T. D.J. Chem. Soc. A1968, 400-404.
(34) Nakamoto, K.; Margoshes, M.; Rundle, R. E.J. Am. Chem. Soc.1955,

77, 6480-6486.
(35) Bullock, J. I.J. Chem. Soc. A1969, 781-784.

Figure 4. Structure and labeling scheme for2. Three different NH4+

ions (obtained through three different symmetry operations of the unit
cell) and their interactions with2 are shown: the three N‚‚‚O distances
(and the corresponding O‚‚‚H distances) are 2.792 Å (1.900 Å), 2.874
Å (2.090 Å), and 2.845 Å (2.014 Å), respectively.

Table 5. Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for 2

x y z U(eq)a

N3 3482(3) 6672(3) 9134(2) 32(1)
V1 881(1) 3294(1) 6544(1) 20(1)
O1 1286(2) 2301(2) 5214(1) 31(1)
O2 1950(2) 5522(2) 6553(1) 29(1)
O3 2749(2) 2407(2) 7674(1) 29(1)
O4 3316(2) 594(2) 9125(1) 38(1)
O5 -503(2) 4066(2) 8216(1) 26(1)
O6 -2732(2) 5701(2) 8958(1) 37(1)
N1 -855(2) 555(2) 7007(1) 24(1)
N2 -2075(2) 3553(2) 5967(1) 23(1)
C1 2189(3) 1076(2) 8360(2) 26(1)
C2 -5(3) 127(3) 8175(2) 32(1)
C3 -3020(3) 582(2) 6900(2) 28(1)
C4 -3386(3) 1671(3) 5819(2) 29(1)
C5 -2824(3) 4932(2) 6805(2) 26(1)
C6 -1978(3) 4901(2) 8100(2) 24(1)

a U(eq) is defined as one-third the trace of the orthogonalizedUij

tensor.
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The vanadium atom is found in a distorted octahedral geometry
coordinated to the tetradentate EDDA ligand and to two oxo
ligands. The VO2 group is in the cis configuration, with an
O1-V1-O2 angle of 105.18(7)° and with V1-O1 and V1-
O2 distances of 1.6324(13) and 1.6549(13) Å, respectively.
These V-O bonds are sufficiently short to imply substantial
double bonding. Long bonds extend from the vanadium atom
to a carboxylate ligand group (V1-O5 ) 2.1815(12) Å) and
an amine ligand group (V1-N1) 2.245(2) Å) trans to the oxo
ligands. The remaining carboxylate (V1-O3) 1.9611(3) Å)
and amine (V1-N2) 2.120(2) Å) ligand moieties in the EDDA
ligand are also coordinated to the vanadium atom.
The VdO bond lengths for2 are very similar to those pre-

viously reported for related complexes with oxygen and nitrogen
ligands trans to oxo groups, including Na3[VO2EDTA]‚4H2O
(1.639(2)/1.657(1) Å),7 NH4[VO2H2EDTA]‚3H2O (1.623(2)/
1.657(2) Å),15 and (NH4)3[VO2(Oxal)2]‚2H2O (1.635(2)/1.648-
(2) Å).8 The bond lengths of the vanadium to the other
functionalities are also very similar to those reported previously
in the R-cis isomer of the EDTA complex, in the oxalate
complex, and in other related complexes.7,8,15,31,36,37 Perhaps
the most interesting feature here is the long V1-O5 bond, which

is among the longest bond lengths observed for a vanadium
atom bound to a carboxylate ligand.31

The structure of the EDDA ligand is basically the same as
reported previously in bothR-cis andâ-cis complexes of EDDA
with other metal ions.38-40

The interaction between2 and the NH4+ ion was examined
in detail by locating the hydrogen atoms (see Figure 4).
Additional parameters associated with, and derived from, the
structure determination, including hydrogen atom coordinates
and thermal displacement parameters, are reported in the
Supporting Information. Figure 4 shows the NH4

+ ion in its
symmetry related positions. Three major types of hydrogen-
bonding interactions with the carboxylate groups in the V-ED-
DA complex are identified. Careful inspection of the crystal
lattice also reveals very weak hydrogen-bonding interactions
between the N1-H11 and O2 of a second molecule of2 and
between N1-H21 and the O1 of a second molecule of2.
Intermolecular hydrogen-bonding interactions have previously
been invoked to explain elongated VdO bond lengths outside
the range from 1.56 to 1.61 Å in which most VO andcis-VO2

bond lengths fall.29-31 However, the reported structural changes
in the VdO bond lengths in all cases are small. Since the VdO
bonds in2 are very similar to the related EDTA complexes
that do not have the possibility for stabilization by intramolecular
hydrogen bonding, we conclude that intramolecular hydrogen
bonding is negligible and that, although an intermolecular
hydrogen-bonding pattern can be identified, the strength of the
intermolecular hydrogen bond between the VdO and the non-
ammonium ion N-H is very weak even in the solid state.
Comparison of Structural Features for ther-cis andâ-cis

V-EDDA Isomers. The structural data for the symmetricR-cis
isomer of the EDDA complex are likely to be very similar to
those of the EDTA complex, thus making a detailed comparison
between various structural parameters for theR-cis andâ-cis
isomers possible. Studies with Co(III) complexes of EDDA
and related ligands have shown that the conformation in each
of the three five-membered rings formed upon complexation is
important to the overall stability as well as the crystal lattice
that forms.14,39,41,42 Specifically Weakliem and Hoard labeled
the three different types of rings as the R, E, and G rings in
which the ideal conformation had angle sums of 538.4°, 538.4°,
and 527.9°.41 The nomenclature is shown in Figure 5 as well
as the angle sums for both theR-cis andâ-cis geometries.
On the basis of this type of analysis, theâ-cis isomer

resembles the ideal geometry more than theR-cis isomer for
all three ring systems. In the event that theR-cis isomer has
the larger and/or more organized solvation sphere, its solvation
must be such that DMSO or methanol can easily be substituted
for water.
Why is only one isomer observed for the EDTA complexes?

Although steric hindrance is a possibility, and substitution of
the nitrogen with an acetate or a methyl group will increase
steric bulk, the distances to the nearest oxygen in the VO2 unit
are significantly larger (2.7 Å) than the van der Waals radii
and thus not likely to destabilize the complex significantly.

(36) Nakajima, K.; Kojima, M.; Toriumi, K.; Saito, K.; Fujita, J.Bull. Chem.
Soc. Jpn.1989, 62, 760-767.

(37) Kojima, A.; Okazaki, K.; Ooi, S. i.; Saito, K.Inorg. Chem.1983, 22,
1168-1174.

(38) Srdanov, G.; Herak, R.; Radanovic, D. J.; Veselinovic, D. S.Inorg.
Chim. Acta1980, 38, 37-42.

(39) Bernal, I.; Cetrullo, J.; Hyrczek, J.; Cai, J.; Jordan, W. T.J. Chem.
Soc., Dalton Trans1993, 1771-1776.

(40) Das, K.; Sinha, U. C.; Phulambrikar, A.; Chatterjee, C.; Bohra, R.
Acta Crystallogr.1989, C45, 398-400.

(41) Weakliem, H. A.; Hoard, J. L.J. Am. Chem. Soc.1959, 81, 549-
555.

(42) Bernal, I.Inorg. Chim. Acta1988, 142, 21-22.

Table 6. Bond Lengths (Å) and Angles (deg) for2

Bond Angles
V1-O1 1.6324(13) C1-C2 1.525(3)
V1-O2 1.6549(13) C2-H2A 0.96
V1-O3 1.9611(13) C2-H2B 0.96
V1-N2 2.120(2) C3-C4 1.521(3)
V1-O5 2.1815(12) C3-H3A 0.96
V1-N1 2.245(2) C3-H3B 0.96
O3-C1 1.297(2) C4-H4A 0.96
O4-C1 1.225(2) C4-H4B 0.96
O5-C6 1.265(2) C5-C6 1.515(2)
O6-C6 1.244(2) C5-H5A 0.96
N1-C2 1.465(2) C5-H5B 0.96
N1-C3 1.472(2) N1-H11 0.73(2)
N3-H31 0.90(3) N2-C5 1.475(2)
N3-H32 0.87(3) N2-C4 1.488(2)
N3-H33 0.83(3) N2-H21 0.83(3)
N3-H34 0.93(4)

Bond Angles
O1-V1-O2 105.18(7) N1-C2-C1 109.48(14)
O1-V1-O3 103.55(6) N1-C2-H2A 110.74(10)
O2-V1-O3 100.88(6) C1-C2-H2A 109.59(10)
O1-V1-N2 92.77(6) N1-C2-H2B 109.23(10)
O2-V1-N2 98.20(6) C1-C2-H2B 109.55(10)
O3-V1-N2 150.53(6) H2A-C2-H2B 108.2
O1-V1-O5 163.15(6) N1-C3-C4 106.80(14)
O2-V1-O5 88.27(6) N1-C3-H3A 109.65(9)
O3-V1-O5 83.33(5) C4-C3-H3A 110.01(10)
N2-V1-O5 74.99(5) N1-C3-H3B 110.86(9)
O1-V1-N1 90.04(6) C4-C3-H3B 110.83(9)
O2-V1-N1 164.69(6) H3A-C3-H3B 108.7
O3-V1-N1 76.58(5) N2-C4-C3 110.48(14)
N2-V1-N1 79.08(6) N2-C4-H4A 109.21(9)
O5-V1-N1 76.46(5) C3-C4-H4A 109.22(10)
C1-O3-V1 122.85(11) N2-C4-H4B 109.76(9)
C6-O5-V1 116.54(11) C3-C4-H4B 109.94(10)
C2-N1-C3 117.5(2) H4A-C4-H4B 108.2
C2-N1-V1 108.32(11) N2-C5-C6 110.58(14)
C3-N1-V1 110.09(11) N2-C5-H5A 109.54(9)
C2-N1-H11 109(2) C6-C5-H5A 109.57(9)
C3-N1-H11 108(2) N2-C5-H5B 109.49(9)
V1-N1-H11 104(2) C6-C5-H5B 109.55(9)
C5-N2-C4 113.45(14) H5A-C5-H5B 108.1
C5-N2-V1 110.67(10) O6-C6-O5 124.8(2)
C4-N2-V1 109.75(11) O6-C6-C5 119.2(2)
H31-N3-H32 109(2) C5-N2-H21 108(2)
H31-N3-H33 109(3) C4-N2-H21 106(2)
H32-N3-H33 110(3) V1-N2-H21 108(2)
H31-N3-H34 104(3) O4-C1-O3 123.4(2)
H32-N3-H34 116(3) O4-C1-C2 120.7(2)
H33-N3-H34 109(3) O3-C1-C2 115.9(2)
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Studies of EDTA complexes have documented the importance
of the contribution from the∆S term. Thus, the differences in
solvation of various complexes are essential to the stabilization
of these complexes.43 The studies presented here clearly show
that similar effects can also determine the isomer ratio and that
mixed solvent systems and salts can assist in characterizing the
important parameters in these systems.
Implications to Biological Studies with Vanadium(V)

Compounds. The structure, stability, and lability of vanadium-
(V) compounds are all important to the mechanism(s) by which
these compounds act in biological systems and in part have
contributed to the elusive mechanism(s) by which vanadate
mimics insulin action.25 In view of the current proposals
regarding vanadium compounds, mimicking the phosphate ester/
phosphate anhydride hydrolytic transition state/high-energy
intermediate, it is important to understand the extent to which
the environment may modify the structure of a particular
vanadium compound. The recently discovered lability of many
well-known vanadium(V) compounds44,45 further complicates
these matters when attempting to elucidate which species is
responsible for the majority of the biological response. The
work described here illustrates that, in addition to oxidation state,
ligands, pH, and temperature,subtle changes in solVation can
contribute to the structureof a vanadium complex such as the
V-EDDA complex. These findings provide additional evidence
explaining why some vanadium compounds can act in a
multifaceted manner with various enzymes. Since very few
studies have been successful in identifying the exact form of
the vanadium that is exerting a particular biological response
(see, for example, ref 46) little is known concerning the specific
structural properties of active vanadium complexes. Such
biological studies can benefit from the identification of vanadium
complexes that remain intact under thein Vitro or in ViVo
conditions of biological studies, and some progress has recently
been made in this area.47,48 Furthermore, significant information
has been gained on X-ray crystallographic data of phosphoryl
group protein transfer vanadium complexes and examples are

now accumulating where the vanadium is coordinated as a
tetrahedral anion,49,50as a trigonal bipyramidal anion,51 and as
a distorted five-coordinate anion.52 The need for fundamental
information on the solution structure and lability of vanadium
complexes, such as those described in this work, is increasing
if the modes of action of vanadium compounds are to be
elucidated.

Conclusion

The V-EDDA complex forms two isomeric complexes
containing octahedral vanadium and a tetradentate EDDA ligand
in solution. The complexes differ in the manner in which the
carboxylate is coordinated: the symmetricR-cis isomer has the
two carboxylates coordinated trans to each other, and theâ-cis
isomer has the carboxylates coordinated trans to an oxo and an
amine functionality. In this work solution studies of theR-cis/
â-cis equilibrium mixture of the V-EDDA complex have
revealed thatorganic solVents increasethe [R-cis]/[â-cis] ratio,
whereassalts decreasethis ratio. Studies were conducted to
examine the extent of the effects and probe the role of complex
solvation and hydrogen bonding, both of which were consistent
with the observations made in solution on this system. The
spectroscopic properties support the interpretation that dif-
ferential solvation of the two isomers is the major contributor
to the exact location of the [R-cis]/[â-cis] ratio. This conclusion
was further explored by structural characterization of the solid
state asymmetricâ-cis isomer of the V-EDDA complex.
Structural comparison of the two isomers allows examination
of the importance of hydrogen bonding in the solid state and
the inherent ideality of the geometry of this isomer. We
conclude that although hydrogen-bonding patterns were apparent
in the solid state, none of these seemed appropriate to explain
the observations made in solution.
The studies presented here illustrate thestructuraleffects of

environmental factors on selected and particularly responsive
vanadium(V) complexes. Although these types of effects can
be approximated inin Vitro studies, the effects inin ViVo studies
are much more difficult to predict, since the environmental
factors are dependent on the specific compartmentalization of
the vanadium compound in the biological system. However,
as increased information on the active vanadium species is
obtained in biological systems, knowledge of the effects of
environmental factors may assist in the identification of the site
of action of these compounds. In addition, it is possible that
environmental factors can extend the lifetime or facilitate the
conversion of a particular isomer to an isomer with greater
potency.
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Figure 5. A schematic drawing showing the three different types of
chelating rings (R, G, and E) with the vanadium and their respective
angle sums forR-cis andâ-cis isomers.
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