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[N,N′-Ethylenebis(o-(tert-butyl-p-methylsalicylaldiminato)]oxovanadium(IV) (1), [N,N′-propanediylbis(o-(tert-butyl-
p-methylsalicylaldiminato)]oxovanadium(IV) (2), bis(N-methylsalicylaldiminato)oxovanadium(IV) (3), bis(N-
isopropyl-o-methylsalicylaldiminato)oxovanadium(IV) (4), and, bis(N-methyl-o-(tert-butyl-p-methylsalicylaldiminato)-
oxovanadium(IV) (5) were prepared and characterized by X-ray crystallography and EPR spectroscopy. Complexes
1and2are best described as square pyramids, while complexes3-5are distorted trigonal bipyramids, demonstrating
that oxovanadium(IV) complexes can readily adopt a trigonal bipyramidal geometry. All five compounds give
nearly the same parallel hyperfine coupling constant (Az) regardless of the fact that the geometry about the vanadium
changes from square pyramidal to trigonal bipyramidal. Crystal data for1: space groupP1h, a ) 7.9382(3) Å,
b ) 12.6749(7) Å,c ) 13.8353(7) Å,R ) 109.608(5)°, â ) 96.552(5)°, γ ) 96.589(5)°, Z ) 2. Crystal data
for 2: space groupI41/a, a ) 16.1895(6) Å,b ) 16.1895(6) Å,c ) 41.117(3) Å,Z ) 16. Crystal data for3:
space groupC2/c, a ) 18.8230(17) Å,b ) 7.5118(5) Å,c ) 11.7460(10) Å,â ) 112.229(7)°, Z ) 4. Crystal
data for4: space groupP21/c, a ) 9.7086(6) Å,b ) 11.4554(7) Å,c ) 20.866(2) Å,â ) 103.943(6)°, Z ) 4.
Crystal data for5: space groupPbca, a ) 10.667(3) Å,b ) 25.549(5) Å,c ) 18.322(4) Å,Z ) 8.

Introduction

The coordination chemistry of vanadium has recently become
of great interest due to the presence of vanadium in enzymatic
systems and the ability of vanadium complexes to elicit the
effects of insulin in diabetic animals.1,2 Much of the biochem-
istry of vanadium is centered around the ability of vanadate
(H2VVO4

2-) to adopt a four-coordinate, tetrahedral geometry
and a five-coordinate, trigonal bipyramidal (tbp) geometry; the
tetrahedral ions are analogues of the phosphate anion, while
the tbp complexes are analogues of the transition state for
phosphoester hydrolysis.3 We have been interested in the
vanadium-based inhibition of protein tyrosine phosphatases
(PTPs), especially with regard to the potential role of vanadium-
PTP adducts in the observed insulin-like effects of vanadium.4-7

Several lines of evidence suggest that vanadium(IV), as well
as vanadium(V), may be responsible for this observation. First,
a vanadium(V)/vanadium(IV) equilibrium is established in the
reducing environment of living cells.8,9 Second, a distinct
vanadium(IV)-dependent (and vanadium(V)-independent) sys-
tem for activating insulin-like effects has recently been reported.9

Third, we have previously shown by EPR spectroscopy that
vanadium(IV) ion forms adducts of the active site polypeptide
of PTP-1B in which the vanadium coordinates to either the

cysteine thiolate or histidine imidazole.10 Protein crystal-
lography of two V-PTP complexes indicates that vanadium
forms a tbp adduct at the active site of the enzyme, as depicted
in Scheme 1.11,12 The oxidation state of the vanadium cannot
be determined from the protein crystallography; however, the
general opinion is that the vanadium is in the+5 oxidation state.
As discussed by Carrano, vanadium(V) typically forms square
pyramidal (sq pyr), five-coordinate complexes or octahedral,
six-coordinate complexes except when significant steric con-
straints, such as those provided by a protein, are present.13

The structural chemistry of small vanadium(IV) molecules
is well-established, and, as with vanadium(V), the preponderance
of five-coordinate vanadium(IV) complexes adopt a sq pyr or
distorted sq pyr geometry. To quantitatively compare these
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structures in terms of their relative geometries about the
vanadium atom, we have used the angular structural parameter,
τ, which is defined in Scheme 1.14 For purely square pyramidal
complexesτ is zero. Moving two trans ligands out of the
equatorial square plane results in a distortion toward a “trigonal
bipyramid” for which τ approaches 1 (τ ) 1 for a perfect
trigonal bipyramid). In this paper, we use the term “trigonal
bipyramid” to describe the molecular geometry, not the mo-
lecular symmetry which would beD3h for a true trigonal
bipyramid. It should be noted that the symmetry change shown
in Scheme 1 isC4V toC2V if all equatorial ligands are equivalent.
For our purposes, we will describe complexes with 0e τ e
0.5 as distorted square pyramids, while complexes with 0.5<
τ e1 will be described as distorted trigonal bipyramids. A
search of the Cambridge Structural Database for monomeric
five-coordinate vanadyl complexes with O/N donors yields 56
structures.15 Of these, only VIVO(quinolinol)2 is a distorted tbp
(τ ) 0.56).16 The paucity of tbp structures for vanadium(IV)
suggests that there are electronic and/or steric requirements that
preclude the formation of the tbp geometry. To probe these
requirements, we have prepared a series of vanadyl complexes
(the term vanadyl is used for VIVO2+) in which the heteroatom
donors remain constant but the geometry about the metal varies.
Herein we report the synthesis and characterization of five
pentacoordinate vanadyl complexes (Figure 1), three of which
are best described as having distorted tbp geometries. The EPR
spectra of these complexes are also reported, and the relationship
among structure, bonding, and spectral parameters is discussed.

Experimental Section

Synthesis. o-tert-Butyl-p-methylsalicylaldehyde17 and vanadyl ac-
etate18 were prepared by literature methods. Acetonitrile was dried by
distillation from CaH2 under dinitrogen. Schiff base ligands were
prepared by refluxing a mixture of salicylaldehyde (or substituted
salicylaldehyde) and the appropriate amine (or amine hydrochloride
and KOH) in ethanol for 20 min. The ligands crystallized upon cooling
and/or evaporation of the solvent. Ligand identity was verified by1H
NMR and IR (not shown). All other materials were reagent grade and
used as received from commercial sources.
[N,N′-Ethylenebis(o-(tert-butyl-p-methylsalicylaldiminato)]oxova-

nadium(IV) (1) was prepared by a template reaction adapted from the
procedure of Carrano19 in which o-tert-butyl-p-methylsalicylaldehyde
(0.25 g, 1.3 mmol), ethylenediamine (0.044 mL, 0.65 mmol), and
vanadium tris(acetylacetonate) (0.23 g, 0.65 mmol) were refluxed in
absolute ethanol for about an hour under an aerobic atmosphere. After

the solution cooled, the bright green solid was collected by filtration.
Yield: 0.18 g, 58%. Dark green diffraction quality crystals (as needles)
were obtained by slow evaporation of an acetone solution. IR:ν-
(VdO), 988 cm-1. Anal. Found (calcd): %C, 65.55 (65.95); %H,
7.17 (7.24); %N, 5.93 (5.92).
[N,N′-Propanediylbis(o-tert-butyl-p-methylsalicylaldiminato)]oxova-

nadium(IV) (2) was prepared under a dinitrogen atmosphere using
standard techniques. The ligand (0.20 g, 0.48 mmol) and vanadyl
acetate (0.073 g, 0.40 mmol) were refluxed in dry acetonitrile for 24
h. The olive green solution was concentrated under vacuum to yield
a green precipitate that was collected by filtration and recrystallized
from hot acetonitrile. Yield: 0.19 g, 83%. Dark green diffraction
quality crystals of complex2 were obtained from slow evaporation of
a toluene solution. IR:ν(VdO), 984 cm-1. Anal. Found (calcd):
%C, 66.55 (66.52); %H, 7.66 (7.44); %N, 5.65 (5.75).
Bis(N-methylsalicylaldiminato)oxovanadium(IV) (3) was prepared

following the procedures of Floriani and co-workers.20 The ligand (1.0
g, 7.4 mmol) was dissolved in ethanol and added to an aqueous solution
of vanadyl sulfate (0.60 g, 3.7 mmol). Sodium acetate (1.3 g, 15 mmol)
was then added as an aqueous solution. The reaction mixture was
refluxed for 20 min. The fine brown powder was filtered after 2 h
and washed in water, ethanol, and diethyl ether. Yield: 0.53 g, 43%.
Diffraction quality crystals of complex3 (brown blocks) were obtained
by slow cooling of a hot acetonitrile solution. IR:ν(VdO), 980 cm-1.
Anal. Found (calcd): %C, 57.22 (57.32); %H, 4.90 (4.81); %N, 8.40
(8.36).
Bis(N-isopropyl-o-methylsalicylaldiminato)oxovanadium(IV) (4) was

prepared in a manner analogous to complex3. Yield: 37%. Diffraction
quality crystals of complex4 (brown blocks) were obtained by slow
cooling of an acetonitrile solution. IR:ν(VdO), 976 cm-1. Anal.
Found (calcd): %C, 62.66 (63.00); %H, 6.69 (6.73); %N, 6.59 (6.68).
Bis(N-methyl-o-tert-butyl-p-methylsalicylaldiminato)oxovanadium-

(IV) (5) was prepared similarly to complexes3 and4. The ligand (57
mg, 0.28 mmol) and sodium acetate (25 mg, 0.31 mmol) were dissolved
in methanol. An aqueous solution of vanadyl sulfate (42 mg, 0.14
mmol) was added after a few minutes of stirring, and the reaction
mixture was refluxed for 3 h. The solution was allowed to cool to
room temperature and then was kept at 0°C for 24 h. The resulting
gold precipitate was then filtered and recrystallized from hot acetonitrile.
Yield: 0.038g, 58%. IR:ν(VdO), 968 cm-1. Anal. Found (calcd):
%C, 65.33 (65.67); %H, 7.58 (7.63); %N, 8.73 (5.89). Complex5
can also be prepared by refluxing the ligand (0.10 g, 0.51 mmol) with
vanadyl acetate (0.047 g, 0.25 mmol) in acetonitrile under a dinitrogen
atmosphere for 24 h. The olive green precipitate was collected by
filtration and washed several times with acetonitrile and gave the
identicalν(VdO) and EPR signal as the above procedure. Yield: 0.063
g, 52%. Diffraction quality crystals of complex5 (green cubes) were
obtained by slow diffusion of ethanol into a toluene solution of complex
5 from this second procedure under an inert atmosphere. Large-scale
purification from this second procedure did not yield analytically pure
complex.
X-ray Data Collection. Crystallographic data acquisition parameters

for all five compounds are given in Table 1. The unit cell dimensions
of all crystals were determined by a symmetry constrained fit of 24
well-centered reflections and their Friedel pairs.
For complex1, one hemisphere of data was collected using theθ/2θ

scan mode. For complex2, one-sixteenth of a sphere was collected
using theω scan mode. Some redundant data (approximately 400
reflections) were collected to check data quality (Rmerg ) 0.02). For
complex3, a unique quadrant of data was collected using theω scan
mode in a non-bisecting geometry. The adoption of a non-bisecting
scan mode was accomplished by offsettingψ by 20.00 for each data
point collected. This was done to minimize the interaction of the
goniometer head with the cold stream. A unique quadrant of data was
collected for complex4 using theθ/2θ scan mode. An octant of data
was collected for complex5 using theω scan mode and a bisecting
geometry (83 redundant reflections were collected due to instrumental
difficulties). The data were collected in a nonstandard setting and
transformed to a standard setting before data reduction.
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Figure 1. Vanadyl complexes studied.
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For all crystals, three standard reflections were measured every 4800
s of X-ray exposure time. Decomposition was not observed. Scaling
the data was accomplished using a five-point smoothed-curve routine
fitted to the intensity check reflections. Intensity data were corrected
for Lorentz and polarization effects. An empirical absorption correction
derived fromψ-scan data was also applied during data reduction for
complexes1 and 2. The empirical absorption was not applied for
complex3 or 4 due to the small absorption coefficient as well as the
lack of dependence onæ of the intensity of a highø reflection. No
absorption correction was applied for5 because theψ-scan data
indicated no dependence of the intensity onæ.
Structure Solution and Refinement. The data for complexes1-5

were reduced using routines from the NRCVAX set of programs.21

The structures were solved using SIR92.22 All non-hydrogen atoms
were recovered from the initial E-maps. For complexes1, 2, and5
the hydrogen atoms were initially placed at idealized positions. The
carbon-hydrogen distances were set to 0.96 Å and the isotropic
displacements,U(H), were set according to the expressionU(H) ) U(C)
+ 0.01. In complexes3 and4, subsequent difference Fourier maps
yielded peaks suggestive of hydrogen atom positions, and these were
entered as such. The atomic position and anisotropic displacement
parameters refined smoothly using the NRCVAX LSTSQ routine. The
calculated structure factors were fit to the data using full-matrix least-
squares based onF. All non-hydrogen atoms were refined anisotro-
pically. The hydrogen atoms in complexes1 and2 were included in
the structure factor calculations but not refined. In complexes3 and
4, the hydrogen atom positional and isotropic displacement parameters
were allowed to refine. The orientation of the methyl groups of
complex5 were refined using a constrained group refinement. After
the refinement of the methyl groups’ orientations converged, all
hydrogen atoms were allowed to ride on the parent carbon atom. The
hydrogen positional and displacement parameters were updated after
every other cycle of least-squares. For all five structures, the calculated
structure factors included corrections for anomalous dispersion from
the usual tabulation.23 A secondary extinction correction was not
included in the final cycles of refinement for complexes1, 2, and5.
Extinction refinement in the intermediate least-squares cycles gave a
value which was zero within 1σ. Secondary extinction corrections
were attempted for complexes3 and4 but were disregarded in the final
refinements because the extinction coefficients obtained were physically
meaningless.
Spectroscopy. Infrared spectra were obtained on KBr pellets using

a Mattson Polaris spectrometer. EPR spectra were obtained on an IBM
ER200D instrument operating at X-band (≈9.45 GHz). Microwave

frequency was measured with a Hewlett-Packard 5350B frequency
counter, and the field atg ) 2.0037 was calibrated with DPPH. The
field linearity (<1 G over 1400 G) was confirmed by comparison of
the parallel transitions for vanadyl sulfate (1:1 H2O:glycerin; pH 2
adjusted with HCl) with those based on the literature (gz ) 1.933,Az
) 182.6× 10-4 cm-1, gx,y ) 1.978,Ax,y ) 70.7× 10-4 cm-1).24 All
spectra were collected on toluene solutions at 150 K using a quartz
insert and an IBM ER4111VT temperature controller. Microwave
power was 2-20 mW and field modulation was 5 Gpp. Analog EPR
data were digitized using EPRWare.25 Spectral parameters were fit
using the program SIMPOW using coincidentA andg tensors.26,27Non-
coincidentA andg tensors had little effect on the quality of the fit.
Theg- andA-values reported in Table 4 represent the average of three
independent measurements. UV-vis spectra between 200 and 1100
nm were collected on CH2Cl2 solutions of complexes1-5 using a
Shimadzu UV 1601 instrument.

Results

Description of Structures. Structural diagrams of complexes
1 and 2 are presented in Figure 2. Structural diagrams of
complexes3 and4 are presented in Figure 3. The structural
diagram of complex5 is presented in Figure 4. Selected bond
distances and angles are given in Table 2. Complete geometric
information and numbering schemes are given in the Supporting
Information.
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Table 1. Crystallographic Data for Complexes1-5

1 2 3 4 5

formula C26H34N2O3V C27H36N2O3V C16H16N2O3V C22H28N2O3V C26H36N2O3V
fw 473.51 487.53 335.26 419.41 475.52
temp ambient ambient -110°C ambient ambient
space group P1h I41/a C2/c P21/c Pbca
a (Å) 7.9382(3) 16.1895(6) 18.8230(17) 9.7086(6) 10.667(3)
b (Å) 12.6749(7) 16.1895(6) 7.5118(5) 11.4554(7) 25.549(5)
c (Å) 13.8353(7) 41.117(3) 11.7460(10) 20.866(2) 18.322(4)
R (deg) 109.608(5) 90 90 90 90
â (deg) 96.522(5) 90 112.229(7) 103.943(6) 90
γ (deg) 96.589(5) 90 90 90 90
V (Å3) 1285.35(11) 10776.8(9) 1537.4(2) 2252.2(3) 4993(2)
Fcalc (g cm-3) 1.223 1.202 1.448 1.237 1.265
Z 2 16 4 4 8
λ (Mo KR) 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73
µ (cm-1) 3.99 3.82 6.4 4.5 4.10
Ra 0.039 0.055 0.038 0.037 0.054
Rwb 0.058 0.063 0.047 0.045 0.056

a R ) ∑(Fo - Fc)/∑(Fo). b Rw ) [∑(w(Fo - Fc)2)/∑(wFo2)]1/2.

Figure 2. ORTEP diagrams (50% probability) of complexes1 and2.
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Similar to other VO(SALEN) [(N,N′-ethylenebis(salicylaldi-
minato)]oxovanadium(IV) type compounds,28,29 complexes1
and2, shown in Figure 2, are best described as distorted square
pyramidal (τ ) 0.26 and 0.30, respectively) with the oxo ligands
in axial positions and the donor atoms from the tetradentate
ligands forming the equatorial plane. This places the two imine
nitrogens and the two phenolate oxygens cis to one another. In

complexes1, the V-Ooxo bond distance of 1.591 Å is typical
for five-coordinate vanadyl species. The average of the
V-Ophenol bond distances of 1.929 Å and the average of the
V-Nimine bond distances of 2.065 Å are in the range seen for
many other vanadium-Schiff base complexes. Complex2 has
similar bond distances. The vanadium atoms sit 0.626 and 0.531
Å out of the best plane defined by N1-N2-O2-O3 in
complexes1 and2, respectively.
The structures of complexes3 and4 are shown in Figure 3.

The geometry about the vanadium is best described as distorted
trigonal bipyramidal for both complexes withτ ) 0.55 and 0.58,
respectively. Complex3 has crystallographically imposedC2

symmetry, while complex4 has approximateC2 symmetry. The
two bidentate Schiff base ligands in each complex are oriented
trans to each other, with the oxo ligand in the “axial” position
(axial direction defined as being along the highest rotation axis)
and the imine nitrogens and the phenolate oxygens forming the
“equatorial” plane. Once again the V-Ooxo, the V-Ophenol, and
the V-Nimine bond distances are typical, as in complexes1 and
2. For complex3, theâ-angle N1-V-N′ (see Scheme 1) is
162.8° and the R-angle O2-V-O′ is 129.6°. Thus, the
phenolate oxygens are displaced out of the “equatorial” plane
away from the axial oxo ligand. The structural parameters of
complex4 are within 1.2% of those in complex3.
Complex5, shown in Figure 4, is even more distorted from

square pyramidal toward trigonal bipyramidal (τ ) 0.70).
Again, the first coordination sphere consists of “axial” oxo
ligand and imine nitrogens and phenolate oxygen donors in the
“equatorial” plane; however, in this structure, which has the
bulkiest ligand substituents, the angles are the closest to a
trigonal bipyramid for any monomeric vanadyl complex with
N- and O-substitution.15 Theâ-angle, 165.8°, is the most linear
of those of complexes1-5 (150.7° for 1, 158.3° for 2, 162.8°
for 3, and 164.2° for 4). TheR-angle of 124.0° more closely
approaches that which is expected for a trigonal bipyramidal
geometry than the other complexes (135.2° for 1, 140.5° for 2,
129.6° for 3, and 129.3° for 4). Vanadium-heteroatom bond
distances in complex5 are within 1% of the values for
complexes3 and4.
At this juncture, one should note that complexes1 and2 have

approximateCs symmetry. The symmetry plane, which bisects
the O2-V-O3 angle, contains thez- andx-axis (ory-axis) and
thus defines the molecular coordinate system. In complexes1
and2 the non-oxo ligands lie between thex- and y-axes. In
contrast, complexes3-5 haveC2 symmetry and the ligands lie
in thexzor yzplane. For the discussion below, we have defined
the y-axis in complexes3-5 as the axis directed toward the
nitrogen ligands. The difference between theCs (complexes1
and 2) and theC2 (complexes3-5) coordinate systems is a
45° rotation about thez-axis. This coordinate rotation has no
effect onτ, which is still defined by the bond angles as shown
in Scheme 1; however, the coordinate shift must be taken into
account when the electronic structures of the complexes are
considered.
Spectroscopy. The frequencies of the VdOoxo stretch for

each compound are provided in the Experimental Section.30,31

Electronic absorption data for complexes1-5 are presented in
Figure 5 and Table 3. Table 4 lists parameters derived from
the EPR spectra of complexes1-5. EPR spectra are shown in
Figure 6. All show rhombic EPR spectra with an increasing
difference between theAxx andAyy values, which is predomi-
nantly due to a decrease inAxx, as the geometry changes from
square pyramidal to trigonal bipyramidal. The axis labels for(28) Pasquali, M.; Marchetti, F.; Floriani, C.; Cesari, M.Inorg. Chem.1980,

19, 1198-1202.
(29) Riley, P. E.; Pecoraro, V. L.; Carrano, C. J.; Bonadies, J. A.; Raymond,

K. N. Inorg. Chem.1986, 25, 154-160.
(30) Zamian, J. R.; Dockal, E. R.Trans. Met. Chem.1996, 21, 370-376.
(31) Hamilton, D. E.Inorg. Chem.1991, 30, 1670-1671.

Figure 3. ORTEP diagrams (50% probability) of complexes3 and4.

Figure 4. ORTEP diagram (50% probability) of complex5. Inset
shows first coordination sphere to emphasize the tbp geometry.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
Complexes1-5

1 2 3a 4 5

V-O1 1.5913(13) 1.581(3) 1.590(4) 1.5988(18) 1.601(2)
V-O2 1.9226(12) 1.937(3) 1.893(3) 1.9117(16) 1.9005(17)
V-O3 1.9351(12) 1.954(3) 1.9149(16) 1.9027(16)
V-N1 2.0589(15) 2.095(3) 2.097(3) 2.096(2) 2.076(2)
V-N2 2.0710(15) 2.100(3) 2.098(2) 2.089(2)

O1-V-O2 113.18(7) 113.06(14) 115.2(1) 116.56(9) 117.66(9)
O1-V-O3 105.65(7) 103.65(14) 114.12(9) 118.36(9)
O1-V-N1 103.01(7) 97.97(14) 98.6(1) 97.77(10) 96.86(10)
O1-V-N2 111.08(7) 106.45(15) 98.07(10) 97.32(9)
O2-V-O3 88.44(5) 84.03(11) 129.6(2) 129.31(8) 123.99(8)
O2-V-N1 86.06(6) 85.45(13) 87.5(1) 86.84(8) 87.11(8)
O2-V-N2 135.21(6) 140.49(13) 85.2(1) 86.21(8) 87.34(8)
O3-V-N1 150.65(6) 158.26(13) 85.87(8) 86.07(7)
O3-V-N2 86.18(5) 86.90(13) 87.56(7) 86.19(7)
N1-V-N2 77.72(6) 89.21(14) 162.8(2) 164.17(9) 165.77(9)

aN2 and O3 refer to N′ and O′, respectively.
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the principleg- andA-values were assigned for complexes3-5
by comparison to the single crystal EPR results for VIVO-
(quinolinol)2.32 Theg andA axis labels for complexes1 and2
were arbitrarily chosen to coincide with those for complexes
3-5. Best fits are provided in Figures S1 and S2 of the
Supporting Information.

Discussion

The use of sterically large ligands to prepare energetically
disfavored coordination geometries is a strategy that has been
used extensively to study structure/property relationships. The
goal of this work was to prepare five-coordinate oxovanadium-
(IV) complexes spanning the range of geometries from square
pyramidal to trigonal bipyramidal. Despite the less-crowded
environment of the trigonal bipyramidal geometry, most oxo-
vanadium(IV) complexes form square pyramidal structures due
to strongπ-bonding from the axial oxo ligand and the use of
tri- and tetradentate ligands that prefer a planar conformation
for the donor set. In order to overcome this geometric
preference, we have used (a) the sterically encumbered tet-
radentate bis-Schiff base ligands and (b) the sterically encum-
bered bidentate Schiff base ligands shown in Figure 1.
The two tetradentate ligands, which have the same donor

atoms as the much used ligand SALEN, differ from each other
only in the number of methylene groups (n ) 2 or 3) that
connect the salicylideneamine moieties. Thetert-butyl substit-
uents were added to increase the steric bulk within the equatorial
plane and prevent the formation of oligomers that are common
for vanadyl complexes of this type when the N,N-chelate forms
a six-membered ring (n ) 3 in Scheme 1).33,34 In these
oligomeric complexes, the oxo ligand of one molecule interacts
with the sixth coordination site of a neighboring molecule,
resulting in a (VdO‚‚‚VdO)n linear chain. The VdO stretching
frequency is reduced to<900 cm-1 (relative to the normal 910-
1035 cm-1) due to donation ofπ-electrons from the strong VdO
bond to the second metal center.
On the basis of the multiple structures of VIVO(SALEN), it

was anticipated that complex1 would adopt a distorted square
pyramidal geometry; this anticipation was proven correct by
the X-ray crystal structure of complexes1 (Figure 2). It was
further anticipated that the increased space required by the
additional methylene group (n) 3) would force one of the two

imine nitrogens out of the basal plane of the distorted square
pyramid, leading to a complex that was more trigonal bipyra-
midal. As is evidenced by the X-ray structure of complex2,
only a modest distortion toward tbp geometry was achieved
relative to complex1. (However, it is noted that thetert-butyl
group was successful in preventing oligomer formation.) Since
τ < 0.5 for both of these complexes, they are best described as
having distorted square pyramidal geometries. The VdO
stretching frequencies for complexes1 and2 are 988 and 984
cm-1, respectively, consistent with the terminal oxo ligand.
Since the two tetradentate ligands did not induce a significant

tbp distortion, and due to our inability to prepare a pure complex
with a butyl linker (n ) 4 in Figure 1), sterically encumbered
bidentate ligands were used. Vanadyl complexes of the type
VIVOL2, where L is an N-substituted salicylaldimine derivative,
have been studied extensively. Floriani and co-workers have
structurally characterized the complex bis[N-(4-chlorophenyl)-
salicylideneaminato]oxovanadium(IV) and found that it has a
highly distorted square pyramidal geometry (τ ) 0.43), sug-
gesting that additional bulky substituents may increase the tbp
nature of the molecular geometry.20 Indeed, X-ray analysis of
the bis-Schiff base complexes3-5 confirms that the expected
tbp vanadyl complexes can be readily prepared.
It is important to note the gross differences between the

structures of complexes1 and2 (tetradentate ligands) and the
structures of complexes3-5 (bis-bidentate ligands). Even
though both types of complexes have identical donor atoms
consisting of two imine nitrogens and two phenolate oxygens,
complexes1 and 2 have oxygen trans to nitrogen, while in
complexes3-5 the two nitrogens are trans to each other as are
the two phenolate oxygens. Thus, complexes1 and2 can have,
at most,Cs symmetry (depending on the conformation of the
N-N chelate ring), while complexes3-5 can have, at most,
C2 symmetry. Interestingly, complex3, having minimal ligand
bulk (N-Me, 6-H), is still best described as trigonal bipyramidal
(τ ) 0.55). This suggests an electronic preference for this
distorted tbp geometry. Complex4 is little changed from
complex3 despite the moderate increase in substituent size (N-
i-Pr, 6-Me). Only upon adding the 6-tert-butyl substituent, as
in complex5, is a dramatic increase inτ observed.
There are other examples in the literature of five-coordinate

vanadyl compounds with nitrogen and/or oxygen donors that
haveτ > 0.50. Dinuclear vanadyl tartrates can form trigonal
bipyramidal structures about each vanadium atom. Ad,l ligand
combination forms a distorted square pyramidal geometry (τ
values between 0.002 and 0.150),35-42 while d,d and l,l ligand
combinations yield distorted trigonal bipyramidal complexes (τ
values from 0.59 to 0.65).43,44 Bis(2-methyl-8-quinolinolato)-
oxovanadium(IV) also has a distorted trigonal bipyramidal
geometry withτ ) 0.56.16 For comparison, the vanadium(V)

(32) Collison, D.; Gahan, B.; Mabbs, F. E.J. Chem. Soc., Dalton Trans.
1987, 111-117.

(33) Serrette, A.; Carroll, P. J.; Swager, T. M.J. Am. Chem. Soc.1992,
114, 1887-1889.

(34) Kasahara, R.; Tsuchimoto, M.; Ohba, S.; Nakajima, K.; Ishida, H.;
Kojima, M. Inorg. Chem.1996, 35, 7661-7665.

(35) Garcia-Jaca, J.; Insausti, M.; Cortes, R.; Rojo, T.; Pizarro, J. L.;
Arriortua, M. I. Polyhedron1994, 13, 357-364.

(36) Garcia-Jaca, J.; Rojo, T.; Pizarro, J. L.; Gon˜i, A.; Arriortua, M. I. J.
Coord. Chem.1993, 30, 327-336.

(37) Wrobleski, J. T.; Thompson, M. R.Inorg. Chem.1988, 150, 269-
277.

(38) Beeson, H. D.; Tapscott, R. E.; Duesler, E. N.Inorg. Chim. Acta1985,
102, 5-13.

(39) Ortega, R. B.; Tapscott, R. E.; Campana, C. F.Inorg. Chem.1982,
21, 672-676.

(40) Hahs, S. K.; Ortega, R. B.; Tapscott, R. E.; Campana, C. F.; Morosin,
B. Inorg. Chem.1982, 21, 664-672.

(41) Ortega, R. B.; Campana, C. F.; Tapscott, R. E.Acta Crystallogr.1980,
B36, 1786-1788.

(42) Tapscott, R. E.; Belford, R. L.; Paul, I. C.Inorg. Chem.1968, 7, 356-
364.

(43) Pizarro, J. L.; Garcı´a-Jaca, J.; Rojo, T.; Arriortua, M. I.Acta
Crystallogr.1994, C50, 1394-1396.

(44) Forrest, J. G.; Prout, C. K.J. Chem. Soc. A1967, 1312-1317.

Figure 5. UV-vis spectra of complexes1-5 in CH2Cl2.
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complex recently reported by Carrano as a model for these
trigonal bipyramidal vanadium-protein adducts has aτ-value
of 0.37 or 0.67, depending on how one defines theR angle.13

The VdO stretching frequency is relatively insensitive to the
square pyramidal-to-trigonal bipyramidal distortion. For com-
plexes1-5, the VdO stretching frequencies are 988, 984, 980,
976, and 968 cm-1, respectively, consistent with the terminal,
not bridging, oxo ligand. Floriani has previously suggested that
the low VdO stretching frequency (885 cm-1) that was observed
for bis[N-(4-chlorophenyl)salicylideneaminato)]oxovanadium-
(IV) was due to the severely distorted square pyramidal
geometry (τ ) 0.43).20 This interpretation was later refuted by
Hamilton who found that there were two crystalline forms of

the complex, a needle form withν(VdO) ) 888 cm-1 and a
prism form with ν(VdO) ) 967 cm-1, of which the needle
form is probably a linear, oxo-bridged chain.31 The data
presented here for complexes3-5 are in agreement with the
interpretation of Hamilton and indicate that the energy of the
VdO bond is only slightly sensitive to geometry (≈20 cm-1

for ∆τ ) 0.44). The V-Ooxo bond distance does not correlate
directly withτ, considering that this distance is the same (within
error) for complexes4 and 5 while τ ) 0.58 and 0.70,
respectively.

The electronic spectra (Figure 5, Table 3) are typical of five-
coordinate vanadyl complexes. Complexes1 and2 both have
absorptions at≈26 100 and≈16 000 cm-1 with two shoulders
to lower energy and absorption tailing out to<10 000 cm-1.
Complexes3-5 each have a transition at approximately 28 000,
19 000, 16 500, and 12 000 cm-1. The visible transitions are
typically discussed in terms of the Ballhausen and Gray
molecular orbital scheme (developed for VO(SO4)‚5H2O, C4V
symmetry) in which the lowest energy transition (band I) is
assigned as originating from promotion of an electron from the
half-filled dxy orbital to the empty dxz or dyz orbitals (xy f xz,
yz), and subsequent transitons as promotions from the half-filled
dxy orbital to the dx2-y2 orbital (band II,xyf x2 - y2) or the dz2
orbital (band III,xyf z2).45 Valeket al.have interpreted single-
crystal polarized electronic spectroscopic studies on vanadyl bis-
(acetylacetonate) (VO(acac)2) in general agreement with the
Ballhausen and Gray scheme (inC4V nomenclature:xy f xz,
yz, ≈14 000 cm-1; xy f x2 - y2, ≈17 000 cm-1; xy f z2,
≈25 000 cm-1, with some uncertainty concerning the band III
assignment).46 In contrast, Collison and co-workers have
assigned the low-energy (band I) transition of VOX2(tmu)2 (X
) Cl, Br; tmu) tetramethylurea) as arising from promotion of
an electron from the half-filled dxy orbital to the dx2-y2 (xyf x2

- y2, ≈13 000 cm-1) and subsequent transitons as promotions
from the half-filled dxy orbital to the dxz, dyx orbitals (xyf xz,
yz,≈15 000 cm-1) or the dz2 orbital (xyf z2,≈24 000 cm-1).47

For the complex [VO(CN)5]3-, the xy f x2 - y2 transition
occurs at≈25 000 cm-1. From this data it is evident that the
energy of thexy f x2 - y2 transition is, as expected, quite
sensitive to the strength of the equatorial ligand field.

(45) Ballhausen, C. J.; Gray, H. B.Inorg. Chem.1962, 1, 111-122.
(46) Valek, M. H.; Yeranos, W. A.; Basu, G.; Hon, P. K.; Belford, R. L.

J. Mol. Spectrosc.1971, 37, 229-239.
(47) Collison, D.; Gahan, B.; Garner, C. D.; Mabbs, F. E.J. Chem. Soc.,

Dalton Trans.1980, 667-674.

Table 3. Transition Energiesa and Extinction Coefficients (in Parentheses)b for Complexes1-5 in CH2Cl2

assignmentc 1 2 3 4 5

π f π* or LMCT d 25 770 (7660) 25 840 (5980) 28 740 (5890) 28 250 (5100) 27 550 (4050)
xyf x2 - y2 (band III) 16 000 (191)e 16 400 (154) 18 800 (62) 18 660 (71) 19 250 (95, sh)
xyf xz(band II) 14 290 (106, sh)e 16 900 (45) 16 720 (48, sh) 16 050 (49, sh)
xyf yz(band I) 12 000 (14) 11 980 (18) 11 760 (16)

a Energy in cm-1. b In units of cm-1 M-1. c For consistency, the labels are based onC2 symmetry. For complexes1 and2 (Cs symmetry), switch
xy andx2 - y2. d The xy f z2 transition is probably buried under this band.eWeak absorption tail to≈9100 cm-1.

Table 4. τ, EPR Parameters for Complexes1-5 in Toluene at 150 Ka,b

complex τ gxx gyy gzz
|Axx|c

(10-4 cm-1)
|Ayy|c

(10-4 cm-1)
|Azz|c

(10-4 cm-1)
|Axx - Ayy|
(10-4 cm-1)

1 0.26 1.983 1.981 1.953 54.0 59.2 161.3 5.2
2 0.30 1.982 1.980 1.949 54.3 59.0 161.7 4.7
3 0.55 1.983 1.981 1.951 53.1 60.0 161.0 6.9
4 0.58 1.983 1.981 1.949 51.8 59.4 161.0 7.6
5 0.70 1.984 1.979 1.947 47.8 59.4 157.3 11.5

a Estimated error ing ) (0.001.b Estimated error inA ) (0.5 × 10-4 cm-1. c Absolute values are reported since the sign ofA cannot be
directly determined from the EPR experiment.

Figure 6. High-field region of the X-band EPR spectra of complexes
1-5 (in toluene at 150 K). The asterisk denotes region where rhombicity
is most apparent.
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Through consideration of these single crystal electronic
absorption studies, we have assigned the transitions of com-
plexes1-5 as indicated in Table 3, consistent with the orbital
orderxy < yz< xz< x2 - y2 < z2. In theCs symmetry of
complexes1 and2, and theC2 symmetry of complexes3-5,
the dxzand dyzorbitals are not degenerate, and therefore we can
expect two transitions at low energy (xy f xz or yz). For
complex1, these would be the absorptions making up the low-
energy tail of the transtion centered at 16 000 cm-1. For
complex2 these transitions make up the low-energy tail and
the shoulder at 14 290 cm-1. The transitions at 16 000 and
16 400 cm-1 in complexes1 and2, respectively, are assigned
to thexyf x2 - y2 transition. For complexes3-5, thexyf
xzandxyf yztransitions are assigned to the bands near 12 000
and 16 500 cm-1. In complexes3-5 thexyf x2 - y2 transition
is assigned to the absorption between 18 660 and 19 250 cm-1.
The peaks for complexes1-5 at >26 000 cm-1 with large
extinction coefficients probably include thexy f z2 transition
and ligand associated (LMCT,π f π*) transitions. It is
interesting to note that thexyf x2 - y2 transitions of complexes
1 and2 are at slightly lower energy than the corresponding band
in VO(acac)2, while thexyf x2 - y2 transitions of complexes
3-5 are at slightly higher energy than the corresponding band
in VO(acac)2. This implies that the tetradentate ligands in
complexes1 and 2 provide a weaker ligand field than the
acetylacetonate ligands of VO(acac)2, while the bidentate Schiff
base ligands of complexes3-5 provide a stronger equatorial
ligand field than the acetylacetonate ligands of VO(acac)2.
The EPR spectra of complexes1-5 are all rhombic with the

rhombicity increasing withτ (as shown byAxx * Ayy, Table 4).
The coordinate system has been assigned by comparison of the
g-values to those of bis(2-methyl-8-quinolinolato)oxovanadium-
(IV) (structurally similar to complexes3-5) for which a single-
crystal EPR study has been reported.32 The changing rhombicity
in complexes1-5 is easily seen in Figure 6 for the resonances
marked with an asterisk. WhileAxx, Ayy, andAzzdo not correlate
with τ, the difference|Axx - Ayy| generally increases withτ.
Complexes1 and2 are nearly axial with the difference|Axx -
Ayy| being 5.2× 10-4 and 4.7× 10-4 cm-1, respectively.
Complexes3 and4 show intermediate rhombicity (|Axx - Ayy|
) 6.9 × 10-4 and 7.6× 10-4 cm-1, respectively), while
complex5 shows the largest rhombicity with|Axx - Ayy| ) 11.6
× 10-4 cm-1.
Axx is the most sensitive to variations in structure.Axx varies

from 54.3× 10-4 to 47.8× 10-4 cm-1 (Axx,av ) (52.2( 2.6)
× 10-4 cm-1, error expressed as standard deviation), whileAyy
varies from 60.0× 10-4 to 59.0× 10-4 cm-1 (Ayy,av ) (59.4
( 0.4) × 10-4 cm-1). The sensitivity ofAxx is intuitively
appealing since the structure changes most along the molecular
x-axis.
The relationships between the spin Hamiltonian parameters

(g andA) and the electronic structure of d1 complexes in various
symmetries have been described nicely by Mabbs and Collison.48

These relationships are shown in eqs 1 and 2, whereê is the

one electron spin-orbit coupling constant for vanadium(IV) and
δij is the Kronecker delta. The termsΛij andΛ′ij mix excited
state orbital angular momentum into the ground state. These
terms depend on the d-orbital mixing coefficients for each

excited state, and 1/∆E is the inverse of the energy difference
between the ground state and excited state. The term 3cl ij is
dependent only on the ground state and is the same forAxx and
Ayy. κ is the Fermi (isotropic) contact parameter andP )
geâegNâN〈r-3〉 (〈r-3〉 is the inverse cube of the average nucleus-
to-unpaired electron distance).
Considering only complexes3-5 which are anticipated to

haveC2 symmetry in solution and frozen solution, it is seen in
Table 4 thatgxx andgyy are insensitive (within error) to changes
in structure. Thus, the changes in geometry have very little
influence on theΛij in eq 1. Accordingly,Axx andAyy are only
slightly influenced by changes in structure as manifested in
-2êΛij (eq 2). Since gij - 2.0023) -2êΛij (gij - 2.0023)
-0.023 to-0.018 for ij ) xx or yy), the contribution of this
term toAxx andAyy is ≈ -2.8× 10-4 to -2.2× 10-4 cm-1

(assumingP ) 120 × 10-4 cm-1). Therefore, the slight
decrease inAxx observed asτ increases must be predominantly
due to the effects ofΛ′ij. The difference|Axx - Ayy| is related
to Λij andΛ′ij as shown in eq 3. This difference must also be

due, in large part, to theΛ′ij terms sinceP(gxx - gyy) is small
for complexes3-5 (0.6× 10-4 cm-1 for complex5) compared
to |Axx - Ayy| (11.6× 10-4 cm-1 for complex5). As yet, we
have not developed a bonding scheme that consolidates the
observed EPR and UV-vis spectral results with this dependence
of A on Λ′ij. Studies in this area are ongoing.
It has been known for some time that the parallel component

of the hyperfine coupling constant,Azz, is sensitive to the donor
type in the “equatorial” coordination sphere. From this
knowledge, the empirical additivity relationship in eq 4 has been

developed as a means of determining, to a first approximation,
the identity of the equatorial ligands in vanadyl complexes.49

Here, ni is the number of equatorial ligands of typei, andAz,i
is the empirically determined contribution from each equatorial
ligand of typei. The estimated error for eq 4 is(3 × 10-4

cm-1. While A0, Axx, Ayy, or Azz can be used in eq 4,Azz is
most sensitive to the equatorial ligands. Additionally,Azz can
be determined with good accuracy directly from the spectral
data without the need for computer simulation. Comparison
of the calculated and experimental values ofAzzcan be used to
argue for or against the presence of specific ligands.10,50-52

The empirical parameters,Az,i, in eq 4 have been determined
for molecules of assumed square pyramidal geometry (or
octahedral geometry with a weak sixth ligand).49,50 An Az,i range
of 31 × 10-4 (thiolate sulfur) to 46× 10-4 cm-1 (water) is
observed for biologically relevant ligands.49 However, the
applicability of eq 4 for structurally distorted molecules has
never been addressed. Use of eq 4 and the values forAz,i in ref
49 givesAzz,calc) 159× 10-4 cm-1 for complexes1-5, which
is very close to the experimental values forAzz (Table 4). As

(48) Mabbs, F. E.; Collison, D.Electron Paramagnetic Resonance of d
Transition Metal Compounds; Elsevier: Amsterdam, 1992; Vol. 16.

(49) Chasteen, N. D. InBiological Magnetic Resonance; Berliner, L. J.,
Reuben, J., Eds.; Plenum Press: New York, 1981; Vol. 3, pp 53-
119.

(50) Cornman, C. R.; Zovinka, E. P.; Boyajian, Y. D.; Geiser-Bush, K.
M.; Boyle, P. D.; Singh, P.Inorg. Chem.1995, 34, 4213-4219.

(51) Houseman, A. L.; Morgan, L.; LoBrutto, R.; Frasch, W. D.Biochem-
istry 1994, 33, 4910-4917.

(52) Houseman, A. L. P.; LoBrutto, R.; Frasch, W. D.Biochemistry1995,
34, 3277-3285.

gij ) 2.0023δij - 2êΛij (1)

Aij ) P[-κδij - 3cl ij - 2êΛij + 3cêΛ′ij] (2)

|Axx - Ayy| ) P[-2êΛxx - (-2êΛyy) + 3cê(Λ′xx - Λ′yy)]

) P[gxx - gyy + 3cê(Λ′xx - Λ′yy)] (3)

Azz,calc) ∑
i

niAz,i (4)
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the structure varies in complexes3-5, Azzvaries from 161.7×
10-4 to 157.3× 10-4 cm-1 (Azz,av ) (160.5( 1.8) × 10-4

cm-1). This small variation inAz (≈2% of Azz) suggests that
eq 4 also holds for distorted molecules such as complex5,
thereby supporting the continued use of eq 4 to make a first
estimate of the equatorial ligands in vanadyl complexes.
To address the relative stability of complexes3 and5, ethanol

was added to toluene solutions of these complexes and EPR
was used to estimate the amount of solvolysis. At 50% ethanol
(by volume), complex3 exhibited>25% solvolysis (as evi-
denced by a new set of parallel EPR transitions, data not shown),
while complex5 exhibited≈10% solvolysis. This suggests that
the more hindered coordination sphere around complex5,
relative to complex3, precludes the ligand exchange reaction.

Conclusions

Vanadyl complexes can readily adopt distorted trigonal
bipyramidal structures even with relatively minor steric crowd-
ing, as indicated by complexes3 and 4. Thus, vanadium in
the +4 oxidation state is a suitable candidate as a transition
state analogue for phosphoester hydrolysis, especially consider-
ing the inherent steric constraints of the active sites of protein
tyrosine phosphatases. The V-Ooxo bond length and VdO
stretching frequency are relatively insensitive to distortions along
the sq pyrf tbp structural coordinate, implying that the low

VdO stretching frequency (<900 cm-1) observed for some
vanadyl complexes isnotdue to a trigonal bipyramidal distortion
away from the more common square pyramidal geometry. EPR
spectroscopy is sensitive to these structural perturbations, as
shown through the increase of|Axx - Ayy| with the increasing
trigonal bipyramidal nature of the complex. The parallel
coupling constant,Azz, is relatively insensitive to these structural
changes, indicating that the EPR additivity relationship is
applicable to distorted complexes.
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