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The Equilibrium Between the Octahedral and Square Pyramidal Form and
the Influence of an Axial Ligand on the Molecular Properties of VYO
Complexes: A Spectroscopic and DFT Study
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Abstract: The previously unreported
equilibrium in aqueous solution be-
tween the VIVO square pyramidal and
trans octahedral form with an axial
water molecule for a number of biden-
tate ligands with (N,O) and (O,0)
donor sets (6-methylpicolinic  (6-
mepicH) and 6-methyl-2,3-pyridinedi-
carboxylic (6-me-2,3-pdcH,) acids, di-
pyridin-2-ylmethanol (Hdpmo) and 1,2-
dimethyl-3-hydroxy-4(1H)-pyridinone

(Hdhp)) has been demonstrated by the
combined application of EPR spectros-
copy and DFT methods. The EPR
spectra suggest that, with increasing
ionic strength, the equilibrium is shift-
ed towards the formation of the penta-
coordinated species and values of K
~4.0 and 7.0 for the systems contain-
ing 6-methyl-2,3-pyridinedicarboxylic

acid and dipyridin-2-ylmethanol were
measured. DFT calculations performed
with Gaussian 03 and ORCA software
predict the 'V anisotropic hyperfine
coupling constant along the z axis (A,),
which can be used to demonstrate the
presence of an axially bound ligand
trans to the V=O bond. The results
suggest that an axial donor (charged or
not) can lower |A.|, in contrast to
what was previously believed on the
basis of the “additivity rule”, and this
explains the anomalous behaviour of
the VYO complexes formed by N-{2-
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[(2-pyridylmethylene)amino]phenyl}-
pyridine-2-carboxamide (Hcapca) and
several amidrazone derivatives. The de-
crease in |A,| for the axial binding of
a solvent molecule is mainly a result of
the reduction of |Aj,| and this was
also observed when the solid [VO(6-
methylpicolinato),] was dissolved in
DMSO or DMF. The variations in the
structural (V=0, V—O and V—N distan-
ces, O—V—0O and N—V—-N angles, and
the trigonality index t) and spectro-
scopic (|A.|, |Ai| and »(V=0)) prop-
erties as a function of the axial V-OH,
distance (R) are also presented. Finally,
the electronic structures of the penta-
and hexacoordinated complexes are
discussed.

Introduction

Vanadium plays a number of roles in biological systems.! In
particular, it is present in two enzymes, vanadium-dependent
haloperoxidases® and nitrogenase.’) In human organisms, it
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elicits a number of physiological responses, for example, the
inhibition of phosphate-metabolising enzymes* such as
phosphatases, ribonuclease and ATPases, and its compounds
show insulin-enhancing activity.”!

It has been suggested that, almost independently of the
initial oxidation state, vanadium is transported in the blood
as the VIVO form.[*® The geometry adopted in aqueous so-
lution is often important for its biochemical functions: for
example, the well-known insulin-enhancing compound [VO-
(mal),] (mal is maltolate) is square pyramidal in the solid
state’l and cis octahedral in solution with the two anionic li-
gands in an equatorial-equatorial and equatorial-axial ar-
rangement and a water molecule in the fourth equatorial
site.'” Orvig and co-workers proposed that this structure
should allow a histidine nitrogen atom of human serum al-
bumin (HSA) to replace water in the equatorial plane there-
by forming the cis-[VO(mal),(HSA)] adduct, which could be
involved in transporting the drug to target sites in the
human body and could be the pharmacologically active spe-
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cies.' Analogous results have recently been published by
us for the biotransformation in blood serum of the potent
insulin-enhancing agent [VO(dhp),]" (dhpH is 1,2-dimeth-
yl-3-hydroxy-4(1H)-pyridinone), square pyramidal in the
solid state but present as an equilibrium mixture of the pen-
tacoordinated and cis octahedral forms in aqueous solution,
to cis-[VO(dhp),(HSA)] and cis-[VO(dhp),(hTf)] mixed
species (hTf is human serum apo-transferrin) after equatori-
al coordination of an imidazole nitrogen belonging to a sur-
face histidine residue.!*”

Therefore it is very important for a chemist to have a tool
to characterise the structure of VYO species and establish
which donors are coordinated to the metal ion. Electron
paramagnetic resonance (EPR) spectroscopy has been
shown to be the most powerful spectroscopic technique for
investigating the electronic structure and geometry of a
VYO complex.™ In fact, the identification of the equatorial
donors of a VYO species is possible by the application of
the “additivity rule”, first proposed by Wiithrich,'” subse-
quently developed by Chasteen'® and further improved by
Pecoraro and co-workers.!"”! It affirms that values of the 'V
anisotropic hyperfine coupling constants along the z axis
(A,) measured on a polycrystalline powder or a frozen
sample can be calculated from the sum of the contributions
of each equatorial donor function. Additions or corrections
to the contribution of specific groups to expected A, values
(|A,|®"") have appeared in recent years in the literature.!'¥l

The “additivity rule” assumes that an axial ligand does
not contribute to A, so that its presence cannot be demon-
strated by EPR spectroscopy. Therefore the possibility of
the formation of an equilibrium between the VYO species
with and without a solvent (or ligand) molecule in the sixth
coordination position (Scheme la and b) usually is not
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Scheme 1. a) Pentacoordinated square pyramidal, b) hexacoordinated
trans octahedral and c) hexacoordinated cis octahedral forms of a bis-
chelated VYO complex. S is a solvent molecule.

taken into account. Few exceptions to the “additivity rule”
have been reported in the literature: the octahedral com-
plexes [VOX(capca)] (Hcapca is N-{2-[(2-pyridylmethyl-
ene)amino|phenyl}pyridine-2-carboxamide and X is an axial
anion such as CI-, NCS~ or CH;COO"),["! the solid species
formed by eight amidrazone derivatives when they are dis-
solved in DMF® and two insulin-enhancing agents,”'! the
bis-chelated complexes formed by 6-methylpicolinic and 6-
ethylpicolinic acids.?>?! In all cases a reduction of 10-15%
with respect to the A, value expected on the basis of the
“additivity rule” is observed.

Whereas picolinate in aqueous solution stabilises only the
cis arrangement,” the bis-chelated complex of 6-methylpi-
colinate [VOL,] is present as two species in equilibrium,
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considered until now to be the square-pyramidal and cis oc-
tahedral forms (Scheme la and c).[zz] However, the charac-
terisation of the supposed pentacoordinated species remains
doubtful mainly because of the low |A,| value of the
square-pyramidal complex (149x10~*cm™' compared with
165.6x10~* cm™! predicted with the “additivity rule”) and
because the cis complex should be characterised by a pK,
value for the deprotonation of the equatorial water signifi-
cantly lower than that of bulk water and give a mononuclear
cis-hydroxo species [VOL,(OH)]~ with a |A,| value lower
than that of [VOL,]. However, none of these variations is
observed. Thus, a reinterpretation of the results must be
based on these considerations, which suggest that the cis
isomer does not exist in aqueous solution.

For the moment, no convincing explanation of this phe-
nomenon has appeared in the literature. Tolis et al. assumed
that negatively charged ligands can induce the radial expan-
sion of the singly occupied d,, orbital thereby reducing the
dipolar interaction (P=g.gxB.8x(r>)) between the vanadi-
um nucleus and the unpaired electron.'”® We believe that
this is only a partial analysis of the effect because it does
not explain the reduction of |A,| for the bis complexes of
6-methylpicolinic and amidrazones (no charged ligands in
the axial position) and the normal behaviour of cis-[VO-
(pic),(H,0)] (picH is picolinic acid) and its derivatives, for
example, 5-(methoxycarbonyl)pyridine-2-carboxylic and 5-
(isopropyloxycarbonyl)-2-pyridinecarboxylic acid (an axial
carboxylate group).”?**! Subsequently, Aznar et al. observed
that a charged axial ligand reduces the electric field gradient
along the V=0 bond thereby decreasing the magnitude of
the *'V nuclear quadrupolar coupling constant (C,) and of
|A, |l

In this work we re-examined this topic through the com-
bined application of EPR spectroscopy and density function-
al theory (DFT) methods and tried to explain the incongru-
ence between the experimental values and the predictions
of the “additivity rule”, throwing new light on the interpre-
tation of the EPR results for VYO complexes. We studied
the behaviour in aqueous solution of the bis-chelated com-
plexes formed by 6-methylpicolinic (6-mepicH) and 6-
methyl-2,3-pyridinedicarboxylic (6-me-2,3-pdcH,) acids, di-
pyridin-2-ylmethanol (Hdpmo) and 1,2-dimethyl-3-hydroxy-
4(1H)-pyridinone (Hdhp) and in organic solvents of the
solid species [VO(6-mepic),]. Moreover, the complexes
formed by Hcapca and one representative amidrazone de-
rivative, N'-(4-chlorobenzoyl)acetamidrazone (4-ClBzAmd),
were reconsidered. The ligands discussed in the text are
shown in Scheme 2 with the corresponding abbreviations.
The main goals of the manuscript are 1) to discuss the previ-
ously unreported equilibrium between the octahedral and
square-pyramidal forms, which may provide a new perspec-
tive on the interpretation of the EPR spectra of VYO sites
contained in simple coordination compounds, biomolecules
and metalloproteins, 2) to show the influence of an axial
ligand on structural (V=0 and equatorial V—L distances, L—
V—L angles and the trigonality index 7) and spectroscopic
(*'V hyperfine coupling constants |A,| and |A,,| and the
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Scheme 2. Ligands and their abbreviations.

stretching frequency of the V=0 bond v(V=0) properties,
3) to present the theoretical basis for these effects and 4) to
highlight the performance of DFT methods in the character-
isation of such systems. The results could have implications
in the study of the interactions between vanadium and bio-
molecules.

Results and Discussion

Behaviour in water and in or-
ganic solvents: The behaviour OHz
in aqueous solution of the bis-
chelated complexes formed by
6-methylpicolinic and 6-methyl-
2,3-pyridinedicarboxylic  acids
has been examined as a func-
tion of the ionic strength (I),
varied by the addition of
NaClO,. Preliminary pH-metric studies on the aqueous
VVO/6-me-2,3-pdcH, system suggest that at pH >4 all the
carboxylic groups are deprotonated and the species [VO(6-
me-2,3-pdc),]*” is formed. This is in agreement with what
was observed for 6-methylpicolinate, which in water be-
tween pH 4 and 6 is present as [VO(6-mepic),].”? 6-Methyl-
2,3-pyridinedicarboxylate has the advantage that it forms a
soluble dianionic bis-chelated complex rather than a solid
species.
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Figure 1. X-band anisotropic EPR spectra (120 K) of the V'VO/6-me-2,3-
pdcH, system recorded at pHS5.5 as a function of ionic strength [
(NaClO,) at a VYO concentration of 4 mm and a molar ratio of 1:2.
a) 0.016M, b) 0.040Mm, c) 0.250m and d) 2.000m. I and II indicate the reso-
nances of [VO(6-me-2,3-pdc),]*~ and trans-[VO(6-me-2,3-pdc),(H,0)]*,
respectively.

Anisotropic EPR spectra recorded for the V'VO/6-me-2,3-
pdcH, system are presented in Figure 1. They consist of two
sets of spectral resonances, the outer with |A.|=
10™*cm™ (I in Figure 1) and the inner with |A,|=147x
10~ cm™' (II in Figure 1); the surprising observation is that,
with increasing ionic strength, the inner signals disappear
and the outer increase in intensity. Because species I and II
are characterised by the same stoichiometric composition
([VOL,J*~ if the ligand in its fully protonated form is indi-
cated as LH,), these results can be simply explained by pos-
tulating an equilibrium between the pentacoordinated
square pyramid (species I) and the hexacoordinated octahe-
dral form with a water molecule in the axial position (spe-
cies IT), represented in Scheme 3.

lonic
strength

Il_—~
+ H,0
‘9/ \N/ ~ 2
COO

[VO(6-me-2,3-pdc), 1 (1)

Scheme 3. Equilibrium between the octahedral and square pyramidal bis-chelated VYO complexes of 6-
methyl-2,3-pyridinedicarboxylate.

Similar behaviour has been demonstrated for tetra-aza
Ni" complexes, for example, those formed by triethylenetri-
amine (trien), which in water exist as an equilibrium mixture
of a paramagnetic octahedral and a diamagnetic square-
planar form.?"

The tendency of this class of ligands (the derivatives of 6-
methylpicolinic acid) to coordinate an axial water trans to
the V=0 group, in contrast to acetylacetonate and malto-
late, for example,”* is interestingly confirmed by the solid
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species formed by 6-ethylpicolinic (6-etpicH) and 2-quinoli-
necarboxylic acids, the X-ray structures of which have been
reported in the literature: both are octahedral with a water
molecule axially coordinated at around 2.3 A.***! No par-
ticular solid-state effects, which may force the coordination
of the solvent molecule in the sixth coordination position
(these compounds precipitate from water or a water/ethanol
mixture, respectively) seem to be operating.

The spectroscopic observations can be explained in this
way: with increasing ionic strength, the activity coefficients
(f) of the two anionic complexes decrease in a comparable
way, whereas the lowering of the activity coefficient of
water is not compensated and the equilibrium shifts towards
the right [Eq. (1)].%"

_ [VO(6_me_2’3_pdc)2]27f[VO(6-me-2.3—pdc)z]2’ [Hzo]szo
[VO(6-me-2,3-pdc),(H,O)]* f [VO(6-me=2,3-pdc), (H,0)]>

f [VO(6-me=2,3-pdc),]? f H,0

(1)
=K.

f [VO(6-me=2,3-pdc), (H,0)]>~

For each value of the ionic strength, K, can be calculated
from Equation (2) in which M;_;,(sp) and M;_;,(0) are the
EPR intensities corresponding to the first parallel transition
of the square-pyramidal and trans octahedral species. The
areas subtended by such resonances can be measured very
well because the spectral lines do not superimpose in the
low-field region. The extrapolation at /=0 yields K=4.0+
0.7; this value suggests that at low ionic strength the penta-
coordinated form is slightly favoured. It must be pointed out
that, since the intensity of the EPR signal of the octahedral
species is very low with respect to that of the square-pyrami-
dal complex for an ionic strength greater than 0.25M (see
Figure 1), the values of K, are affected by an uncertainty
that, increases with 7; this explains the rather large error in
the value of the equilibrium constant K. However, we would
stress that the exact determination of K is beyond the goals
of this work in which we have focused our attention on the
qualitative analysis of the equilibrium between the two
VO species. The results are displayed in Figure 2.

M; _;,,(sp)
K= Mz,—;/z(o) @)

For 6-methylpicolinate only qualitative measurements are
possible due to the presence of the solid complex [VO(6-
mepic),] in the concentration range used.*”

The new interpretation of the experimental data also ex-
plains (Figure 3) 1) the coincidence of |A,| of the square-
pyramidal species I with that of analogous complexes pro-
vided by the 2(N,,,, COO~) donor set, like those formed by
2-pyridineacetic and 1-isoquinolinecarboxylic acids (161 x
10~* cm™), which some of us are currently studying,*” and
2) the difference between the |A,| values for the square-
pyramidal species I and the cis species formed by picolinic
acid and its derivatives (~165-168 x10™* cm™")?**! in which
the cis arrangement of the two ligand molecules has been
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Figure 2. Values of K, calculated as the ratio of the EPR intensities cor-
responding to the first parallel transition (M,=—"/,) of the square-pyra-
midal [VO(6-me-2,3-pdc),]*” (M,,_+» (sp)) and octahedral trans-[VO(6-
me-2,3-pdc),(H,0)]*~ species (M,,_;, (0)), plotted as a function of ionic
strength I (NaClO,). The VYO concentration was 4 mm and the molar
ratio 1:2. The spectra were recorded at 120 K.

a)

I — T T 1T T T T T T T 1 1
3700 3900 4100

Magnetic field / Gauss

T
3500

Figure 3. High-field region of the X-band anisotropic EPR spectra
(120 K) recorded in aqueous solution for the systems VYO/L with a
VVO concentration of 4 mM and molar ratio of 1:2. a) L=6-me-2,3-
pdcH,, b) L=6-mepicH and c) L=picH. I and II indicate the resonances
of [VOL,]*" and trans-[VOL,(H,0)]*” (x=2 for 6-me-2,3-pdcH, and x=
0 for 6-mepicH) and III indicates the resonances of cis-[VOL,(H,0)].

unambiguously demonstrated by X-ray diffraction analy-
sis.!

The behaviour of the solid [VO(6-mepic),] complex after
dissolution in DMSO and DMF gives further insights
(Figure 4); it precipitates in the square-pyramidal form with-
out water molecules coordinated to the metal ion.!?3!
When it is dissolved in DMSO, the results are similar to
those obtained in water with a mixture of frans-[VO(6-
mepic),(dmso)] and [VO(6-mepic),] being detected; analo-
gous findings have been observed with the structurally simi-
lar ligand, 6-ethylpicolinate.”” In DMF, however, only one
species is revealed and the |A,| value suggests that it is the
octahedral species with an axial solvent molecule; this indi-
cates that axial binding is preferred in DMF rather than in
DMSO. Moreover, the experimental |A.| values for the oc-
tahedral species (149 cm™ in DMF and 150x10™*cm™ in
DMSO), similar to those measured for trans-[VO(6-mepic)-
(H,0)], suggest that a water, a DMSO or a DMF molecule

Chem. Eur. J. 2010, 16, 8167 -8180
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Figure 4. High-field region of the X-band anisotropic EPR spectra
(120 K) of the solid trans-[VO(6-mepic),] complex dissolved in a) DMSO
and b) DMF. I indicates the resonances of trans-[VO(6-mepic),] and II
the resonances of trans-[VO(6-mepic),(dmso)] (trace a) or trans-[VO(6-
mepic),(dmf)] (trace b).

axially bound to VYO ion should have a similar effect on
the EPR parameters and lower the *'V hyperfine coupling
constant along the z axis by a comparable amount.

After these observations for the 6-methylpicolinic and 6-
methyl-2,3-pyridinedicarboxylic acids, we wondered whether
this type of behaviour for VYO complexes could be more
frequent than what is currently believed. Very recently, we
proposed the same explanation for the species with stoichi-
ometry [VO(dpmoH_,),] formed by dipyridin-2-ylmethanol
in the pH range 5-10 with a ligand-to-metal molar ratio of
2.2 The square-pyramidal and trans octahedral species are
characterised by |A,| values of 151x10™* and 144x
10~* cm ™!, respectively.”? Whereas the |A.| value for [VO-
(dpmoH_,),] is comparable to that expected on the basis of
the “additivity rule” (JA,|*?*~152x10"*cm™" for the coor-
dination mode 2(N,,,, O™)), that for trans-[VO(dpmoH_,),-
(H,0)] is sensibly lower. In this work the EPR spectra of
the V'VO/Hdpmo (1:2) system at pH 7, at which the bis-che-
lated species reaches its maximum extent formation, were
recorded as a function of ionic strength (NaClO,) and are
shown in Figure S10 of the Supporting Information.

From an examination of Figure S10, behaviour very simi-
lar to that for the 6-methyl-2,3-pyridinedicarboxylic acid
system can be observed and the equilibrium constant ob-
tained, K=7.0£0.3, suggests that for dipyridin-2-ylmethanol
the formation of the square-pyramidal species is favoured.
The values of K, calculated by the same procedure used for
the system with 6-methyl-2,3-dicarboxylate, are plotted as a
function of ionic strength (/) in Figure S11 of the Supporting
Information.

Finally, the EPR spectra recorded during a study of the
biotransformation of [VO(dhp),] in blood serum!™ reveal
the presence of an additional species besides the well-
known square-pyramidal [VO(dhp),] and the cis octahedral
cis-[VO(dhp),(H,0)] (Figure S12 of the Supporting Infor-
mation). We attributed these previously unreported weak
resonances to trans-[VO(dhp),(H,0)]; they can probably be
detected in these experimental conditions because of the
lower value of the ionic strength (/=0.002Mm) with respect to
that used in the previous studies (I=0.008m)."’!
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Note that the possibility of a cis and trans arrangement of
the unsymmetrical bidentate ligands across the equatorial
plane, which could in principle be realised, has not been
taken into account. This assumption is supported by a
recent search of the Cambridge Structural Databasel*! for
pentacoordinated [VOL,] complexes formed by bidentate li-
gands (symmetrical and unsymmetrical): for all 59 structures
found, the arrangement of the ligands across the equatorial
plane is trans.”

Optimisation of the structures and calculation of EPR pa-
rameters by DFT methods: Here we try to prove the hy-
pothesis presented above by DFT methods. They allow cal-
culation of the EPR parameters of transition-metal com-
plexes®® and more particularly of V'O species.”**! Recent-
ly we achieved consistent success in predicting the 'V hy-
perfine coupling constants by wusing the Gaussian 03
software.’ We calculated the A, values of 22 representative
VO complexes of different charge, geometry and coordina-
tion mode at the BHandHLYP/6-311g(d,p) level of theory
with a mean deviation of 2.7% from the experimental
values.’’l The results are particularly good in the case of
neutral VVO complexes with (N, O) donor ligands (mean
deviation of 1.6% for the species studied in ref.”), like
those considered in this work. The use of half-and-half
hybrid functionals, which allows treatment of core—shell spin
polarisation, seems to be necessary to obtain satisfactory
agreement with experimental results.’’>*! In this work we
also performed simulations of the A, values for the com-
plexes studied with the ORCA software,*”) which on one
hand does not allow for the use of half-and-half functionals
but on the other considers the second-order spin—orbit con-
tribution to the A tensor.”™

The structures of the complexes studied were optimised
with Gaussian 03 at the B3LYP/6-311g(d) level of theory.
The calculated structure of trans-[VO(6-mepic),(H,0)]
(Figure 5) shows good agreement with the experimental X-
ray structure of trans-[VO(6-etpic),(H,0)] (Table 1):* the
absolute mean deviation is 1.9% for the bond lengths and
3.2% for the bond angles. Only the axial distance V-OH,
(2.470 A calculated vs. 2.283 A experimental) significantly
deviates from the experimental value, but it must be taken
into account that the simulations were performed in the gas
phase and the secondary hydrogen-bonding effects between

Figure 5. Optimised structure of trans-[VO(6-mepic),(H,0)] at the
B3LYP/6-311g(d) level of theory. The hydrogen atoms have been omitted
for clarity.
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Table 1. Structural details of VYO complexes formed by 6-mepicH and

6-etpicH calculated at the B3LYP/6-311g(d) level of theory.*)

Bond length/ [VO(6- trans-[VO(6- trans-[VO(6-etpic),-
angle mepic),| mepic),(H,0)] (H0)"!
V=0 1.573 1.572 1.571(4)
V-N 2.143 2.160 2.146(2), 2.153(3)
V-0 1.935 1.971 1.956(3), 2.001(8)
V-OH, - 2.470 2.283(2)
O=V-N 101.6 97.6 94.4(2), 97.1(7)
0=V-0 1167 107.6 100.7(8), 102.3(7)
O=V-OH, - 180.0 176.9(8)
N-V-N 156.8 164.9 167.8(3)
O-V-O 126.5 144.9 156.7(2)

T 0.505 0.333 0.185(2)

[a] All values are given in A and in degrees. [b] X-ray structure reported
in ref. [23].

the coordinated H,O ligand and the solvent were not includ-
ed in the calculations. However, the variation in the energy
when the distance V-OH, (R) is in the range of 2.3-2.6 A is
not significant (see Figure 6) and therefore packing factors
and solid-state effects may be important in determining the

-55.70923

—55.70928 -

—55.70933 .

—55.70938 * .

Energy / keV

—55.70943 . .

—-55.70948 T T T T T T T T T
20 22 24 26 28 30 32 34 36 38

RIA

Figure 6. Variation of the energy of the trans-[VO(6-mepic),(H,0)] com-
plex as a function of the distance V-OH, (R).

experimental value of R in the solid trans-[VO(6-etpic),-
(H,0)]. For example, the water molecule is 2.385 A from
vanadium in the species trans-[VO{N,N'-bis(3-methoxysali-
cylidene)ethane-1,2-diaminato}(H,0)].*"

A comparison between the calculated and experimental

structures of 1) cis-[VO(pic),(H,0)], cis-[VO{5-(methoxy-
carbonyl)pyridine-2-carboxylato},(H,0)]?* and cis-[VO{5-
(isopropyloxycarbonyl)-2-pyridinecarboxylato},(H,0)],**"’
2) [VO(dpmoH_,),], [VO(2-mentholpyridineH_,),]* and
[VO{9-(2-pyridyl)fluoren-9-olato},]-0.5CH,CL,* and
3) [VO(dhp),] and [VO(mal),]! confirms this agreement
(Tables S3, S6 and S7 of the Supporting Information). For
pentacoordinated VYO species an important structural pa-
rameter is the trigonality index 7, which is a measure of the
distortion of a square-pyramidal structure, in which the two
equatorial L-V—L angles are 180°, towards a trigonal bipyr-
amid, characterised by an angle of 180° (axial donors) and
another of 120° (equatorial donors): 7 is defined as (f—a)/
60, in which § and «a are the angles formed by the two pseu-
doaxial and two pseudoequatorial donors, and is 1 and 0 for
ideal trigonal-bipyramidal and square-pyramidal complexes,
respectively.*¥l An examination of the optimised structure of
[VO(dpmoH_,),] and the experimental structures of [VO(2-
mentholpyridineH_,),]* and [VO{9-(2-pyridyl)fluoren-9-
olato},]-0.5CH,CL*! (Table S6 of the Supporting Informa-
tion), characterised by identical 2(N,,, O~) coordination,
shows that the prediction of the N—V—N () and O—V—O
(a) angles and 7 is very good.

EPR parameters calculated with Gaussian 03 at the
BHandHLYP/6-311g(d,p) level of theory are listed in
Table 2. With the ORCA software, the Ahlrichs-VTZ basis
set coupled to five different functionals (B3LYP, BPS86,
B3PW, TPSSh and PBEO) was used. The best results were
obtained with PBEO, the one parameter hybrid version of

Table 2. *'V hyperfine coupling constants of VYO complexes calculated with the Gaussian 03 software, expected on the basis of the “additivity rule”

(A*") and experimentally determined (A**").[?!

Complex A=A, AP AP AP A, A, A, Aol g el Dev. [%]4
trans-[VO(6-mepic),(H,0)] -83.0 388 290 —678  —442 540  —1508  —165.6 —149.0C! +12
[VO(6-mepic),] —90.4 385 301 -68.6  —519  —603  —159.0 1656 —160.811 -1.1
trans-[VO(6-mepic),(dmf)] —81.9 39.1 28.5 —67.6 —42.8 —53.4 —149.5 —-165.6 —148.8M0 +0.5
trans-[VO(6-mepic),(dmso)] —-82.2 391 286 @ —677  —431 —53.6  —1499  —165.6 —148.61 +0.9
trans-[VO(6-etpic),(dmso)] —83.4 391 288  —679  —443 —546  —1513  —165.6 —150.11! +0.38
trans-[VO(6-me-2,3-pdc),(H,0) > —81.5 389 285 —674  —426  —530 -1489  —1656 —146.511 +1.6
[VO(6-me-2,3-pdc),? -89.5 384 299  —683 511 -59.6  —157.8  -165.6 —160.110 —1.4
cis-[VO(pic),(H,0)] —-100.2 349 326  —675 —65.3 -67.6  —1677  —169.1 —165.01! +16
trans-[VO(4-CIBzAmd),(dmf) |+ —86.9 370 269  —639  —499 600  —-1508  —170.2 —148.2M +1.8
[VO(4-CIBzAmd),]** —98.7 370 306  —676  —617  —68.1 -1663  —170.2 f
trans-[VOCl(capca)] —84.6 406 231 —63.7 —440 615 —1483 —155.7 —145.00 +23
trans-[VO(NCS)(capca)] —-83.8 398 237  —635 —440  —60.1 —1473 1557 —148.00 -0.5
[VO(capca)]* —90.6 383 29.0 —67.3 -52.3 —61.6 —~157.9 —155.7 i
trans-[VO(dpmoH_,),(H,0)] —77.4 381 296  —67.7  —393 478 1451 —-152.0 —143.8M +0.9
[VO(dpmoH_;),] —84.9 373 309  —682  —476 540  —153.1 -152.0 —151.2M +13
trans-[VO(dhp),(H,0)] 832 391 289  —680  —44.1 —543  —1512  -164.8 -150.811 +0.3
[VO(dhp),] —-90.3 39.1 30.1 —69.2 —512 —602 —-159.5 —~164.8 —157.41 +13
cis-[VO(dhp),(H,0)] —101.1 355 332 —68.7 —65.6 —67.9 —-169.8 —169.2 —166.01 +23

[a] All values are given in 10~ cm™

units. [b] Value expected on the basis of the “additivity rule”. [c] Experimental value. [d] Percent deviation from

|A,|®" calculated from 100[(|A,|“"—|A,|*P")/| A,|*""]. [e] Ref. [22]. [f] This work. [g] Ref. [23]. [h] Ref. [20]. [i] Not existing structure. [j] Ref. [19].

[k] Ref. [32]. [I] Ref. [33a].
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Table 3. 'V hyperfine coupling constants of VYO complexes calculated with the ORCA software (A) and experimentally determined (A°*").[!

Complex A€ AP AP AP A A A A A, A, A, AUl Dey, [%]
trans-[VO(6-mepic),(H,0)] -71.9 379 263 —641 29 38 90 —77.1 -369 —494 —1450 —149.0¢ 27
[VO(6-mepic),] —795 371 2718 —649 27 -35 92 846 451 552 1536 —1608° 45
trans-[VO(6-mepic),(dmf)] -71.6 381 260 —641 —29 -39 90 -769 —364 —495 —1447 1488 28
trans-[VO(6-mepic),(dmso)] —71.7 381 260 —641 29 -39 90 -77.0 =365 —49.6 —1448 —1486 26
trans-[VO(6-etpic),(dmso)] —731 380 262 —642 29 -38 90 -783 —380 —50.7 -1463 —150.11 25
trans-[VO(6-me-2,3-pdc),(H,0)>> —71.0 380 260 —640 —29 -—38 —90 -762 —359 —488 —1440 —1465 17
[VO(6-me-2,3-pdc),]* -792 372 276 —648 27 34 93 843 —447 550 1533 —160.1 —42
cis-[VO(pic),(H,0)] -903 326 309 -635 -32 -33 98 -957 —60.9 —627 -163.6 —1650Y —08
trans-[VO(4-CIBzZAmd),(dmf)>*  —732 367 249 —61.6 29 36 -96 -786 -394 —519 —1444 1482 26
[VO(4-CIBzAmd),]** —84.7 359 279 -638 -25 -31 -89 -85 -—513 -399 -1574 (b
trans-[VOCl(capca)] -72.7 399 199 -598 29 38 -—100 -783 357 —366 —1425 14500 17
trans-[VO(NCS)(capca)] -731 392 208 —600 -30 -39 98 —787 —369 562 —1429 14807 34
[VO(capca)]* —786 373 267 —640 27 34 86 -85 —440 553 1512 (b
trans-[VO(dpmoH_,),(H,0)] —66.8 369 272 —641 29 -39 86 —719 -—328 —435 -1395 14380 30
[VO(dpmoH_;),] —740 355 287 —642 28 34 -88 790 —413 —487 -147.0 -151200 28
trans-[VO(dhp),(H,0)] -739 381 263 —644 31 —43 -100 -79.7 -389 519 -1483 —1508° 1.7
[VO(dhp),] -804 379 274 —653 29 -39 -101 -86.0 —454 569 -1558 15748 10
cis-[VO(dhp),(H,0)] —92.7 338 311 —649 -34 —40 -109 -988 —623 —656 1685 —166.08 +1.5

[a] All values are given in 10~* cm™

units. [b] Experimental value. [c] Percent deviation from |A_ | calculated from 100[(|A,|*"'—| A |®P")/| A_|=P1].

[d] Ref. [22]. [e] This work. [f] Ref. [23]. [g] Ref. [20]. [h] Not existing structure. [i] Ref. [19]. [j] Ref. [32]. [k] Ref. [33a].

the Perdew-Burke-Erzerhoff GGA functional, and the cal-
culated A, values are reported in Table 3.

From a comparison of the data in Tables 2 and 3, it can be
seen that the mean deviation from the experimental value
of A, (JA,|°™) is 1.2% with Gaussian 03 and 2.5% with
ORCA. Note that this latter value underestimates the
values of |A,"C| and |A,”| with respect to Gaussian 03, but
includes the term A,5°, which makes a contribution of about
6% to A, However, it is also important to note that the
ORCA software can be used to satisfactorily predict A,
values for a VIVO species if a simulation at the PBE0/VTZ
level of theory is performed and if the calculation of the
spin—orbit contribution to A is included in the input file.

The data in Tables 2 and 3 reveal the following points.

1) DFT methods (either using the half-and-half functional
with Gaussian 03 or considering the spin-orbit contribu-
tion to the hyperfine coupling constant with ORCA) pre-
dict a low |A,| value for all the octahedral species with
a solvent or ligand molecule coordinated in the axial po-
sition and this explains the behaviour of the complexes
formed by Hcapcal"! and by amidrazones.?”! The signifi-
cant reduction in |A,| for the hexacoordinated form is
mainly a result of the decrease in |A;,| rather than the
|A.°| or |A°| term. These assumptions were proved
by the isotropic EPR spectra of the VVO/6-mepicH and
VVO/6-me-2,3-pdcH, systems recorded at room temper-
ature, which show the same behaviour as the resonances
of trans-[VO(6-mepic),(H,O)] and trans-[VO(6-me-2,3-
pdc),(H,0)]* found at low temperatures, decreasing in
intensity with increasing ionic strength (Figure S13 of the
Supporting Information). [VO(6-mepic),] and [VO(6-me-
2,3-pdc),]*” are characterised by | A,,| values of 90.7 and
89.7x10™*cm™' and the corresponding trans octahedral
species by values of 77.2 and 76.4x107*cm™. These
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values are very similar to those calculated by DFT meth-
ods with the Gaussian 03 and ORCA software (Tables 2
and 3).

2) A, values calculated for the pentacoordinated square-
pyramidal complexes (Scheme la) [VO(6-mepic),],
[VO(6-me-2,3-pdc),]*~, [VO(dpmoH._;),] and [VO(dhp),]
and for the cis structures (Scheme 1c) formed by picoli-
nate and 1,2-dimethyl-3-hydroxy-4(1H)-pyridinonate are
very similar to the experimental values. Thus, it can be
stated that such structures do not constitute an exception
to the “additivity rule”.

3) “Normal” values, in agreement with those expected on
the basis of the “additivity rule”, are predicted for the
two hypothetical square-pyramidal [VO(4-ClBzAmd),]**
and [VO(capca)]™, which further demonstrates that it is
the sixth axial ligand that causes the reduction of the
|A,| value.

As a final comment, it should be highlighted that DFT
methods appear to be a potent tool for predicting the A,
value of a VIVO species and those that seem to be excep-
tions are, as a matter of fact, normal behaviour not fully
considered by the “additivity rule”. Therefore the effect of
an axial ligand, charged as in [VOX(capca)] or neutral as in
the complexes discussed in this work, is intrinsically consid-
ered by DFT methods. One could ask why |A,| for cis-[VO-
(pic),(H,0)] is correctly predicted by the “additivity rule”
even though it has an axial carboxylate group bound to the
V™0 ion: we believe that this apparent contradiction may
be explained by considering the fact that the contribution to
A, of a carboxylate has been calculated for cis-[VO-
(oxalato),(H,0)]*~ (having an axial COO™)* so that every
possible reduction of A, has probably been incorporated
into this value.
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Effect of an axial ligand on the structural and spectroscopic
properties of a VYO species: To obtain new insights into the
effect of an axial ligand on the structural and spectroscopic
properties of a VIVO species, several DFT simulations on
the trans-[VO(6-mepic),(H,O)] complex with the Gaussi-
an 03 software were performed by varying the distance (R)
between the vanadium atom and the water oxygen atom co-
ordinated in the apical position in the range 2.1-3.8 A, that
is, from a value at which the interaction is very strong and
comparable to that of the equatorial ligands to a value at
which vanadium and water can be considered weakly inter-
acting.

First, it would be interesting to evaluate how the energy
of trans-[VO(6-mepic),(H,0)] varies on increasing R from
2.1 to 3.8 A. This is illustrated in Figure 6. As can be seen,
the energy decreases from a maximum for R=2.1A to a
minimum for R=2.47 A, which indicates that the coordina-
tion of the axial water stabilises the structure, and then
begins to increase again. A similar trend as a function of the
distance V-N* has been found for the model of the non-
haeme species [Fe!VO(NH,);]**.l However, as observed
above, the energy varies little for distances between 2.3 and
2.6 A, which are the distances observed experimentally for
the V-L*™ interaction.

The variation of |A,|, calculated with the Gaussian and
ORCA software, as a function of R for trans-[VO(6-mepic),-
(H,0)] is presented in Figure 7. |A,| strongly suffers as a
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Figure 7. Variation of |A,| for the frans-[VO(6-mepic),(H,0)] complex
as a function of the distance V-OH, (R) calculated by Gaussian 03 (e)
and ORCA (m) software. The curves were fitted with the equations
|A, |4 =161.48(1—e ") (dotted line) and |A,|=155.41(1—e %)
(dotted line). R? values for the fitting are 0.987 and 0.993, respectively.

result of coordination of an axial ligand, changing from
146.2x10* cm™ for R=2.1 A t0 159.0x 10 *cm ™' when R=
3.8 A through the value of 150.8x 10 *cm™' at the equilibri-
um distance (see Tables S8 and S9 of the Supporting Infor-
mation). The change in |A,| can be fitted by an exponential
function described by |A,|®“=A[1—e**], which ap-
proaches the value calculated for [VO(6-mepic),] when va-
nadium and the water molecule are at an infinite distance.
Analogous results are obtained when the value of |A;,|“"
is plotted as a function of R (Figure S14 of the Supporting
Information). Note that, since other mathematical functions
can reproduce the data, the exponential dependence must
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be considered a simple interpolation formula before its
physical meaning is clarified.

These interesting insights led us to examine the variation
of other structural and spectroscopic properties, for exam-
ple, the V=0, V=0 and V—N distances, the O—V—0O and N—
V—N angles, the trigonality index 7, and the stretching fre-
quency of V=0 bond as a function of R. The results are rep-
resented in Figure 8 and in Table S10 and Figures S15-S21
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Figure 8. Variation of the V-N (o) and V—O (m) bond lengths of the
trans-[VO(6-mepic),(H,0)] complex as a function of the distance V-OH,
(R). The curves were fitted with the equations dy y*=2.135(14e""14F)
(dotted line) and dy o"*=1.936(14-e *F) (dotted line). R* values for
the fitting are 0.995 and 0.998, respectively.

of the Supporting Information. It appears that the variation
of a certain property, £, follows the same trend as found
for |A,| and |A;,| and can be interpolated by the function
&= A[14e "] in which the positive or negative sign de-
pends on the increasing or decreasing character of the math-
ematical function. From these results it emerges that as the
strength of the axial interaction in a VYO species increases
the bond distances V=0 and V—L®I should increase, both of
the L*9—V—L"®4 angles should decrease and the distortion to-
wards the trigonal bipyramid expressed by the trigonality
index 7 should increase. This is confirmed by comparison of
the pentacoordinated structures of [VO(acetylacetonato),]!
and [VO{N,N'-ethylenebis(salicylideneaminato)}]*”! with the
corresponding octahedral species trans-[VO(acetylaceto-
nato),(4-methylpyridine)]® and trans-[VO{N,N’-bis(3-me-
thoxysalicylidene)ethane-1,2-diaminato}(H,0)]*! (see
Table S11 of the Supporting Information).

Another change that can be observed when the distance
V—OH, is varied is the composition of the molecular orbital
containing the single electron (SOMO). Although one could
expect that in a VYO complex the SOMO is principally a
vanadium d,,-based orbital, an analysis of its composition
reveals that the presence of an axial ligand results in a mix-
ture of vanadium d,, and d,._,. orbitals and that their mixing
increases with decreasing R. The contributions to the
SOMO of the sum of all the vanadium d orbitals and of the
vanadium d,, and d,._,. orbitals are shown as a function of
the distance V-OH, in Figure 9; it can be observed that,
whereas the first contribution decreases slightly with R, the
contributions of the vanadium d,, and d,._,. orbitals follow a

Chem. Eur. J. 2010, 16, 8167 -8180
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Figure 9. Calculated percent contributions to the SOMO of the sum of all
the vanadium d orbitals (), the d,, orbital (m) and the d,. . (4) orbital
for the trans-[VO(6-mepic),(H,0)] complex as a function of the distance
V—OH, (R). The left-hand axis refers to the vanadium d and d,, orbital
contributions, the right-hand axis to the vanadium d,._,. orbital.

dependence similar to that found above for the other exam-
ined properties. This type of combination has also been ob-
served for [VOCI(capca)] after coordination of the axial
ligand.” The composition of the SOMO as a function of
the distance V-OH, is shown in Table S12 of the Supporting
Information.

Analysis of the electronic structure and molecular orbital
composition: The electronic structure of the trans octahedral
and square-pyramidal forms is strongly influenced by the
change in the geometry after axial coordination of a water
molecule. By going from the pentacoordinated structure of
[VO(6-mepic),] to the hexacoordinated structure of trans-
[VO(6-mepic),(H,0)] the equatorial bond distances remain
almost unchanged (differences below 1.8 %), the pseudoax-
ial N—=V—N bond angle changes from 156.8 to 164.9°, where-
as the pseudoequatorial O—V—O angle undergoes the most
important deformation from 126.5 to 144.9°; the value of pa-
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rameter 7 changes from 0.51 to 0.33 (Table 1). The increase
in 7 as a function of the distance V-OH, (R) is presented
graphically in Figure S20 of the Supporting Information.
Thus, the coordination of a water molecule frans to the V=
O group results in the transformation of the structure dis-
torted towards the trigonal bipyramid to a distorted octahe-
dral with the arrangement of the oxo group and the four
equatorial donors closer to the square pyramid.

The compositions of the most important occupied and vir-
tual molecular orbitals (MO) of trans-[VO(6-mepic),(H,0)]
and [VO(6-mepic),] are given in Table 4 and the molecular
orbitals of the octahedral species are shown in Figure 10.
The electronic structures and molecular orbital compositions
were analysed by choosing a coordinate system in which the
V=0 bond occupies the z axis with the pyridine nitrogen
atoms roughly oriented along the x axis and the carboxylate
oxygen atoms along the y axis. In both cases, of the vanadi-
um d orbitals, d,, is lower in energy than the other four and
is the SOMO. The order of increasing energy of the five va-
nadium d-based MOs reflects that calculated by Ballhausen
and Gray for a VYO complex with C,, symmetry:*! d,, <
d,;~d,,<d._.<d,. . Differences in the covalency and donor
strengths of the ligands as well as deviations from a perfect
square-pyramidal geometry reduce the effective symmetry
of the species from C,,.

In the following discussion the electronic structure of the
[VO(6-mepic),] fragment and the changes that arise when
the water molecule interacts with it axially, occupying the
sixth coordination position, are described. A favourable =
interaction between the vanadium d,, and oxygen p, orbitals
of the two bound carboxylate oxygen atoms lowers the va-
nadium character of the SOMO to around 76 % in both the
penta- and hexacoordinated species. The vanadium d,,- and
d,.-based MOs are engaged in a strong & bond with the O,
p. and p, orbitals (this can be observed in Figure 10 for
trans-[VO(6-mepic),(H,0)]) with the consequence that their

Table 4. Percent composition of the highest occupied and lowest unoccupied molecular orbitals of trans-[VO(6-mepic),(H,0)] and [VO(6-mepic),].

trans-[VO(6-mepic),(H,O)]

[VO(6-mepic),]

Orbital E \% \% Oy COO™  Pyr H,0O Main E \'% \'% Oy COO~ Pyr Main
[eV] (tot)  (d) character [eV] (tot)  (d) Character
LUMO+8 059 429 331 167 6.4 235 5.7 3d, 0.69  46.7 0.8 0.4 1.0 45.7 4s
LUMO+7 016 256 10.8 4.0 1.1 36 653 0*1m,0 —0.05  56.5 532 195 34 18.7 3d,.
LUMO+6 —-013 773 755 03 8.2 13.1 0.5 3de_ye —-053 717 711 4.6 12.3 10.9 3d.pe
LUMO+5 -078 66.6 66.6 185 6.9 72 0.1 3d,, —0.63  68.9 688 174 9.8 33 3d,,
LUMO+4 -1.02 392 391 102 0.5 46.5 0.0 3d,, —-1.19 431 430 114 0.5 41.7 3d,,
LUMO+3 -129 02 0.1 0.0 6.6 89.5 0.1 L —1.49 0.4 0.4 0.1 6.7 89.1 T e
LUMO+2 —-143 262 261 93 10.8 524 0.3 T e -1.62 212 211 7.5 11.0 59.0 T
LUMO+1 205 14 1.3 0.8 142 82.1 0.4 T e -2.27 7.7 7.6 5.1 10.0 76.2 T e
LUMO —-2.06 9.0 8.9 6.2 9.9 74.0 0.0 L —2.33 33 3.0 2.1 15.7 77.9 L
HOMO —-622 762 752 06 16.7 5.8 0.0 3d,, —6.43 760 753 0.4 16.8 6.0 3d,,
HOMO-1 -7.10 05 0.4 0.1 86.7 12.4 0.0 O"cp0- —7.37 0.4 0.3 0.9 86.6 11.7 OP00-
HOMO-2 -722 179 79 0.2 81.1 10.3 0.1 000 —7.47 83 8.2 0.0 812 10.1 000
HOMO-3 -7.53 04 0.3 0.3 37.9 55.9 0.5 Ty =777 0.2 0.2 0.9 24.1 68.7 Tpyr
HOMO-4 -7.53 03 0.2 5.1 50.7 40.5 0.5 oo+ Tpyr -7.79 0.0 0.0 0.0 16.8 76.9 Tpyr
HOMO-5 -7.68 0.6 0.4 147 381 41.7 0.3 T+ OPc00 —7.99 0.6 03 18,0 73.4 6.6 oo
HOMO-6 -7.89 04 0.3 0.8 61.9 33.1 1.6 000 —8.23 0.9 0.5 7.5 66.3 24.0 oo
HOMO-7 -804 13 0.5 59 71.8 18.8 0.5 000 —8.33 1.3 04 123 69.5 16.1 O%c00
HOMO-8 -842 83 8.0 233 7.8 59.8 0.0 Tpyr —8.73 5.8 55 208 4.7 68.0 Tpyr
Chem. Eur. J. 2010, 16, 81678180 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 8175


www.chemeurj.org

CHEMISTRY

E. Garribba et al.

A EUROPEAN JOURNAL

—— LUMO+8 (d2)

—— LUMOA7 (o%1,0)
— LUMO*6 (ds2y2)

Orbital energy

— HOMO (dy)
4
— HoMo-1 (d"m)\ .rf

—— HOMO-2 (CPp0-) +d
—— HOMO-3 (m, :
— HOMO-4 fnZﬁ)o. +Toyr) f
—— HOMO-5 (figyr + OP00-)

—— HOMO-6 (OPco0-)

<9
— LUMO+5 (d,z) x ‘,‘ y "
v
— LUMO+4 (dg)

2 " =
—— LUMO#3 (%) 4 dﬂf & .)‘
—— LUMO+2 (m*yy) &> ]
— LUMO*1 (m%y) ’ ‘) . »
= LUMO (%) 2

are situated in the Oy, p,- and
p~-based MOs, which have o
and & symmetry. Therefore the
Oyaer P, Orbital can interact
with the vanadium d, orbital,
whereas the O,,. p, orbital
overlaps with the vanadium d,,
orbital: this results in a smaller
energy difference between the
vanadium d,, and d,, orbitals
9#) from [VO(6-mepic),] (0.56eV)
9 to trans-[VO(6-mepic),(H,0)]
(0.24eV). It is also possible
that the concomitant decrease
in 7, which should be accompa-
nied by an approaching of the
vanadium d,, and d,, levels
may amplify this effect. The
axial interaction with the O,
p. orbital of the water molecule
pushes up the energy of the va-
nadium d. orbital by 0.64 eV.

Conclusion

Figure 10. Molecular orbital diagram for trans-[VO(6-mepic),(H,0)]. Note that the energy levels are not

drawn to scale.

energy is higher than the vanadium d,, orbital by approxi-
mately 52 and 5.6eV (52 and 5.4eV for trans-[VO(6-
mepic),(H,0)]). Such a m interaction shows a significant
degree of covalency, as evidenced by the low contribution of
vanadium d orbitals to the MOs (Table 4). The two higher-
energy vanadium d.._,. and d,. orbitals are antibonding be-
tween the vanadium and the equatorial donors on the one
hand, and the vanadium and oxo group and pyridine ring on
the other (see Figure 10 for trans-[VO(6-mepic),(H,0)]).
The axial bonding of the water molecule with [VO(6-
mepic),] provides interesting insights into the change in the
energy levels as a consequence of the transformation from
the square-pyramidal to the octahedral complex; this is illus-
trated in Figure 11. The two lone pairs of the H,O ligand

L+8
L+7 [3dpe (V)] -
L#d B} oY
IS A HI20,(0]]
H-15 -~ dy 1 25,00
Hos

[VO(6-mepic);] [VO(6-mepic),(H,0)] H,O

Figure 11. Interactions between molecular orbitals with the same symme-
try belonging to [VO(6-mepic),] and H,O fragments.
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The previously unreported

equilibrium between the penta-

coordinated square-pyramidal

and the hexacoordinated trans
octahedral forms of VYO complexes formed by bidentate li-
gands with (N,0) or (O,0) donor sets has been described.
The octahedral species are countersigned by experimental
absolute values of the *'V hyperfine coupling constants
along the z axis (|A,|®"") that are significantly lower than
those predicted on the basis of the “additivity rule”,1%17]
which can be attributed to the presence of a donor axially
bound to the VYO ion. DFT calculations allow the struc-
tures and A, values to be predicted with a good degree of
accuracy and therefore to distinguish a penta- from a hexa-
coordinated complex with a water or solvent molecule trans
to the V=0 group. The best agreement between the calcu-
lated (A,°") and experimental (A4,°"") values can be ob-
tained by using a half-and-half hybrid functional, for exam-
ple, BHandHLYP, with the 6-311g(d,p) basis set, or with the
PBEO functional and the VTZ set considering the second-
order spin—orbit contribution to the A tensor. These two op-
tions can be accomplished by using the Gaussian 03 and
ORCA software, respectively.?**!

From the results of this work it emerges that such an equi-
librium could be more frequent than had been believed, as
demonstrated by analysis of the systems containing dipyri-
din-2-ylmethanol and 1,2-dimethyl-3-hydroxy-4(1H)-pyridi-
none. It should not be surprising if such an equilibrium was
also observed with other metal ions similar to VIVO?**, for
example, Cr'O** and Mo"O**.
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Of course most of the VYO species are square-pyramidal:
a search in the Cambridge Structural Databasel*¥ for biden-
tate (N,O) and (O,0) ligands gives 35 and 30 hits, respec-
tively, and of these, only two and five structures are charac-
terised by a trans octahedral arrangement. Interestingly, for
the (N,O) ligands, the two octahedral structures are formed
by two picolinic derivatives, 6-ethylpicolinic and quinaldic
acid.”?1 The “additivity rule” can be successfully applied to
all the pentacoordinated complexes. However, the presence
of an axial ligand (charged or not) can change the A, value,
which suggests that the statement that axial ligands do not
contribute to the A, value must be revised. In such situa-
tions DFT methods can help to predict A, values and dem-
onstrate the presence of a ligand trans to the V=0 group.

The decrease in |A,| after the axial binding to VYO ion
of a sixth donor is mainly due to the reduction in |A,]|.
Tolis et al. proposed for the [VOCl(capca)] and [VO(NCS)-
(capca)] complexes that the negative axial charge induces a
radial expansion of the vanadium d,, orbital, which results
in reduced electron density on the metal and in a lowering
of |A,|*"[ As is known from EPR theory, the isotropic
hyperfine coupling constant A, is directly proportional to
the spin density at the point of the corresponding nucleus
(0%”). In the traditional interpretations, p<* is frequently
approximated by the density of the singly occupied molecu-
lar orbital. However, this simple approach is not sufficient
to explain the high value of |A,| for transition-metal com-
plexes in which the unpaired electron occupies metal d orbi-
tals that have a node at the nucleus. This apparent contra-
diction can be understood if the interaction of the unpaired
electron with the other electrons of the system is taken into
account; such an interaction spin-polarises the electron dis-
tribution in both the core and valence shells.”"* Some year
ago, Kaupp and co-workers showed that the spin polarisa-
tion enhances the exchange interaction of the 2s and 2p
shells with the singly occupied orbital contributing with a
negative sign to A, It is plausible that a mechanism of
this type is also operative for the VYO complexes discussed
in this report. This possibility is confirmed by the good
agreement between the |A;, | and | A, | values if the
half-and-half hybrid functionals, which reproduce well the
core-shell spin polarisation, are used. To prove this assump-
tion, an analysis of the spin distribution and of the various
contributions to p%* for the VYO complexes is in progress.

The variation of the structural (V=0, V-0 and V—N dis-
tances, O—V—O and N—V—-N angles, and the trigonality
index 7) and spectroscopic (|A.]|, |Ai,| and v(V=0)) prop-
erties of trans-[VO(6-mepic),(H,0)] as a function of the dis-
tance V-OH, (R) follows a similar functional dependence,
which approaches the value measured for pentacoordinated
square-pyramidal species when the distance is infinite. We
believe that these results could be of general validity and
our intention is to confirm this hypothesis with other transi-
tion-metal complexes.

The results discussed in this work may be helpful for in-
terpreting EPR spectra and identifying the coordination
sphere of VYO complexes present in biological systems
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when the possibility of an apical ligand binding to vanadium
must be taken into account. For example, the presence of a
lysine and an imidazole nitrogen atom in the axial position
has been suggested for the vanadyl-substituted chloroplast
F,-ATPase (CF,) and in the reduced inactive form of vana-
dium bromoperoxidase (VBrPO), respectively.['s*34

Experimental and Computational Details

Chemicals: 6-Methylpicolinic and 6-methyl-2,3-pyridinedicarboxylic acids
and 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone were Aldrich products of
puriss. quality. Dipyridin-2-ylmethanol was obtained by reduction of di-
pyridin-2-yl ketone according to the established methods.” VYO solu-
tions were prepared with VOSO,3H,0 by following the procedure de-
scribed in the literature.*® All operations were performed under a puri-
fied argon atmosphere to avoid oxidation of the VYO ion.

Preparation of the [VO(6-mepic),] complex: [VO(6-mepic),] was pre-
pared by dissolving stoichiometric amounts of VOSO,-3H,0O and 6-meth-
ylpicolinic acid in water, adjusting the pH value to 5 with a diluted solu-
tion of NaOH and heating at reflux for about 1 h. The solid formed was
filtered when the solution was still warm and dried in vacuo over P,Os.
Elemental analysis calcd (%) for C,,H;;N,O5V (339.20): C 49.57, H 3.57,
N 8.26, H,O 0.0, V,05 26.8; found: C 49.45, H 3.35, N 8.34, H,O 0.0,
V,05 26.0.

Spectroscopic and analytical measurements: The EPR spectra were re-
corded with an X-band (9.15 GHz) Varian E-9 spectrometer at 120 K
(anisotropic spectra) or at room temperature (isotropic spectra). The ex-
perimental A values were determined by simulations using the computer
suite program Bruker WinEPR/SimFonia.’”! Elemental analyses (C, H,
N) were performed with a Perkin—Elmer 240 B analyser. The thermogra-
vimetric studies, to determine the V,05 and H,O content, were carried
out with a Perkin-Elmer TGS-2 instrument under a nitrogen atmos-
phere.

The intensities of the EPR signals used to determine K, values for the
equilibria between the square-pyramidal and octahedral forms of the bis-
chelated species formed by 6-methyl-2,3-dicarboxylic acid and dipyridin-
2-ylmethanol were measured in the M,=-'/, parallel transition by
double integration of the first derivative spectra. The uncertainty of each
point was calculated to be approximately 10% of the value of K. The
resonances at high-field (M,="/) were not suitable for the evaluation of
the values of K, because of broadening of the linewidth with increasing
magnetic field, which makes it difficult to quantify the amount of the
trans octahedral species at high ionic strength.

DFT calculations: All the calculations presented in this paper were per-
formed by DFT methods® using the Gaussian 03 (revision C.02)% or
ORCA (version 2.6.35) programs.*”! The hybrid exchange-correlation
B3LYP**®! the half-and-half BHandHLYP functional, as incorporated in
the Gaussian 03, and the hybrid PBEO functional®! were used. The
BHandHLYP functional includes a mixture of exact Hartree-Fock and
DFT methods to calculate the exchange-correlation energy by using the
expression Eyc=0.5Ex"+0.5EPA+0.5E®+E"" in which E,'T,
Ex"PA EB and EM are the energies due to the Hartree-Fock ex-
change, the local spin density approximation (LSDA) exchange function-
al, the gradient-corrected Becke 88 (B) exchange functional, and the gra-
dient-corrected Lee—Yang—Parr (LYP) correlation functional, respective-
ly. Previous attempts to change the percentage of the several components
in the BHandHLYP functional did not significantly improve the predic-
tion of A,. The HF method may be regarded as a special case of DFT in
which the exchange is treated exactly and the correlation is completely
neglected.®™™ It has been shown that the Hartree-Fock method is signifi-
cantly inferior to DFT approaches for predicting all EPR parameters,
mainly because it overestimates the bond ionicity in polar bonds, which
results in an incorrect description of the spin polarisation by which spin
density could be transferred to orbitals with s character.®!
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All the geometries of the VYO complexes investigated were first preopti-
mised at the B3LYP/sto-3g level of theory and further optimised at the
B3LYP/6-311g(d) level of theory in the gas phase using Gaussian 03 soft-
ware. For all the structures, minima were verified by frequency calcula-
tions. Because it has been widely demonstrated in the literature that the
optimisation of a transition-metal complex in the gas phase is enough to
obtain a good agreement between experimental and simulated EPR pa-
rameters?**33l and our goal is to demonstrate only in a qualitatively
way that the axial coordination of a solvent molecule can reduce the
value of |A,|, no calculations in solution were performed. This limita-
tion, however, must be kept in mind.

The optimised structures were used to calculate the *'V hyperfine cou-
pling constants (A, A, A, and A,) at the BHandHLYP/6-311g(d,p)
level of theory using Gaussian 03 and at the PBEO/VTZ level of theory
using ORCA. A, and A, values (as are A, and A)) are negative, but
their absolute values are usually reported in the literature. This must
kept in mind when positive values are discussed. The percent deviation
from the absolute experimental value |A.|®"™ was calculated from
100[(JA |~ | A, |*P")/| A, | **P"] (see Tables 2 and 3).

The stretching frequency of V=0 (»(V=0)) bond was simulated at the
B3LYP/6-311g(d) level of theory.

The molecular orbital (MO) composition was analysed in terms of the
atomic orbitals or groups of atoms by using the AOMix program (revi-
sion 6.46).1%

Theoretical background: The “additivity rule” affirms that for a VYO
complex the *'V isotropic hyperfine coupling constants measured in solu-
tion at room temperature (A;,) and °'V anisotropic hyperfine coupling
constants along the z axis measured on a polycrystalline powder or on a
frozen sample (A,) can be calculated from the sum of the contributions
of each equatorial donor!'*'”! [Egs. (3) and (4)].

4

Ay = ZAiso(donori) = A, (donorl) + A;,(donor2) + A;, (donor3)
i1

+A,, (donor4)

A, = ZAZ(donori) = A, (donorl) + A_(donor2) + A, (donor3)

i

+A,(donor4)

4
=1

4)

Such an empirical rule allows a correlation of A;, or A, with the number
and types of ligands in the equatorial plane of the VYO ion and has been
proved and accepted in a large number of works. The contribution to Aj,
or A, has an approximately inverse relationship with the electron-donat-
ing capacity of the ligand, with the most donating ligands contributing
the least to the coupling constant. Experimental |A.| or |A;,| values
fall in the range of ~3x10™*cm™" with respect to the value calculated
with Equations (3) and (4).''"! In fact, the analysis of the anisotropic
EPR spectra is preferred to that of the isotropic spectra because they
allow more detailed information to be obtained on 1) the symmetry and
coordination geometry of the V'VO species, 2) the identity of the equato-
rial ligands because the A, value is more sensitive to equatorial donors
than A;,, and 3) the presence of minor species in solution, which cannot
be detected from examination of the isotropic spectra.

The VYO ion has a d' electronic configuration with one unpaired elec-
tron. The hyperfine coupling constants in the EPR spectra arise from the
interaction between the spin-angular momentum of the electron (S=14)
with the spin-angular momentum of the >'V nucleus (/="/, 99.8% natu-
ral abundance). The 'V hyperfine coupling tensor A has three contribu-
tions: the isotropic Fermi contact (A™), the anisotropic or dipolar hyper-
fine interaction (A®) and the second-order effect that arises from spin—
orbit coupling (A5°)“ [Eq. (5), in which 1 is the unit tensor]. Here 1 is
the unit tensor. A™ and the components A” and A9 of the tensors AP
and A% are given by Equations (6)—(8). g. and gy are the g factors of the
free electron and the nucleus, 5, and fBy the electron and nuclear magne-
tons, (S.) the expectation value of the electronic spin on the z axis, pf*
the spin density at the nucleus, PZI/} the spin density matrix, r the dis-
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tance between the unpaired electron and the nucleus and 4%°€ the spatial
part of an effective one-electron spin—orbit operator.

A = A1 + AP 4+ ASO (5)
re 47 1 ap 6
AT = = g.gnBbn(S) T PN (6)
1 - 3, = 3r,r,
AD, = 58.8nBebn D P <4>k T <1>,> ™
kil
1 Py’
AL = 5g8:8nBePn > 6}: (D |1°C | y) (8)

ki

The tensor A® is always traceless: A,°, A,” and A, are the elements of
the diagonalised tensor, their sum being zero [Eq. (9)].

A?+A;’+A?:O 9)

The values of the *'V anisotropic hyperfine coupling constants along the
x,y and z axes are determined from Equations (10)—(12).

A, = ATC + AP 4 A% (10)
A, = AT + AP + A% (1)
A, =AY+ AP 4 A (12)

The value of A, calculated with Equation (12) (A.*') can be compared
with that expected on the basis of the “additivity rule” (A,”**) and with
the experimental value (A,*™"); see Tables 2 and 3.

The value of A;, can be calculated from Equation (13).

A =34, 44, A4 = A 4 1420 4 40 4 42) (13

iso 3
By using Gaussian 03, which neglects the terms A7, A, coincides with
ATC [Eq. (14)].

Ao = %(A,+A}.+Az) — AFC (14)
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