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Characterization of VIV biomolecules relies strongly on electron paramagnetic resonance (EPR) spectroscopy, particularly
the application of the additivity relationship of Az values. It has been shown experimentally that the Az values of V

IVO2+

imidazole species have a critical angular dependence. Density-functional theory (DFT) calculations elucidate the
dependence of 51V Az value on the orientation of the aromatic ring in V

IVO2+ pyridine complexes, following closely the
functional dependence observed for VIVO2+ imidazole species, [Az(pyr) = 42.23 + 1.80� sin(2θ- 90)], with Azmeasured
in 104 cm-1. A DFT re-examination of VIVO2+ imidazole complexes gives an equation very similar [Az(imid) = 42.35 +
2.34� sin(2θ- 90)] to that experimentally found. These results generalize the application of the additivity relationship for
VIVO2+ complexes containing aromatic nitrogen ligands such as pyridine or imidazole. The increase of the absolute value of
Az, |Az|, when the dihedral angle θ between the VdO and Npyr-C or Nimid-C bonds varies from a parallel to a
perpendicular orientation is due to an increase of the d vanadium orbital contribution and to a decrease of the π aromatic
system participation in the singly occupied molecular orbital.

Introduction

Vanadium plays a number of roles in biological systems,1

and in humans its complexes have shown promising activity
for the treatment of type II diabetes.2 Independent of the
initial oxidation state, vanadium is transported in the blood
as the VIVO2+ form.3,4

Electron paramagnetic resonance (EPR) spectroscopy has
been revealed to be the most powerful tool for the investigation
of the electronic structure andgeometryofVIVO2+compounds.5

Usually, the characterization is performed through the applica-
tion of the additivity relationship, which affirms that the
51V anisotropic hyperfine coupling constant along the z axis
(Az) can be calculated from the sum of the contributions of each
equatorial donor.6,7

Initial studies used a set value for imidazole binding to
VIV in proteins; however, it was later demonstrated that
the orientation of equatorial imidazole rings relative to the
VdO bond critically influences the Az values in VIVO2+

model complexes.8 Subsequent evaluation of discrepancies in
previously examined biomolecules demonstrated the impor-
tance of considering the influence of ring orientation on
the predicted Az values.

8 It was found that the contribution
to Az of the imidazole (Az(imid)) ranges from 39.8 (parallel
orientation of the aromatic ring with respect to the
VdObond) to 45.6� 10-4 cm-1 (perpendicular orientation).
An equation was proposed, Az(imid) = 42.72 + 2.96 � sin
(2θ- 90), with the dihedral angle θ defined by the VdO and
Nimid-Cbonds, where C is the carbon atom bridging the two
imidazole nitrogens. This dependence of the Az value on the
imidazole ring orientation was used to interpret the EPR and
electron spin echo envelope modulation spectra of vanadium
bromoperoxidase (VBrPO).8
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Density functional theory (DFT) allows for calculating
EPR parameters of transition metal complexes,9 and more
particularly ofVIVO2+species.10-13Therefore, computational
methods may support the additivity relationship in the char-
acterization of such compounds. By using DFT calculations,
Saladino and Larsen theoretically confirmed the orientation
dependence of Az(imid) on the dihedral angle θ.14 Never-
theless, the resultant equation,Az(imid)= 27.31+ 2.26� sin
(2θ - 90), although reproducing the covered range well
(4.5 calculated vs 5.9 � 10-4 cm-1 experimental) is centered
36.1% lower than the experimentally found value. Recently,
some of us achieved consistent success in the prediction of the
51V hyperfine coupling constants with respect to the previous
results, calculatingAz for 22 representativeV

IVO2+ complexes
having different charges, geometries, and coordination modes
at the BHandHLYP/6-311g(d,p) level of theory with a mean
deviation of 2.7% from the experimental values.15

Recognizing that DFT is able to calculate Az for V
IVO2+

species, we next hoped to evaluate through DFT methods
whether the same angular dependence contribution to Az was
observed in complexes containing an alternative aromatic
ring with a nitrogen donor, pyridine. Herein, we assess the
hypothesis that the Az value is susceptible to the variations of
the aromatic ring nitrogen-containing ligands and re-evaluate
the calculation for the biologically critical imidazole ligand.

Computational Section

DFT Calculations. All of the calculations presented were
performed using the Gaussian 03 program (revision C.02)16 and
DFT methods.17 The hybrid exchange-correlation functional
B3LYP,18,19 used in the optmization of the VIVO2+ structures,
and the half-and-half functional BHandHLYP, used in the
calculation of the EPR parameters, were incorporated in the
Gaussian 03 software.

The geometries of [VO(pyr)(H2O)3]
2+ and [VO(imid)

(H2O)3]
2+ complexes were first preoptimized at the B3LYP/

sto-3g level and further optimized as a function of the dihedral
angle θ at the B3LYP/6-311g level of theory. Analogous calcu-
lations were performed for the optimization of [VO(H2O)4]

2+.
For all of the structures, minima were verified through
frequency calculations. The optimized geometries were used to
calculate the 51V hyperfine coupling constants (Aiso,Ax,Ay, and
Az) at the BHandHLYP/6-311g(d,p) level.

The analysis of molecular orbital (MO) composition in terms
of atomic orbitals or groups of atoms was performed using the
AOMix program.20

Theory Background. Wu.thrich has first pointed out that the
hyperfine coupling constant (A value) between the unpaired
electron and the nucleus of 51V in tetragonal complexes of the
VIVO2+ ion is particularly sensitive to thedonors coordinated in its
equatorial plane.21 Subsequently, Chasteen developed this idea
and introduced the additivity relationship, an empirical rule
affirming that the values of the 51V anisotropic hyperfine coupling
constant along the z axis measured for a VIVO2+ complex
(as a polycrystalline powder or a frozen sample) can be calculated
from the sum of the contributions of each equatorial donor
function:6

Acalcd
z ¼

X4

i¼1

Azðdonor iÞ ¼ Azðdonor 1Þþ

Azðdonor 2Þ þ Azðdonor 3Þ þ Azðdonor 4Þ ð1Þ

Initially, a set value for the contribution of the aromatic
nitrogen was used to calculate Az for V

IVO2+ imidazole com-
plexes. However, it was shown that significant errors in the
prediction of Az would arise, and a wrong structure would be
deduced, if account was not made of the relative orientation of
the imidazole ringwith respect to theVdOvector.8Additions or
corrections about the contribution of CO, Cl- and SCN-,
COO-, and Nimine have appeared over the past few years in
the literature.22

The VIVO2+ ion has a d1 electronic configuration with
one unpaired electron. The hyperfine coupling constant in an
EPR spectrum arises from the interaction between the spin
angular momentum of the electron (S = 1/2) and the spin
angular momentum of the 51V nucleus (I= 7/2, 99.8% natural
abundance). In the first-order approximation, the vanadium
hyperfine coupling tensor A has one isotropic contribution
deriving from the Fermi contact (Aiso) and another from the
anisotropic or dipolar hyperfine interaction, expressed by
tensor T.9,11,12,14,23

A ¼ Aiso1 þ T ð2Þ
with 1 the unit tensor.
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Aiso and the components Tjk of the tensor T are given by the
following equations:

Aiso ¼ 4π

3
gegNβeβNÆSzæ-1FR-β ð3Þ

T jk ¼ 1

2
gegNβeβNÆSzæ-1

X

k;l

P
R-β
k;l ÆΦkj r

2δjk -3rjrk

r5
jΦlæ ð4Þ

where ge is the g value of the free electron (2.0023), gN is the
nuclear g value, βe is the Bohr magneton, βN is the nuclear
magneton, ÆSzæ is the expectation value of the electronic spin on
the z axis, FR-β is the spin density at the nucleus, Pk,l

R-β is the
spin density matrix, and r the distance between the unpaired
electron and the nucleus. IfTx,Ty, andTz are the elements of the
tensor T in the diagonalized form, the values of the 51V
anisotropic hyperfine coupling constants along the x, y, and z
axes are

Ax ¼ Aiso þ Tx ð5Þ

Ay ¼ Aiso þ Ty ð6Þ

Az ¼ Aiso þ Tz ð7Þ
Aiso and Az values (as well as Ax and Ay) are negative, but in the
literature, these are usually reported as absolute values. In order
to avoid confusion, the absolute values of Aiso and Az are
indicated in the manuscript as |Aiso| and |Az|.

VIVO2+ Complexes and EPR Parameters. All of the
structural details and the EPR parameters reported in the text
were taken from refs 8, 22b, 24-34.

Results and Discussion

The calculations were performed on [VO(pyr)(H2O)3]
2+

and [VO(imid)(H2O)3]
2+, varying the dihedral angle θ

between the VdO and Npyr-C or Nimid-C bonds from
0 to 180�. The optimized structures of [VO(pyr)(H2O)3]

2+

for a parallel and perpendicular orientation of the
aromatic ring with respect to the VdO group are shown in
Figure 1.
In Table 1 are reported the results obtained for pyridine for

θ in the range 0-90�; the complete list of the data is presented
in Table S1 of the Supporting Information. The pyridine
nitrogen contribution to Az (Az(pyr)) for each value of θ is

determined by subtracting from the absolute value of Az

calculated for [VO(pyr)(H2O)3]
2+ (Table 1) the contribution

of three water molecules:

AzðpyrÞ ¼ ½jAzjðVOðpyrÞðH2OÞ2þ3 Þ- 3AzðH2OÞ� ð8Þ
The contribution of an equatorial water, (Az(H2O)), of 46.9�
10-4 cm-1was derived from |Az| calculated for [VO(H2O)4]

2+,
187.6 � 10-4 cm-1.
From an analysis of the data emerges the observation

that both the absolute values of Aiso and Tz increase from
0 to 90� (Table 1), that is, by going from a parallel to a
perpendicular orientation of the aromatic ring with
respect to the VdO bond, and decrease from 90 to 180�
(Table S1 of the Supporting Information). The greater
contribution to Az comes from Aiso, which ranges
from -112.7 to -116.2 � 10-4 cm-1, rather than from Tz,
which changes from -68.3 to -68.6 � 10-4 cm-1. The
dependence of the Az(pyr) value on the dihedral angle θ is
displayed in Figure 2.
A least-squares fit of the calculated Az(pyr) values yields a

curve of equation

AzðpyrÞ ¼ 42:23 þ 1:80� sinð2θ- 90Þ ð9Þ
with Az measured in units of 10-4 cm-1.
These results for pyridine complexes support the general

hypothesis for aromatic amines, previously forwarded speci-
fically for imidazole, that the functional dependence can be
attributed to the overlap between the vanadium dxy bearing
the unpaired electron and the aromatic π orbital, that in turn
depends on the dihedral angle θ.8

Figure 1. Optimized structure of [VO(pyr)(H2O)3]
2+ at the B3LYP/

6-311g level of theory with a value of the dihedral angle θ between the
VdO andN-C bonds of the aromatic ring of (a) 0� (parallel orientation)
and (b) 90� (perpendicular orientation).

Table 1. Calculated EPR Parameters at BHandHLYP/6-311g(d,p) for the
[VO(pyr)(H2O)3]

2+ Complex and Contribution of a Pyridine Nitrogen to
Az (Az(pyr))

a,b

dihedral angle Aiso Tx Ty Tz Ax Ay Az Az(pyr)

0� -112.7 33.6 34.8 -68.3 -79.2 -78.0 -181.1 40.4
10� -112.9 33.6 34.8 -68.3 -79.3 -78.1 -181.3 40.6
20� -113.2 33.6 34.7 -68.3 -79.6 -78.4 -181.5 40.8
30� -113.6 33.6 34.7 -68.3 -80.0 -78.9 -181.9 41.3
40� -114.2 33.7 34.6 -68.3 -80.6 -79.6 -182.5 41.8
50� -114.8 33.7 34.6 -68.3 -81.1 -80.2 -183.1 42.4
60� -115.4 33.8 34.6 -68.3 -81.7 -80.9 -183.8 43.1
70� -115.9 34.0 34.5 -68.5 -81.9 -81.4 -184.3 43.7
80� -116.0 33.9 34.6 -68.5 -82.1 -81.4 -184.5 43.9
90� -116.2 34.0 34.6 -68.6 -82.2 -81.5 -184.7 44.1

aAll of the parameters aremeasured in 10-4 cm-1. bThe contribution
of a H2O molecule, 46.9 � 10-4 cm-1, was derived from |Az| calculated
for [VO(H2O)4]

2+, 187.6 � 10-4 cm-1.
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A further analysis of the data suggests that the observed
dependence of Az(pyr) on θ rises from the angular variation
of the |Aiso| value,which follows the same functional relation-
ship A + B � sin(2θ - 90):

jAisojðVOðpyrÞðH2OÞ2þ3 Þ ¼ 114:51 þ 1:71� sinð2θ- 90Þ
ð10Þ

Figure 3 shows the |Aiso| for the [VO(pyr)(H2O)3]
2+ complex

as a function of the dihedral angle θ between the VdO and
N-C bonds of the aromatic ring.
Analogous simulations on [VO(imid)(H2O)3]

2+ allow one
to obtain a similar trend. The parameters obtained from
the DFT simulations of [VO(imid)(H2O)3]

2+ for the
dihedral angle θ in the range 0-90� are listed in Table 2.
The complete results are reported in Table S3 of the Support-
ing Information.
The contribution toAz of an imidazole nitrogen (Az(imid))

follows a functional dependence similar to that found for
pyridine:

AzðimidÞ ¼ 42:35 þ 2:34� sinð2θ- 90Þ ð11Þ
Moreover, for imidazole too, such a dependence comes from
the variation of |Aiso| with the dihedral angle θ:

jAisojðVOðimidÞðH2OÞ2þ3 Þ ¼ 114:63 þ 2:27� sinð2θ- 90Þ
ð12Þ

In Figure 4, the data here obtained for Az(imid),
together with the experimental and simulated curves
reported by Smith et al. and Saladino and Larsen,8,14 are
represented.
A comparison of the results obtained in this work for

pyrdine and imidazole indicates that the mean value of Az(pyr)
is slightly lower (42.23 vs 42.35 � 10-4 cm-1), and that the
total variation ofAz(pyr) is smaller (3.60 vs 4.68� 10-4 cm-1).
Our data reproduce the experimental values, both in the mean
value and in the range covered by Az(imid);8 they improve
upon the previous calculation of Saladino and Larsen,14 which
on one hand correctly predicted the total range spanned by
Az(imid) but, on the other, provided a significantly lower mean

value of the sine function (27.31 vs 42.35 calculated in this work
and 42.72 � 10-4 cm-1 by Smith et al.8).

Figure 2. Contribution of a pyridine nitrogen to Az (Az(pyr)) as a
function of the dihedral angle θ between the VdO and N-C bonds of
the aromatic ring. The triangles represent the calculated values, measured
in 10-4 cm-1, and the dotted line the equation fitting the pointsAz(pyr)=
42.23 + 1.80 � sin(2θ - 90). The R2 value for fitting is 0.9978.

Figure 3. |Aiso| for the [VO(pyr)(H2O)3]
2+ complex as a function of the

dihedral angle θ between the VdO andN-C bonds of the aromatic ring.
The triangles represent the calculated values, measured in 10-4 cm-1, and
the dotted line the equation fitting the points |Aiso|= 114.51+ 1.71� sin
(2θ - 90). The R2 value for fitting is 0.9985.

Table 2. Calculated EPR Parameters at BHandHLYP/6-311g(d,p) for the [VO
(imid)(H2O)3]

2+ Complex and Contribution of an Imidazole Nitrogen to Az

(Az(imid))a,b

dihedral
angle Aiso Tx Ty Tz Ax Ay Az

Az

(imid)

0� -112.3 33.7 34.8 -68.4 -78.6 -77.5 -180.7 40.0
10� -112.5 33.6 34.8 -68.4 -78.8 -77.7 -180.9 40.2
20� -112.9 33.6 34.8 -68.4 -79.3 -78.1 -181.3 40.6
30� -113.7 33.6 34.7 -68.3 -80.2 -79.0 -182.1 41.4
40� -114.3 33.6 34.6 -68.3 -80.7 -79.7 -182.6 41.9
50� -114.9 33.8 34.5 -68.3 -81.2 -80.4 -183.2 42.5
60� -115.7 33.9 34.4 -68.3 -81.8 -81.3 -184.1 43.4
70� -116.5 33.9 34.6 -68.5 -82.6 -81.9 -185.0 44.4
80� -116.8 33.8 34.7 -68.5 -83.0 -82.1 -185.4 44.7
90� -117.0 33.8 34.7 -68.5 -83.2 -82.2 -185.5 44.8

aAll of the parameters measured in 10-4 cm-1. bThe contribution of
a H2Omolecule, 46.9� 10-4 cm-1, was derived from |Az| calculated for
[VO(H2O)4]

2+, 187.6 � 10-4 cm-1.

Figure 4. Contribution of an imidazole nitrogen to Az (Az(imid)) as a
function of the dihedral angle θ between the VdOandN-C bonds of the
aromatic ring (as defined in the text).Theblue squares represent the values
calculated in this work and the blue dotted line the equation fitting the
points:Az(imid)= 42.35+ 2.34� sin(2θ- 90). TheR2 value for fitting is
0.9940. The full pink line displays the equation of ref 8,Az(imid)= 42.72
+ 2.96 � sin(2θ - 90), and the full green line represents the equation of
ref 14, Az(imid) = 27.31 + 2.26 � sin(2θ - 90). For all of the curves,
Az(imid) is measured in 10-4 cm-1.
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The subsequent step was the application of the results
obtained here to the VIVO2+ complexes containing at
least one V-Npyr or V-Nimid bond.A search in the literature
for mononuclear structures with such bonds yielded 120 hits
in the first and 18 in the second case;35 nevertheless, the
EPR parameters are reported for only 35 compounds with
a V-Npyr bond and for 14 with a V-Nimid bond. The results
of the analysis for some representative complexes are listed
in Table 3, and in Tables S2 and S4 of the Supporting
Information. An examination of the Table 3 shows that the
Az values predicted for VIVO2+ pyridine complexes using
eq 9 are in good agreement with the experimental ones
and, often, are closer than those obtained with the fixed
value of 40.7 � 10-4 cm-1.6 Also for the imidazole species,
the predictions of eq 11 are very similar to the experimental
values and significantly better than those possible with
the equation found previously through DFT methods.14

It is worth noticing that there is good agreement between
Az

calcd and Az
exptl for [VO(bmida)(H2O)], where an equator-

ial position is occupied by a benzimidazole rather than a
simple imidazole ligand,34 suggesting that our discussion is
generally valid and can be applicable either to pyridine or to
imidazole derivatives.
A particularly interesting application of this work is to the

complexes [VO(SalGly)(pyr)2] and [VO(Sal-L-Ala)(bipy)].26

In the first structure, the equatorial pyridine coordinated
to the VIVO2+ ion is almost perpendicular to the VdO bond
(θ = 86.2�); in the second one, the contemporaneous
coordination of two nitrogens of 2,20-bipyridine results
in a parallel arrangement of the two aromatic rings
(θ = 2.1�). Since the other three equatorial donors are the

same (Table 3), the decrease of Az can be attributed solely
to a different contribution of the pyridine nitrogen, that in
turn depends on the different orientations of the two
aromatic rings with respect to the VdO group. The different
contributions to Az calculated through eq 9, 44.0 for [VO
(SalGly)(pyr)2] and 40.4 � 10-4 cm-1 for [VO(Sal-L-Ala)
(bipy)], exactly correspond to the difference of 3.5 �
10-4 cm-1 in the experimentally observed Az. Interestingly,
a value of 163.3 � 10-4 cm-1 is expected for both
of the complexes for a constant contribution of pyridine
nitrogen.6

As above-mentioned, the theoretical explanation of the
orientation dependence of the 51V Az value in VIVO2+

imidazole complexes is the decrease in the overlap between
the π orbital of the aromatic system and the vanadium dxy
orbital bearing the unpaired electron, when the imidazole
ring is rotated from a parallel (θ = 0�) to perpendicular
(θ = 90�) orientation relative to the VdO bond. Such a
rotation results in an increase in the metal character of
the singly occupied molecular orbital (SOMO) and in a
concomitant increase of the Az value.

8

DFT calculations reported here confirm this hypothesis.
The list of the values of orbital contributions to the
SOMO for [VO(pyr)(H2O)3]

2+ and [VO(imid)(H2O)3]
2+

species from θ = 0 to θ = 90� is reported in Table 4,
whereas the data for the whole range of θ values studied (0-
180�) are presented in Tables S5 and S6 of the Supporting
Information.
The calculated percentages of vanadium d and ligand

π orbital contributions to the SOMO as a function of
the dihedral angle θ are plotted in Figure 5. In the θ
range 0-90�, as the vanadium d percentage increases, the
aromatic π orbital contribution decreases following a

Table 3. Experimental and Calculated Az Values for V
IVO2+ Pyridine and Imidazole Complexesa

complexb donor set θc θd Az
calcd e,f Az

calcd e,g Az
calcd e,h Az

exptl ref

[VO(pycac)] Npyr, Namide
-, NH, RO- 77.1 151.6 154.8 151.4 24

[VO(hypyb)]- Npyr, Namide
-, Namide

-, Oar
- 76.9 156.2 159.3 156.1 25

[VO(SalGly)(pyr)2] COO-, Nimine, Oar
-; Npyr; Npyr

ax 86.2 163.3 166.6 167.3 26
[VO(Sal-L-Ala)(bipy)] COO-, Nimine, Oar

-; Npyr, Npyr
ax 2.1 163.3 163.0 163.8 26

[VO(dipic)(HDMCI)]- COO-, Npyr, COO-; Nimid, COO-ax 91.5 164.7 168.1 167.0 8
[VO(capcah)Cl] Npyr, Namide

-, Nimine, Cl
-; Npyr

ax 88.1 162.0 165.3 163.0 22b
[VO(mpg)(phen)]- COO-, Namide

-, RS-; Nphen, Nphen
ax 0.4 153.0 152.7 151.1 27

cis-[VO(5MeOpic)2(H2O)] Npyr, COO-; Npyr, COO-ax; H2O 8.2, 64.1 169.1 171.5 168 28
[VO(SPh)3(Me2bipy)]

- Sar
-; Sar

-; Sar
-; Npyr, Npyr

ax 3.9 146.6 146.3 148.6 29
[VO(mdtc)(N-MeIm)2] Oar

-, Nimine
ax, RS-; Nimid; Nimid 170.3,-170.1 150.7 151.1 121.2 158 30

[VO(1-VinIm)4]
2+ Nimid; Nimid; Nimid; Nimid 155.6,-13.9 161.7 162.2 102.3 162 31

[VO(SalimH)2] Oar
-, Nimine, Nimid; Oar

-ax, Nimine 58.7 166.2 165.5 150.5 159.6 32
[VO(SalimRH)(acac)] Oar

-, NH, Nimid; Oacac, Oacac
ax 96.4 167.1 166.1 151.0 162.3 8

cis-[VO(HMDCI)2(H2O)] Nimid, COO-; Nimid, COO-ax; H2O 6.4, 78.7 173.0 172.3 142.2 171.0 8
[VO(H2O)(acac)(HMDCI)] Oacac, Oacac; Nimid, COO-ax; H2O 1.3 170.4 170.6 155.6 170.0 8
[VO(capcah)(imid)]+ Npyr, Namide

-, Nimine, Nimid; Npyr
ax 78.5 27.1 156.0 159.2 141.0 158.0 22b

cis-[VO(DCIpy)2(H2O)] Nimid, Npyr; Nimid, Npyr
ax; H2O 104.7 175.7,-110.7 171.0 173.5 140.4 170 33

[VO(bmida)(H2O)] Nimid, COO-, COO-, Nax; H2O -172.9 169.7 169.9 154.9 170.8 34

aAbsolute values of Az are measured in 10-4 cm-1. b pycac, N-(2-(4-oxopent-2-en-2-ylamino)phenyl)pyridine-2-carboxamidato; hypyb,
1-(2-hydroxybenzamido)-2-(2-pyridinecarboxamido)benzenato; SalGly, N-salicylideneglycinato; pyr, pyridine; Sal-L-Ala, N-salicylidene-L-alaninato;
bipy, 2,20-bipyridine; dipic, pyridine-2,6-dicarboxylato; HDMCI, 1-methyl-5-carboxyimidazole-4-carboxylato; capcah,N-(2-((2-pyridylmethyl)amino)
phenyl)pyridine-2-carboxamidato; mpg, N-(2-mercaptopropionyl)-glycinato; phen, 1,10-phenanthroline; MeOpic, 5-(methoxycarbonyl)pyridine-
2-carboxylato; SPh, phenylthiolato; Me2bipy, 4,4

0-dimethyl-2,20-bipyridine; mdtc, S-methyl-3-((5-bromo-2-hydroxyphenyl)methyl)dithiocarbazato;
N-MeIm, N-methylimidazole; 1-VinIm, 1-vinylimidazole; salimH, 4-(2-(salicylideneamino)ethyl)imidazole; SalimRH, N-(o-hydroxyphenyl)istamine;
acac, acetylacetonato; imid, imidazole; DCIpy, 2-(2-pyridyl)-4,5-dicyanoimidazolato; bmida, N-(benzimidazol-2-ylmethyl)iminodiacetato. cMean
value of the two dihedral angles between the VdO and the two N-C bonds of the equatorial pyridine ring. dDihedral angle between the VdO and
N-C bonds, where C is the carbon atom bridging the two nitrogens, of the equatorial imidazole ring. eContributions of the all the donors taken from
ref 22d, except for Oacac (42.5� 10-4 cm-1) taken from ref 8. fContribution of Nimid calculated with the equation reported in ref 8,Az(imid)= 42.72+
2.96 � sin(2θ - 90), and of Npyr, considered constant (40.7 � 10-4 cm-1, ref 6). gContribution of Nimid and Npyr calculated with the eqs 9 and 11.
hContribution of Nimid calculated with the equation reported in ref 14, Az(imid) = 27.31 + 2.26 � sin(2θ - 90), and of Npyr, considered constant
(40.7 � 10-4 cm-1, ref 6).

(35) Allen, F. H.; Kennard, O. Chem. Des. Autom. News 1993, 8, 31–37.



Article Inorganic Chemistry, Vol. 48, No. 13, 2009 5795

sinusoidal dependence. This trend follows the observed
variation in Az and supports the prior explanation for this
phenomenom.8,14 It is worth noticing, however, that not
only the coordinated nitrogen takes part in the delocalization
of the unpaired electron14 but also the entire π system
of the pyridine or imidazole rings. This conclusion is
observable in Figure 6, where the SOMO of [VO(pyr)-
(H2O)3]

2+ when θ = 0� and θ = 70� is represented.
As demonstrated by the resemblance of eqs 9 and 11,
the participations of pyridine and imidazole π orbitals in
the SOMO are comparable.
It can be highlighted that both O(oxo) and water mole-

cules contribute to the SOMO composition, with a -
total percentage variable from 4.3 to 6.6% for [VO(pyr)-
(H2O)3]

2+ and from 4.6 to 5.1% for [VO(imid)(H2O)3]
2+

(Table 4 and Tables S5 and S6 of the Supporting Informa-
tion).
Finally, DFT calculations indicate that, as expected, the

vanadium d orbital, which mainly contributes to the SOMO,
is the dxy orbital; however, this contribution is not exclusive,
as the dxz orbital also participates, with a percentage in
the range 0-12% for [VO(imid)(H2O)3]

2+ but as high
as 39% for [VO(pyr)(H2O)3]

2+ when the aromatic ring

is parallel to the VdO bond (Tables S5 and S6 of the
Supporting Information).

Conclusions and Outlook

DFT calculations on a model VIVO2+ pyridine complex,
[VO(pyr)(H2O)3]

2+, were used to investigate the orientation
dependence of the 51V hyperfine coupling constants as a
function of the dihedral angle θ between the VdO and the
N-Caromatic bonds.A similar procedure allows for reinvesti-
gating such a dependence also for VIVO2+ imidazole species.
The results show that both theAiso andAzvary according to the
functional relationship A + B � sin(2θ - 90), with different
values of the constants A and B, as predicted by Pecoraro
and co-workers for VIVO2+ complexes formed by imidazole
derivatives.8

The orientation dependence of Az on θ was explained, as
previously proposed,8,14 with the change in the calculated
percentage composition of the SOMO for the pyridine and
imidazoleVIVO2+ complexes. In particular, it was found that
the increase of the absolute value of Az when the dihedral
angle θ between the VdO and Npyr-C or Nimid-C bonds
varies from a parallel to a perpendicular corresponds to an
increase of the d vanadium orbital contribution (depending
mainly on the dxy orbital) and to a decrease of the π aromatic
system participation in the SOMO.
The use of the half-and-half hybrid BHandHLYP func-

tional,15 instead of simple hybrid BP86,14 results in a better
prediction of the Az values. Our calculations, with respect to
that of Saladino and Larsen,14 do not simply reproduce the
range covered by Az(imid) but are also able to predict its
mean value.8

The applicability of these results to the benzimidazole
derivatives34 further demonstrates that the angular
dependence of the Az value of VIVO2+ species follows the
conclusions reached by Pecoraro and co-workers.8 This
conclusion suggests that, in cases where VdO is bound to
other important biomolecules such as tryptophan or to

Table 4. Calculated Percentages of Orbital Contribution to the SOMO for [VO(pyr)(H2O)3]
2+ and [VO(imid)(H2O)3]

2+ Complexes

[VO(pyr)(H2O)3]
2+ [VO(imid)(H2O)3]

2+

dihedral
angle

d vanadium
orbitals

pyridine
orbitals

π pyridine
orbitals

O(oxo) +
water

spin
density

d vanadium
orbitals

imidazole
orbitals

π imidazole
orbitals

O(oxo) +
water

spin
density

0� 79.78 15.90 10.86 4.32 1.167 86.78 8.61 8.23 4.61 1.159
10� 79.82 15.80 10.71 4.37 1.168 86.78 8.56 8.04 4.63 1.160
20� 80.05 15.45 10.50 4.46 1.169 86.95 8.37 7.66 4.67 1.162
30� 80.56 14.73 9.98 4.64 1.172 87.26 8.00 7.18 4.73 1.165
40� 81.50 13.59 9.57 4.81 1.176 87.76 7.40 6.41 4.81 1.169
50� 82.94 11.93 8.93 5.02 1.180 88.48 6.60 4.93 4.89 1.174
60� 85.01 9.75 7.34 5.14 1.183 89.40 5.56 3.07 5.01 1.178
70� 88.89 6.14 3.96 4.93 1.186 91.29 3.76 2.01 4.92 1.181
80� 90.04 3.34 0.84 6.55 1.188 92.40 2.71 1.13 4.83 1.183
90� 90.80 2.60 0.20 6.55 1.189 93.15 2.28 1.01 4.54 1.183

Figure 5. Calculated percentages of vanadium d (rhombi) and aromatic
π (squares) orbitals contributions to the SOMO for [VO(pyr)(H2O)3]

2+

(blue) and [VO(imid)(H2O)3]
2+ (pink) complexes as a function of the

dihedral angle θ.

Figure 6. Representationof the SOMOfor [VO(pyr)(H2O)3]
2+: (a)θ=0�

and (b) θ=70�.
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nucleobases such as adenine and guanine, a similar
dependence should occur. As VdO can be used as a probe
to examine metal binding sites in DNA and RNA,36 this
orientation dependence needs to be considered when the
structures of these vanadium biomolecules are evaluated.37

It should be emphasized that, while the trend of variation
in Az for nucleobase orientation should generally follow
the rules described herein for imidazole and pyridine com-
plexes, the absolute magnitude of the effect is still unknown.
We are now in a position to assess these values; therefore,
we plan to perform further work, where the contribution to
Az of nitrogen donors belonging to nucleobases such as
adenine and guanine will be studied. A similar effect
may also be seen in vanadyl proteins for coordination by

tryptophan. It could be interesting to evaluate if also Az of
species containing non-aromatic nitrogen donors show an
angular dependence, or if this effect is limited to the aromatic
amines.
Thus, we are close tohaving a generalizablemethod for not

only assessing the first coordination sphere ligands bound
to vanadium in a small molecule model or in a larger
biomolecule but also for the ability to deduce variations in
the first coordination sphere orientation of such complexes.

Supporting Information Available: Figures with the optimized
structures and the variation of Az and Aiso as a function of the
dihedral angle θ for [VO(pyr)(H2O)3]

2+ and [VO(imid)(H2O)3]
2+;

tables with the calculated EPR parameters, with the experimental
and calculated Az values for V

IVO2+ pyridine and imidazole com-
plexes reported in the literature and with the orbital contribution
to the SOMO for [VO(pyr)(H2O)3]

2+ and [VO(imid)(H2O)3]
2+.

This material is available free of charge via the Internet at
http://pubs.acs.org.

(36) Snipes, W. W.; Gordy, W. J. Chem. Phys. 1964, 41, 3661–3662.
(37) Makinen,M.W.;Mustafi, D. InMetal Ions in Biological Systems; Sigel,

A., Sigel, H., Eds.; Marcel Dekker: New York, 1995; Vol 31, pp 89-127 and
references therein.


