Inorg. Chem.1997, 36, 64016408 6401

Structural and Electron Paramagnetic Resonance Studies of the Square Pyramidal to
Trigonal Bipyramidal Distortion of Vanadyl Complexes Containing Sterically Crowded
Schiff Base Ligands

Charles R. Cornman*, Katherine M. Geiser-Bush, Stephen P. Rowley, and Paul D. Boyle

Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27695-8204
Receied July 10, 1997

[N,N'-Ethylenebisg-(tert-butyl-p-methylsalicylaldiminato)Joxovanadium(IVY), [N,N'-propanediylbisg-(tert-butyl-
p-methylsalicylaldiminato)Joxovanadium(1V)2], bis(N-methylsalicylaldiminato)oxovanadium(IV)3), bis(N-
isopropyle-methylsalicylaldiminato)oxovanadium(I\V3), and, bisi\-methyl-o-(tert-butyl-p-methylsalicylaldiminato)-
oxovanadium(lV) §) were prepared and characterized by X-ray crystallography and EPR spectroscopy. Complexes
1 and2 are best described as square pyramids, while comp8xgsire 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 constAg)tregardless of the fact that the geometry about the vanadium
changes from square pyramidal to trigonal bipyramidal. Crystal daté: fepace grougPl, a = 7.9382(3) A,

b = 12.6749(7) A.c = 13.8353(7) Ao = 109.608(5), B = 96.552(5}, y = 96.589(5), Z = 2. Crystal data

for 2. space groupd./a, a = 16.1895(6) Ab = 16.1895(6) A,c = 41.117(3) A,Z = 16. Crystal data foB:

space groufC2/c, a = 18.8230(17) Ab = 7.5118(5) A,c = 11.7460(10) AB = 112.229(7), Z = 4. Crystal

data for4: space group2:/c, a = 9.7086(6) A,b = 11.4554(7) Ac = 20.866(2) A, = 103.943(6), Z = 4.
Crystal data fo5: space groufPbca a = 10.667(3) A,b = 25.549(5) A,c = 18.322(4) A,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 animalg Much of the biochem-
istry of vanadium is centered around the ability of vanadate
(H2VVO427) 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 hydrolysts.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 vanaditim.
Several lines of evidence suggest that vanadium(IV), as well
as vanadium(V), may be responsible for this observation. First,
a vanadium(V)/vanadium(lV) equilibrium is established in the
reducing environment of living cel®® Second, a distinct
vanadium(IV)-dependent (and vanadium(V)-independent) sys-
tem for activating insulin-like effects has recently been repdtted.
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
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cysteine thiolate or histidine imidazole. 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 1112 The oxidation state of the vanadium cannot
be determined from the protein crystallography; however, the
general opinion is that the vanadium is in thB 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 pré%ent.
The structural chemistry of small vanadium(IVV) molecules
is well-established, and, as with vanadium(V), the preponderance
of five-coordinate vanadium(lV) complexes adopt a sq pyr or
distorted sq pyr geometry. To quantitatively compare these
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}CHz)n R R the solution cooled, the bright green solid was collected by filtration.
N \N N/ . Yield: 0.18 g, 58%. Dark green diffraction quality crystals (as needles)
TNy - ‘V/o g > R were obtained by slow evaporation of an acetone solution. #R:
0/8\@' R:do’(l)l\}q- (V=0), 988 cnt®. Anal. Found (calcd): %C, 65.55 (65.95); %H,
R R 7.17 (7.24); %N, 5.93 (5.92).
' " [N,N'-Propanediylbisg-tert-butyl-p-methylsalicylaldiminato)]oxova-
an_lpl_eg % R R R nadium(lV) @) was prepared under a dinitrogen atmosphere using
2 3 standard techniques. The ligand (0.20 g, 0.48 mmol) and vanadyl
3 Me H H acetate (Q.073 g, 0.40 m.mol) were refluxed in dry acetonitrile for 24
3 iPr  Me H h. The olive green solution was concentra_ted L_mder vacuum to yleld
5 Me ~Bu Me a green precipitate that was collected by filtration and recrystallized

. . from hot acetonitrile. Yield: 0.19 g, 83%. Dark green diffraction
Figure 1. Vanadyl complexes studied. quality crystals of comple® were obtained from slow evaporation of

a toluene solution. IR:»(V=0), 984 cnt’. Anal. Found (calcd):
structures in terms of their relative geometries about the %C, 66.55 (66.52); %H, 7.66 (7.44); %N, 5.65 (5.75).
vanadium atom, we have used the angular structural parameter, Bis(N-methylsalicylaldiminato)oxovanadium(IVB)Y was prepared
7, which is defined in Scheme#. For purely square pyramidal  following the procedures of Floriani and co-workétsThe ligand (1.0
complexesrt is zero. Moving two trans ligands out of the 9. 7.4 mmol) was dissolved in ethanol and _added to an aqueous solution
equatorial square plane results in a distortion toward a “trigonal ©f vanadyl sulfate (0.60 g, 3.7 mmol). Sodium acetate (1.3 g, 15 mmol)
bipyramid” for which r approaches 1z(= 1 for a perfect was then added as an aqueous solution. The reaction mixture was
trigonal bipyramid). In this paper, we use the term “trigonal refluxed for 20 min. The fine brown powder was filtered after 2 h

bi id" to d ibe th | | h and washed in water, ethanol, and diethyl ether. Yield: 0.53 g, 43%.
Ipyramid” to describe the molecular geometry, not the mo- pitraciion quality crystals of comple8 (brown blocks) were obtained

lecular symmetry which would b®g, for a true trigonal by slow cooling of a hot acetonitrile solution. 1R{V=0), 980 cnr.
bipyramid. It should be noted that the symmetry change shown anal. Found (calcd): %C, 57.22 (57.32); %H, 4.90 (4.81); %N, 8.40
in Scheme 1i€,, to Cy, if all equatorial ligands are equivalent.  (8.36).

For our purposes, we will describe complexes witlke @ < Bis(N-isopropylo-methylsalicylaldiminato)oxovanadium(IV3)  was
0.5 as distorted square pyramids, while complexes with<0.5  prepared in a manner analogous to com@lefield: 37%. Diffraction

7 <1 will be described as distorted trigonal bipyramids. A quality crystals of complex (brown blocks) were obtained by slow
search of the Cambridge Structural Database for monomericcooling of an acetonitrile solution. IR¥(V=0), 976 cn*. Anal.
five-coordinate vanadyl complexes with O/N donors yields 56 Found (calcd): %C, 62.66 (63.00); %H, 6.69 (6.73); %N, 6.59 (6.68).
structuress Of these, only WO(quinolinol is a distorted tbp Bis(N-methyl-o-tert-butyl-p-methylsalicylaldiminato)oxovanadium-

_ 16 . : (IV) (5) was prepared similarly to complex8snd4. The ligand (57
(z = 0.56). The paucity of thp structures for vanadium(IV) mg, 0.28 mmol) and sodium acetate (25 mg, 0.31 mmol) were dissolved

suggests that there are electronic and/or steric requirements that "\ -0 An aqueous solution of vanadyl sulfate (42 mg, 0.14
preCl_Ude the formation of the tbp geo_metry. To probe these mmol) was added after a few minutes of stirring, and the reaction
requirements, we have prepared a series of vanadyl complexesnixture was refluxed for 3 h. The solution was allowed to cool to
(the term vanadyl is used for'NO?*) in which the heteroatom  room temperature and then was kept &Dfor 24 h. The resulting
donors remain constant but the geometry about the metal variesgold precipitate was then filtered and recrystallized from hot acetonitrile.
Herein we report the synthesis and characterization of five Yield: 0.038g, 58%. IR:»(V=0), 968 cni®. Anal. Found (calcd):
pentacoordinate vanadyl complexes (Figure 1), three of which %C, 65.33 (65.67); %H, 7.58 (7.63); %N, 8.73 (5.89). Compex
are best described as having distorted tbp geometries. The EPFRan also be prepared by refluxing the ligand (0.10 g, 0.51 mmol) with
spectra of these complexes are also reported, and the relationshiﬁanadyl acetate (0.047 g, 0.25 mmol) in acetonitrile under a dinitrogen

among structure, bonding, and spectral parameters is discussedm'SPhere for 24 h.. The olive green precipitate was collected by
iltration and washed several times with acetonitrile and gave the

identicaly(V=0) and EPR signal as the above procedure. Yield: 0.063
g, 52%. Diffraction quality crystals of complex(green cubes) were
Synthesis. o-tert-Butyl-p-methylsalicylaldehydé and vanady! ac- obtained by slow diffusion of ethanol into a toluene solution of complex
etaté8 were prepared by literature methods. Acetonitrile was dried by 5 from this second procedure under an inert atmosphere. Large-scale
distillation from Cah under dinitrogen. Schiff base ligands were Purification from this second procedure did not yield analytically pure
prepared by refluxing a mixture of salicylaldehyde (or substituted COMplex.
salicylaldehyde) and the appropriate amine (or amine hydrochloride ~ X-ray Data Collection. Crystallographic data acquisition parameters
and KOH) in ethanol for 20 min. The ligands crystallized upon cooling for all five compounds are given in Table 1. The unit cell dimensions

Experimental Section

and/or evaporation of the solvent. Ligand identity was verifiedHby of all crystals were determined by a symmetry constrained fit of 24

NMR and IR (not shown). All other materials were reagent grade and Well-centered reflections and their Friedel pairs.

used as received from commercial sources. For complexl, one hemisphere of data was collected usingiiRé
[N,N'-Ethylenebis¢-(tert-butyl-p-methylsalicylaldiminato)]oxova- scan mode. For compleX one-sixteenth of a sphere was collected

nadium(IV) (1) was prepared by a template reaction adapted from the using thew scan mode. Some redundant data (approximately 400
procedure of Carraidin which o-tert-butyl-p-methylsalicylaldehyde ~ reflections) were collected to check data quallqdy = 0.02). For
(0.25 g, 1.3 mmol), ethylenediamine (0.044 mL, 0.65 mmol), and complex3, a unique quadrant of data was collected usingaegcan
vanadium tris(acetylacetonate) (0.23 g, 0.65 mmol) were refluxed in mode in a non-bisecting geometry. The adoption of a non-bisecting
absolute ethanol for about an hour under an aerobic atmosphere. Afterscan mode was accomplished by offsettindpy 20.00 for each data
point collected. This was done to minimize the interaction of the
(14) Addison, A. W.; Rao, T. N.: Reedijk, J.; van Rijn, J.; Verschoor, G. goniometer head with the cold stream. A unique quadrant of data was

C. J. Chem. SogDalton Trans.1984 1349-1356. collected for complex using thef/20 scan mode. An octant of data
(15) Allen, F. H.; Kennard, OChem Des Autom News1993 8, 31-37. was collected for comples using thew scan mode and a bisecting
(16) Shiro, M.; Fernando, QAnal. Chem 1971 43, 1222-1230. geometry (83 redundant reflections were collected due to instrumental

(17) Casiraghi, G.; Casnati, G.; Puglia, G.; Sartori, G.; Terenghi).G. (ifficulties). The data were collected in a nonstandard setting and

(18) %gﬁr]i?.sgc.:PBer:l;It?aTrSa.nf{uﬁgrsQA.lEI}r?(igtieics'Synthesj Cotton. F. transformed to a standard setting before data reduction.

A., Ed.; McGraw-Hill: New York, 1972; Vol. 13, pp 181183.
(19) Bonadies, J. A.; Carrano, C.Jl.Am. Chem. S0d.986 108 4088- (20) Pasquali, M.; Marchetti, F.; Floriani, @. Chem. SagDalton Trans.
4095. 1977, 139-144.




VIV Complexes with Schiff Base Ligands

Table 1. Crystallographic Data for Complexds-5

Inorganic Chemistry, Vol. 36, No. 27, 1995403

1 2 3 4 5
formula GeH3z4N203V CoH3eN203V Ci16H16N203V C2oH2eN203V CoeH3sN203V
fw 47351 487.53 335.26 419.41 475.52
temp ambient ambient —110°C ambient ambient
space group P1 144/a C2lc P2i/c Pbca
a(h) 7.9382(3) 16.1895(6) 18.8230(17) 9.7086(6) 10.667(3)
b (A) 12.6749(7) 16.1895(6) 7.5118(5) 11.4554(7) 25.549(5)
c(A) 13.8353(7) 41.117(3) 11.7460(10) 20.866(2) 18.322(4)
o (deg) 109.608(5) 90 90 90 90
B (deg) 96.522(5) 90 112.229(7) 103.943(6) 90
y (deg) 96.589(5) 90 90 90 90
V (A3) 1285.35(11) 10776.8(9) 1537.4(2) 2252.2(3) 4993(2)
Pealc (g CNT3) 1.223 1.202 1.448 1.237 1.265
z 2 16 4 4 8
A (Mo Kay) 0.71073 0.71073 0.71073 0.71073 0.71073
u(cm™) 3.99 3.82 6.4 45 4.10
Ra 0.039 0.055 0.038 0.037 0.054
R.° 0.058 0.063 0.047 0.045 0.056

AR =Y (Fo — F)/3(Fo). "Ry = [S(W(Fo — Fo)A/3 (WF?)]¥2

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 fromiy-scan data was also applied during data reduction for
complexesl 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 o@ of the intensity of a highy reflection. No
absorption correction was applied fér because thep-scan data
indicated no dependence of the intensity¢an

Structure Solution and Refinement. The data for complexeks—5
were reduced using routines from the NRCVAX set of progréms.
The structures were solved using SIR92AIl non-hydrogen atoms
were recovered from the initial E-maps. For complege®, and5
the hydrogen atoms were initially placed at idealized positions. The
carbor-hydrogen distances were set to 0.96 A and the isotropic Figure 2. ORTEP diagrams (50% probability) of complexieand?2.
displacementd)(H), were set according to the expressigft) = U(C)

+ 0.01. In complexes and 4, subsequent difference Fourier maps  frequency was measured with a Hewlett-Packard 5350B frequency
yielded peaks suggestive of hydrogen atom positions, and these wer€gunter, and the field ag = 2.0037 was calibrated with DPPH. The
entered as such. The atomic position and anisotropic displacementfie|d Jinearity (<1 G over 1400 G) was confirmed by comparison of
parameters refined smoothly using the NRCVAX LSTSQ routine. The the parallel transitions for vanady! sulfate (1:3G4glycerin; pH 2
calculated structure factors were fit to the data using full-matrix least- gdjusted with HCI) with those based on the literatuge= 1.933,A,
squares based di All non-hydrogen atoms were refined anisotro- =182 6x 10 cmr?, g,y = 1.978,A,, = 70.7 x 10~ cmr%).2¢ All
pically. The hydrogen atoms in complexesnd2 were included in spectra were collected on toluene solutions at 150 K using a quartz
the structure factor calculations but not refined. In compleXesd insert and an IBM ER4111VT temperature controller. Microwave
4, the hydrogen atom positional and isotropic displacement parameterspower was 2-20 mw and field modulation was 5,6 Analog EPR
were allowed to refine. The orientation of the methyl groups of gata were digitized using EPRWaie.Spectral parameters were fit
complex5 were refined using a constrained group refinement. After sing the program SIMPOW using coincidénandg tensorg%2”Non-

the refinement of the methyl groups’ orientations converged, all coincidentA andg tensors had little effect on the quality of the fit.
hydrogen atoms were allowed to ride on the parent carbon atom. TheThe g andA-values reported in Table 4 represent the average of three

hydrogen positional and displacement parameters were updated afteindependent measurements. Yuis spectra between 200 and 1100
every other cycle of least-squares. For all five structures, the calculatednm were collected on Ci€l, solutions of complexed—5 using a

structure factors included corrections for anomalous dispersion from gpimadzu UV 1601 instrument.

the usual tabulatio? A secondary extinction correction was not

included in the final cycles of refinement for complexg<2, and5. Results

Extinction refinement in the intermediate least-squares cycles gave a

value which was zero within . Secondary extinction corrections Description of Structures. Structural diagrams of complexes
were attempted for complex8sand4 but were disregarded inthe final 1 and 2 are presented in Figure 2. Structural diagrams of
refinements because the extinction coefficients obtained were physically complexes3 and 4 are presented in Figure 3. The structural

meaningless. diagram of comple is presented in Figure 4. Selected bond

Spectroscopy. Infrared spectra were obtained on KBr pellets using ; - - .
a Mattson Polaris spectrometer. EPR spectra were obtained on an IBM.dIStanceS and angles are given in Table 2. Complete geometric

ER200D instrument operating at X-bang9.45 GHz). Microwave :rr]\ffg:'nrgzttli?)r; and numbering schemes are given in the Supporting

(21) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, P. S.
Appl. Crystallogr.1989 22, 384—387. (24) Albanese, N. F.; Chasteen, N. D.Phys. Chenl978 82, 910-914.

(22) Altomare, A.; Burla, M. C.; Camalli, G.; Cascarano, G.; Giacovazzo, (25) Morse, P. D., lIBiophys. J.1987 51, 440a.
C.; Gualiardi, A.; Polidori, GJ. Appl. Crystallogr.1994 27, 435— (26) Nilges, M.Program SIMPOW lllinois ESR Research Center NIH
436. Division of Research Resources Grant No. RR01811.

(23) International Tables for X-Ray Crystallographipers, J., Hamilton, (27) Mattson, K. J.; Clarkson, R. B.; Belford, R. 11th International EPR
W., Eds.; Kynoch Press: Birmingham, England, 1974; Vol. IV. Symposium, 30th Rocky Mountain Confererigenver, CO, 1988.
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complexesl, the V—0qyo bond distance of 1.591 A is typical

for five-coordinate vanadyl species. The average of the
V —Opnenol bONd distances of 1.929 A and the average of the
V—Nimine bond distances of 2.065 A are in the range seen for
many other vanadiumSchiff base complexes. Compl&has
similar bond distances. The vanadium atoms sit 0.626 and 0.531
A out of the best plane defined by NN2—02—-03 in
complexesl and2, respectively.

The structures of complexé&sand4 are shown in Figure 3.
The geometry about the vanadium is best described as distorted
trigonal bipyramidal for both complexes with= 0.55 and 0.58,
respectively. Comple8 has crystallographically imposech
symmetry, while comple® has approximat€, 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\Ogyo, the V—0Oghenor and
the V—Nimine bond distances are typical, as in complekesd
2. For complex3, the f-angle N:--V—N' (see Scheme 1) is
162.8 and the a-angle O2-V-0O' 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 compleX

Complex5, shown in Figure 4, is even more distorted from
square pyramidal toward trigonal bipyramidal € 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-substitutio®® Thep-angle, 165.8 is the most linear
of those of complexe$—5 (150.7 for 1, 158.3 for 2, 162.8

Figure 4. ORTEP diagram (50% probability) of complex Inset for 3, and 164.2 for 4). Theo-angle of 124.0 more closely

Figure 3.

shows first coordination sphere to emphasize the tbp geometry. approaches that which is expected for a trigonal bipyramidal
geometry than the other complexes (135dt 1, 140.5 for 2,
Table 2. Selected Bond Lengths (A) and Angles (deg) for 129.6 for 3, and 129.3 for 4). Vanadium-heteroatom bond
Complexesl—5 distances in compleXs are within 1% of the values for
1 2 3 4 5 complexes3 and4.

V-01 1.5913(13) 1.581(3) 1.590(4) 1.5988(18) 1.601(2) At this juncture, one should note that completemd2 have
V-02 1.9226(12) 1.937(3)  1.893(3) 1.9117(16) 1.9005(17) gpproximateCs symmetry. The symmetry plane, which bisects
x:ﬁf éggg’égg ;'ggg(%) 2.007(3) 12'%19‘3(21)6) 12'%%1%6) the O2-V—03 angle, contains the andx-axis (ory-axis) and
V=N2 2.0710(15) 2.100(3) 2.098(2) 2.089(2) thus defines the molecular coordinate system. In compléxes

01-V-02 11318(7) 113.06(14) 115.2(1) 116.56(9) 117.66(9) and 2 the non-oxo ligands lie between tlxe and y-axes. In
01-V-03 105:65(7) 103:65(14) ‘ 114"12(9) 118_'36(9) contrast, complexe3—5 have(?z symmetry and the ligands I_|e
01-V—N1 103.01(7) 97.97(14) 98.6(1) 97.77(10) 96.86(10) In thexzpr yzplane. For the dlSCUSSIOﬂ_ bel_ow, we have defined
O1-V—-N2 111.08(7) 106.45(15) 98.07(10) 97.32(9) the y-axis in complexes8—5 as the axis directed toward the
02-vV-03 88.44(5) 84.03(11) 129.6(2) 129.31(8) 123.99(8) nitrogen ligands. The difference between @gcomplexesl
02-V-N1 86.06(6) 8545(13) 87.5(1) 86.84(8) 87.11(8) and 2) and theC, (complexes3—5) coordinate systems is a
02-V—-N2 135.21(6) 140.49(13) 85.2(1) 86.21(8) 87.34(8) 45° . b h s Thi di on h
03-V-N1 15065(6) 158.26(13) 85.87(8)  86.07(7) rotation about the-axis. is coordinate rotation has no
03-V—-N2 86.18(5) 86.90(13) 87.56(7)  86.19(7) effect onz, which is still defined by the bond angles as shown
N1-V—-N2 77.72(6) 89.21(14) 162.8(2) 164.17(9) 165.77(9) in Scheme 1; however, the coordinate shift must be taken into
account when the electronic structures of the complexes are

considered.

Similar to other VO(SALEN) [{,N'-ethylenebis(salicylaldi- Spectroscopy. The frequencies of the %Oy, stretch for
minato)]oxovanadium(lV) type compounds?® complexesl each compound are provided in the Experimental Seéfiéh.
and2, shown in Figure 2, are best described as distorted squareElectronic absorption data for complexes5 are presented in
pyramidal ¢ = 0.26 and 0.30, respectively) with the oxo ligands Figure 5 and Table 3. Table 4 lists parameters derived f_rom
in axial positions and the donor atoms from the tetradentate the EPR spectra of complex&s 5. EPR spectra are shown in
ligands forming the equatorial plane. This places the two imine Figure 6. All show rhombic EPR spectra with an increasing

nitrogens and the two phenolate oxygens cis to one another. Indifference between tha. and Ay values, which is predomi-
nantly due to a decrease My, as the geometry changes from

square pyramidal to trigonal bipyramidal. The axis labels for

aN2 and O3 refer to Nand O, respectively.

(28) Pasquali, M.; Marchetti, F.; Floriani, C.; Cesari, IMorg. Chem198Q
19, 1198-1202.

(29) Riley, P. E.; Pecoraro, V. L.; Carrano, C. J.; Bonadies, J. A.; Raymond, (30) Zamian, J. R.; Dockal, E. Rirans. Met. Cheml1996 21, 370-376.
K. N. Inorg. Chem.1986 25, 154-160. (31) Hamilton, D. E.Inorg. Chem.1991, 30, 1670-1671.
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Figure 5. UV—vis spectra of complexebk—5 in CH,Cl,.

the principleg- andA-values were assigned for complexds5

by comparison to the single crystal EPR results fdY ¢+
(quinolinol).32 Theg andA axis labels for complexekand?2
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

Inorganic Chemistry, Vol. 36, No. 27, 1995405

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 compx
only a modest distortion toward tbp geometry was achieved
relative to complex.. (However, it is noted that thiert-butyl
group was successful in preventing oligomer formation.) Since
7 < 0.5 for both of these complexes, they are best described as
having distorted square pyramidal geometries. TheO/
stretching frequencies for complexé@nd?2 are 988 and 984
cm™L, 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 f = 4 in Figure 1), sterically encumbered
bidentate ligands were used. Vanadyl complexes of the type
VIVOL,, where L is an N-substituted salicylaldimine derivative,
have been studied extensively. Floriani and co-workers have
structurally characterized the complex bigf4-chlorophenyl)-
salicylideneaminato]Joxovanadium(lV) and found that it has a
highly distorted square pyramidal geometry=t 0.43), sug-
gesting that additional bulky substituents may increase the tbp
nature of the molecular geome#y.Indeed, X-ray analysis of
the bis-Schiff base complex&s-5 confirms that the expected
tbp vanadyl complexes can be readily prepared.

It is important to note the gross differences between the
structures of complexek and2 (tetradentate ligands) and the
structures of complexe8—5 (bis-bidentate ligands). Even

The use of sterically large ligands to prepare energetically though both types of complexes have identical donor atoms
disfavored coordination geometries is a strategy that has beerconsisting of two imine nitrogens and two p_henolate oxygens,
used extensively to study structure/property relationships. The complexesl and 2 have oxygen trans to nitrogen, while in

goal of this work was to prepare five-coordinate oxovanadium-

complexes3—5 the two nitrogens are trans to each other as are

(IV) complexes spanning the range of geometries from square the two phenolate oxygens. Thus, complekesid2 can have,

pyramidal to trigonal bipyramidal. Despite the less-crowded
environment of the trigonal bipyramidal geometry, most oxo-

at most,Cs symmetry (depending on the conformation of the
N—N chelate ring), while complexe3—5 can have, at most,

vanadium(IV) complexes form square pyramidal structures due C2 symmetry. Interestingly, compleX having minimal ligand

to strongzr-bonding from the axial oxo ligand and the use of

bulk (N—Me, 6-H), is still best described as trigonal bipyramidal

tri- and tetradentate ligands that prefer a planar conformation (r = 0.55). This suggests an electronic preference for this

for the donor set. In order to overcome this geometric

distorted tbp geometry. Comple£ is little changed from

preference, we have used (a) the sterically encumbered tet-pomplex3 despite the moder{;\te increase in substitu_ent size (N
radentate bis-Schiff base ligands and (b) the sterically encum-i-Pr, 6-Me). Only upon adding the tét-butyl substituent, as

bered bidentate Schiff base ligands shown in Figure 1.

The two tetradentate ligands, which have the same donor

in complex5, is a dramatic increase inobserved.
There are other examples in the literature of five-coordinate

atoms as the much used ligand SALEN, differ from each other vanadyl compounds with nitrogen and/or oxygen donors that

only in the number of methylene groups € 2 or 3) that
connect the salicylideneamine moieties. Tad-butyl substit-

haver > 0.50. Dinuclear vanadyl tartrates can form trigonal
bipyramidal structures about each vanadium atond,| Agand

uents were added to increase the steric bulk within the equatorialcombination forms a distorted square pyramidal geometry (
plane and prevent the formation of oligomers that are common values between 0.002 and 0.158)3? while d,d andl,! ligand
for vanadyl complexes of this type when the N,N-chelate forms combinations yield distorted trigonal bipyramidal complexes (

a six-membered ringn( = 3 in Scheme 1¥334 In these

values from 0.59 to 0.65%44 Bis(2-methyl-8-quinolinolato)-

oligomeric complexes, the oxo ligand of one molecule interacts oxovanadium(lV) also has a distorted trigonal bipyramidal

with the sixth coordination site of a neighboring molecule,
resulting in a (\*=0---V=0), linear chain. The ¥O stretching
frequency is reduced te900 cnt? (relative to the normal 910
1035 cnt?) due to donation afr-electrons from the strong=¥O
bond to the second metal center.

On the basis of the multiple structures of'@(SALEN), it
was anticipated that compleixwould adopt a distorted square

pyramidal geometry; this anticipation was proven correct by

the X-ray crystal structure of complexéqFigure 2). It was

further anticipated that the increased space required by the

additional methylene groum & 3) would force one of the two

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

(33) Serrette, A.; Carroll, P. J.; Swager, T. M. Am. Chem. Sod.992
114, 1887-1889.

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

geometry withr = 0.5616 For comparison, the vanadium(V)

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

(36) Garcia-Jaca, J.; Rojo, T.; Pizarro, J. L.;"Gak; Arriortua, M. I. J.
Coord. Chem1993 30, 327-336.

(37) Wrobleski, J. T.; Thompson, M. Rnorg. Chem.1988 150, 269—
277.

(38) Beeson, H. D.; Tapscott, R. E.; Duesler, Eldrg. Chim. Actal985
102 5-13.

(39) Ortega, R. B.; Tapscott, R. E.; Campana, Clnerg. 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, RA&a Crystallogr.198Q
B36, 1786-1788.

(42) Tapscott, R. E.; Belford, R. L.; Paul, I. @org. Chem1968 7, 356—
364.

(43) Pizarro, J. L.; GaferJaca, J.; Rojo, T.; Arriortua, M. lActa
Crystallogr. 1994 C50, 1394-1396.

(44) Forrest, J. G.; Prout, C. K. Chem. Soc. A967, 1312-1317.
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Table 3. Transition Energielsand Extinction Coefficients (in Parenthedefgr Complexesl—5 in CH,Cl,

assignmelst 1 2 3 4 5
7 — a* or LMCT¢ 25770 (7660) 25 840 (5980) 28 740 (5890) 28 250 (5100) 27 550 (4050)
xy— x2 — y? (band IlI) 16 000 (198 16 400 (154) 18 800 (62) 18 660 (71) 19 250 (95, sh)
xy — xz(band I1) 14 290 (106, sh) 16 900 (45) 16 720 (48, sh) 16 050 (49, sh)
xy—yz(band I) 12 000 (14) 11980 (18) 11 760 (16)

aEnergy in cnTl.  In units of cnt! M~1. ¢ For consistency, the labels are basedlaisymmetry. For complexesand2 (Cs symmetry), switch
xy andx? — y2. 4 The xy — 22 transition is probably buried under this basdVeak absorption tail ta~9100 cnt™.

Table 4. 7, EPR Parameters for Complexgs5 in Toluene at 150 RP

[Ax® | Ayl |A4° A — Al
complex T Oxx Oyy Oz (104cm™?) (104cm™?) (104 cm™) (104 cm™?)
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 59.4 157.3 115

aEstimated error irg = 40.001.° Estimated error ilPA = £0.5 x 10~* cm™%. ¢ Absolute values are reported since the sigm@Aafannot be
directly determined from the EPR experiment.

the complex, a needle form with(V=0) = 888 cnt! and a
prism form with v(V=0) = 967 cnt?, of which the needle
form is probably a linear, oxo-bridged chdh. The data
presented here for complex8s-5 are in agreement with the
interpretation of Hamilton and indicate that the energy of the

expansion V=0 bond is only slightly sensitive to geometryzZ0 cnt?!
— :;066‘ Em— 3‘4(‘)0' — 3:8(1)0‘ . 'GL — for Az = 0.44). The Oy bond distance does not correlate
auss directly with 7, considering that this distance is the same (within
complex T error) for complexes4 and 5 while = 0.58 and 0.70,
1 0.26 respectively.
e e The electronic spectra (Figure 5, Table 3) are typical of five-

coordinate vanadyl complexes. Compledesnd2 both have
absorptions atv26 100 and16 000 cnT with two shoulders

to lower energy and absorption tailing out +a.0 000 cntl.
Complexes8—5 each have a transition at approximately 28 000,
19 000, 16 500, and 12 000 cA The visible transitions are
typically discussed in terms of the Ballhausen and Gray

3 0.55 molecular orbital scheme (developed for VOE6H,0, C,,
\/ \"a symmetry) in which the lowest energy transition (band 1) is
assigned as originating from promotion of an electron from the
4 0.58 half-filled dyy orbital to the empty @ or d,, orbitals &y — xz,
\/ N~ y2), and subsequent transitons as promotions from the half-filled

dyy orbital to the g¢—2 orbital (band Il,xy — x? — y?) or the @2
orbital (band Ill,xy— z%).4> Valeket al. have interpreted single-
S 0.70 crystal polarized electronic spectroscopic studies on vanady! bis-
(acetylacetonate) (VO(acat)in general agreement with the
Ballhausen and Gray scheme (@, nomenclature:xy — xz,
350036003700 3800 3900 4000 y2 ~14000 cm's xy — ¢ — v, <1700 ot xy — 2
Field in Gauss ~25 000 cnt?, with some uncertainty concerning the band I1I
Figure 6. High-field region of the X-band EPR spectra of complexes ass!gnment')9 In-contrast, Collison a_r!d co-workers have
1-5(in toluene at 150 K). The asterisk denotes region where rhombicity assigned the low-energy (band I) transition of VAku), (X
is most apparent. = Cl, Br; tmu = tetramethylurea) as arising from promotion of
an electron from the half-filled,glorbital to the g2 (xy — x2
— y2, ~13 000 cn1?) and subsequent transitons as promotions
from the half-filled gy orbital to the g, dy orbitals ky — xz

The V=0 stretching frequency is relatively insensitive to the yz ~15 000 cn’) or the dz o3rP|taI &y =2, 2%24 0200 cm_l)..47
square pyramidal-to-trigonal bipyramidal distortion. For com- FOr the complex WOfCl\g] , the xy = x* — y* transition
plexesl—5, the V=0 stretching frequencies are 988, 984, 980, ©CCUrS atr~25 000 cmtt. From thl_s_ dat_al it is evident that the
976, and 968 crri, respectively, consistent with the terminal, €nergy of thexy — x2 — y2 transition is, as expected, quite
not bridging, oxo ligand. Floriani has previously suggested that Sensitive to the strength of the equatorial ligand field.
the low V=0 stretching frequency (885 cr¥) that was observed
for bis[N-(4-chlorophenyl)salicylideneaminato)]oxovanadium- (45) Ballhausen, C. J.; Gray, H. Borg. Chem.1962 1, 111-122.

i ; (46) Valek, M. H.; Yeranos, W. A,; Basu, G.; Hon, P. K.; Belford, R. L.
(IV) was due to the severely distorted square pyramidal 3. Mol, Specirosc1971 37, 229-239,

geometry £ = 0.43)% This interpretation was later refuted by  (47) Coliison, D.; Gahan, B.; Gamer, C. D.; Mabbs, FJEChem. Sac
Hamilton who found that there were two crystalline forms of Dalton Trans.198Q 667-674.

it

-

complex recently reported by Carrano as a model for these
trigonal bipyramidal vanadiumprotein adducts has mvalue
of 0.37 or 0.67, depending on how one defines dhangle!?
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Through consideration of these single crystal electronic excited state, and AE is the inverse of the energy difference
absorption studies, we have assigned the transitions of com-between the ground state and excited state. The tetjnis3
plexesl—5 as indicated in Table 3, consistent with the orbital dependent only on the ground state and is the sam&§and
orderxy < yz < xz < x2 — y2 < 22 In the Cs symmetry of Ay. K is the Fermi (isotropic) contact parameter afd=
complexesl and 2, and theC, symmetry of complexe8—5, 0B:anANE 3 —30s the inverse cube of the average nucleus-
the d;and g, orbitals are not degenerate, and therefore we can to-unpaired electron distance).
expect two transitions at low energyy(— xz or y2). For Considering only complexe3—5 which are anticipated to
complexl, these would be the absorptions making up the low- haveC, symmetry in solution and frozen solution, it is seen in
energy tail of the transtion centered at 16 000~&m For Table 4 thay,x andg,y are insensitive (within error) to changes
complex?2 these transitions make up the low-energy tail and in structure. Thus, the changes in geometry have very little
the shoulder at 14 290 crh  The transitions at 16 000 and influence on the\j in eq 1. Accordingly A« andAy, are only
16 400 cn1! in complexesl and2, respectively, are assigned slightly influenced by changes in structure as manifested in
to thexy — x2 — y2 transition. For complexe3—5, thexy — —2EAj (eq 2). Since g— 2.0023= —2&A; (g — 2.0023=
xzandxy— yztransitions are assigned to the bands near 12 000 —0.023 to—0.018 forij = xx or yy), the contribution of this
and 16 500 cm. In complexe$8—5 thexy— x? — y? transition term to Ay and Ay is ~ —2.8 x 1074 to —2.2 x 104 cm?!
is assigned to the absorption between 18 660 and 19 256.cm (assumingP = 120 x 1074 cm?). Therefore, the slight
The peaks for complexe$—5 at >26 000 cnt! with large decrease i\« Observed ag increases must be predominantly
extinction coefficients probably include thxg — 22 transition due to the effects al\'j. The differencgAw — Ayl is related
and ligand associated (LMCTgz — x*) transitions. It is to Aj andA’j as shown in eq 3. This difference must also be
interesting to note that they— x2 — y? transitions of complexes
1 and2 are at slightly lower energy than the corresponding band  [Ay — Al = P[—=25A,, — (—28A,)) + 3c5(A' = Ay
in VO(acac), while thexy — x2 — y? transitions of complexes
3—5 are at slightly higher energy than the corresponding band = PG — Gyy T 3cE(A' — A' )] (3)
in VO(acac). This implies that the tetradentate ligands in
complexesl and 2 provide a weaker ligand field than the due, in large part, to tha'; terms sinceP(gxx — 9yy) is small
acetylacetonate ligands of VO(acaayhile the bidentate Schiff ~ for complexes8—5 (0.6 x 1074 cm~ for complex5) compared
base ligands of complexe&s-5 provide a stronger equatorial  to |[Aw — Ayl (11.6 x 1074 cm™® for complex5). As yet, we

ligand field than the acetylacetonate ligands of VO(agac) have not developed a bonding scheme that consolidates the
The EPR spectra of complexg&s-5 are all rhombic with the observed EPR and UWis spectral results with this dependence
rhombicity increasing withr (as shown byA,, = Ayy, Table 4). of Aon A'j. Studies in this area are ongoing.

The coordinate system has been assigned by comparison of the It has been known for some time that the parallel component
g-values to those of bis(2-methyl-8-quinolinolato)oxovanadium- of the hyperfine coupling consta;,, is sensitive to the donor
(IV) (structurally similar to complexe8—5) for which a single- type in the *“equatorial” coordination sphere. From this
crystal EPR study has been reporfédlhe changing rhombicity ~ knowledge, the empirical additivity relationship in eq 4 has been
in complexesl—5 is easily seen in Figure 6 for the resonances

marked with an asterisk. Whil, Ay, andA;;do not correlate A cac= zniALi 4)

with 7, the differencelAw — Ayl generally increases with. T

Complexesl and2 are nearly axial with the differendéyx —

Al being 5.2x 10 and 4.7 x 107* cm™?, respectively. developed as a means of determining, to a first approximation,
Complexes3 and4 show intermediate rhombicityAxx — Ayl the identity of the equatorial ligands in vanadyl complefes.
= 6.9 x 104 and 7.6 x 1074 cmL, respectively), while Here, nis the number of equatorial ligands of typeand A;;
complex5 shows the largest rhombicity witl, — Ayy| = 11.6 is the empirically determined contribution from each equatorial
x 1074 cm™L, ligand of typei. The estimated error for eq 4 i83 x 1074

Ais the most sensitive to variations in structud varies ~ ¢M*. While Ao, Aq, Ay, Or A;; can be used in eq 4y is
from 54.3x 107410 47.8x 1074 cm ! (Agav = (52.2+ 2.6) most sensitive to the equatorial ligands. Additionally; can
x 104 cm2, error expressed as standard deviation), whjle be determined with good accuracy directly from the spectral

varies from 60.0x 1074 to 59.0x 1074 cm ! (Ayyav = (59.4 data without the need for computer simulation. Comparison
+ 0.4) x 104 cm™Y). The sensitivity ofA is intuitively of the calculated and experimental valuegfcan be used to
appealing since the structure changes most along the moleculagrgue for or against the presence of specific ligaid8.>2
X-axis. The empirical parametersy;, in eq 4 have been determined

The relationships between the spin Hamiltonian parametersfor molecules of assumed square pyramidal geometry (or
(g andA) and the electronic structure of domplexes in various  octahedral geometry with a weak sixth ligaf#fj? An A;; range
symmetries have been described nicely by Mabbs and Coffison. of 31 x 1074 (thiolate sulfur) to 46x 1074 cm™* (water) is

These relationships are shown in egs 1 and 2, wfesethe observed for biologically relevant ligand%. However, the
applicability of eq 4 for structurally distorted molecules has

g = 2,00233” — 28N (1) never been addressed. Use of eq 4 and the values faor ref

49 givesAzzcaic= 159 x 10~4 cm! for complexesl—5, which

A = p[_,asij — 3C|ij — ngij + 3C§A'ij] ) is very close to the experimental values gt (Table 4). As

. . . . (49) Chasteen, N. D. IBiological Magnetic Resonang@&erliner, L. J.,
one electron spin-orbit coupling constant for vanadium(IV) and Reuben, J., Eds.; Plenum Press: New York, 1981; Vol. 3, pp 53

0j is the Kronecker delta. The ternds; and A’y mix excited 119. _ ) _
state orbital angular momentum into the ground state. These(50) Cornman, C. R.; Zovinka, E. P.; Boyajian, Y. D.; Geiser-Bush, K.

. s . M.; Boyle, P. D.; Singh, Plnorg. Chem.1995 34, 4213-4219.
terms depend on the d-orbital mixing coefficients for each (51) Houseman, A. L; Morgan, L.. LoBrutto, R.; Frasch, W.&ochem-

istry 1994 33, 4910-4917.
(48) Mabbs, F. E.; Collison, DElectron Paramagnetic Resonance of d  (52) Houseman, A. L. P.; LoBrutto, R.; Frasch, W.Blochemistry1995
Transition Metal Compoundg£lsevier: Amsterdam, 1992; Vol. 16. 34, 3277-3285.
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the structure varies in complex8s5, A;;varies from 161.7% V=0 stretching frequency<(900 cnt?l) observed for some
104 to 157.3x 104 cm?! (Agay = (160.54+ 1.8) x 1074 vanadyl complexes isotdue to a trigonal bipyramidal distortion
cm™1). This small variation ind; (2% of A;;) suggests that  away from the more common square pyramidal geometry. EPR
eq 4 also holds for distorted molecules such as compfx spectroscopy is sensitive to these structural perturbations, as
thereby supporting the continued use of eq 4 to make a first shown through the increase @ — Ayl with the increasing
estimate of the equatorial ligands in vanadyl complexes. trigonal bipyramidal nature of the complex. The parallel
To address the relative stability of complexssnd5, ethanol coupling constanty, is relatively insensitive to these structural
was added to toluene solutions of these complexes and EPRchanges, indicating that the EPR additivity relationship is
was used to estimate the amount of solvolysis. At 50% ethanol applicable to distorted complexes.
(by volume), complexX3 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 complex
relative to complex3, precludes the ligand exchange reaction.
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