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Experimental and computational evidence of solid-state anion—n and n—n
interactions in [VO(O,)(L)(pa)]- xH,O complexes (L. = picolinate,
pyrazinate or quinolinate; pa = picolinamide)
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Two new neutral monoperoxidovanadium(v) complexes [VO(O,)(L)(pa)]-xH,O have

been synthesized: [VO(O,)(pic)(pa)]-H,O (1) and [VO(O,)(Hquin)(pa)]-2H,O (2)

[pic: pyridine-2-carboxylato(1-) or picolinato(1-), Hquin: pyridine-2,3-dicarboxylato(1-) or
quinolinato(1-), and pa: picolinamide]. The solid state structures of 1 and 2 feature a typical
distorted pentagonal bipyramid coordination polyhedron around the central vanadium atoms.
The bidentate anionic ligands are coordinated in two equatorial positions, while the bidentate
picolinamide molecule is bound via the aromatic nitrogen and the carboxamide oxygen in one
equatorial and one apical position. The experimental geometric parameters were used for a
detailed study of intermolecular interactions between the pic—pic and pa—pa aromatic rings in 1.
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Interestingly, no m—r interactions were observed between the pyridine rings of Hquin or pa in 2,
however, the less common anion—r solid-state interactions were found between the pic ligands in
1 and pca [pca = pyrazinecarboxylato(1-)] ligands in the already published structure of the
related complex [VO(O,)(pca)(pa)]-H-O (3). The presence of anion—n and n—= interactions

in 1 and 3 was confirmed by DFT computations performed on their solid-state structures.

Computational results suggested a direct analogy between anion—n and n—= interactions,

both being of predominantly electrostatic character.

Introduction

Due to the well known biological activity of pyridine- and
pyrazinecarboxylic acids and their amides, both employed
with success in pharmacology and medicine, together with
the potential use of vanadium (1v/v) compounds in human
and/or veterinarian medicine as insulin mimetics, it is of
interest to study the products of mutual interaction between
vanadium and the above mentioned organic substances, both
in or without the presence of hydrogen peroxide. We have
synthesized and structurally characterized more than 30 of the
72 currently known monoperoxidovanadium(v) complexes,
with aminopolycarboxylates,' a-hydroxycarboxylates® or two
different anionic or neutral organic ON or OO donor
ligands.>**> The structural characterization of the latter
type of complexes led us to formulate some empirical stereo-
chemical rules for the occupation of the donor sites in the
pentagonal bipyramid around the vanadium atom, depending
on the chemical nature and charge of the coordinated
ligands.*>
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Although the practice adopted in many papers dealing with
structural studies is to confine the discussion of structure
analysis only to the detailed description of the solid-state
molecular structure(s), we have also paid some additional
attention to the solid-state packing by analysing the inter-
molecular interactions and supramolecular architecture of the
complexes of interest. As we have recently shown, the latter
can be constructed for some complexes by the exclusive
formation of m—m interactions and/or ‘‘non-classical”
C-H- - -O hydrogen bonds between neighbouring molecules.*

The first theoretical investigation of anion—rw interactions
appeared in 1997.° Since 2002, when more ground-breaking
papers devoted to theoretical investigations were published,’
an increased attention has been paid to these interactions
occurring in organic compounds, biomolecules and in
coordination compounds as well. Papers dealing with this
subject report either: i) theoretical calculations (in vacuo), ii)
combined computational and crystallographic studies® or iii)
investigations based on analysing the structural data from the
Cambridge Structural Database.’

Anions involved in the reported anion— interactions range
from halogenides,'® H™ or OH ™, through trigonal (NO5~,'!"2
CO+>7,13) or tetrahedral (SO4>~,'* ClO,~ %) oxidoanions,
to halogenido anions'® such as BF,~ or PF4~, while the
aromatic rings range from Cg¢Fg through C¢H;F5!7 to
five- or six-membered heterocycles containing one to three
nitrogen atoms,'® mostly triazine'® and its derivatives. The
investigations of group iii) are perfectly described in the
recent paper.” However, for the particular case of vanadium
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chemistry, anion—m interactions between coordinated pca
ligands were addressed for the first time as late as 2005 in
our paper devoted to the structural characterization of the
monoperoxido complex: [NH3(CH»),NH3][VO(O,)(0x)(pca)].>°

We present here, based both on single-crystal X-ray
structural datat and DFT results for 1 and 3, clear evidence
that the solid-state structure, besides the expected n—=
interactions, is stabilized further by intermolecular anion—n
interactions between the negatively charged COO™ groups of
the pic or pca ligands and their pyrazine or pyridine rings in
two stacked complex molecules. The structural formulae of the
neutral complexes 1-3 discussed in this paper are presented in
Scheme 1.

Results and discussion

Experimental molecular structures and intermolecular
interactions in 1 and 2

The molecular structure of 1 is shown in Fig. 1. The vanadium
atom is displaced from the pentagonal plane (02, O3, N12,
08, N2) of the distorted pentagonal bipyramid towards the O1
oxido ligand by 0.2643(4) A (0.2402(6) A for 3, 0.254(2) and
0.274(2) A for [VO(O,)(pic)(pcaa)(H,0)]-H,O (4), pcaa =
pyrazinamide*). The V(n>-0,) group is asymmetric: the
distance between the vanadium atom and O3 peroxido
oxygen, which is involved in formation of more hydrogen
bonds than O2 (Table 1), is markedly elongated. The
supramolecular structure of 1 is built up incorporating several
types of intermolecular interactions:

() mm interactions between picolinamide ligands: the
pyridine rings of pa form pairs of parallel, displaced
n—n stacked rings with centroid (Ct) distance 3.589 A,

H19B H19A

Fig. 1 Diamond presentation of the molecular structure of 1 with
50% probability ellipsoids. Selected interatomic distances (A) and
angles (°): V1-O1 1.5954(19), V1-02 1.8774(15), V1-O3 1.8936(16),
V1-08 2.0311(14), V1-0O18 2.2187(18), V1-N2 2.1265(21), VI-N12
2.1304(21), 02-03 1.4162(28), O1-V1-02 102.07(8), O1-VI-0O3
100.78(8), O1-V1-08 92.53(8), O1-V1-N2 98.93(9), O1-VI-N12
95.48(9), O1-V1-018 166.31(8).

displacement angle 21.13° (defined as the angle between the
Ct-Ct vector and ring normal to one of the pyridine planes®!)
and with trans oriented uncoordinated carboxamide function-
alities. The distance between the parallel ring planes is 3.463 A.
The stacked rings are arranged in two differently oriented
parallel planes and form a serpentine-like arrangement of
stacked pa ligands along the crystallographic b axis (Fig. 2).
The least-squares planes through two differently oriented
pyridine rings of the pa ligands contain an angle of 22.05°.

(i) m—n and anion—r interactions between the picolinato
ligands: even the pic ligands in 1 are arranged so that the
pyridine rings lay in two differently oriented parallel planes,
with the angle between the least-squares planes through two
differently oriented pic ligands being 44.82°. The parallel
planes are mutually arranged in an ABAB mode (Fig. 3).
The AB planes are separated by 3.201 A, but the ring centroid
distance, CtA—CtB, is much longer (5.043 A) than expected for
n—n stacked rings. However, the mutual positions of the
uncoordinated O9 oxygen atoms from the carboxylic groups
(in the A plane) and the pyridine ring centroids CtB (and O9 in
the B plane and CtA) is remarkable: the corresponding
09-CtB and O9-CtA distances are 3.272 A, and the
carboxylate O9 oxygen atoms are lying approximately on
the ring normals (N2-CtB-O9 angle is 89.44°). These
parameters, strongly suggestive of the existence of anion—rn
interactions, still rather rarely recognized in coordination
compounds, were also a stimulus to supplement our studies
with DFT calculations. In contrast to the AB planes, the
separation distance between the BA planes (3.429 A),
displacement angle of 25.5° and the CtB-CtA distance
(3.811 A) for the parallelly displaced rings in the BA planes
are typical values for m—r stacked rings.>' These experimental
data thus allowed us to assume the presence of simultaneous
n—n and anion—r interactions between the parallel pic ligands
in the structure of 1 (Fig. 3).

(iii) hydrogen bonds: the supramolecular structure is
constructed also by D—H---O hydrogen bonds, where D =
O, N or C (Table 1). Crystal water molecules form contacts
with the peroxido oxygen atoms (02, O3) and the uncoordi-
nated O9 carboxylic oxygen atoms, which are concurrently
involved in the anion—m interactions described above. The
amide groups form hydrogen bonds with both peroxido
oxygen atoms and the crystal water molecules. The network
of hydrogen bonds is completed by a series of C—H- - -O bonds,
fulfilling the criteria: H- - -O distance being smaller than 2.72 A
(sum of van der Waals radii) and the DHO angle being greater
than 120°.

In the molecular structure of 2 (Fig. 4), the heptacoordi-
nated vanadium atom is displaced by 0.2775(3) A from
the equatorial pentagonal plane of the bipyramid towards
the triply bonded* oxido oxygen atom O31. The anion of the
quinolinic acid, with a deprotonated carboxylic group in the 2
position, is coordinated as quinolinato(1-)-N,0" ligand, and
pa, like in 1, as a bidentate N',O ligand. All interatomic
distances and bond angles within the coordination polyhedron
are in the expected ranges. While atoms of the aromatic ring
and those of the carboxamide group of pa lie almost in one
plane, the planes of the protonated and uncoordinated
carboxylic group and of the aromatic ring of Hquin are nearly

1516 | New J. Chem., 2009, 33, 1515-1522

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009


http://dx.doi.org/10.1039/b819875f

Downloaded by University of Belgrade on 02 January 2013
Published on 23 March 2009 on http://pubs.rsc.org | doi:10.1039/B819875F

View Article Online

Table 1 D-H---O (D = O, N or C) hydrogen bonds distances (in A) and D-H- - -A angles (in °) for 1 and 2 as calculated by PLATON

Hydrogen bond D-H---A D-H H---A D---A D-H---A Sym. op. for A
For 1
NI19-HI19A.--02 0.93 2.23 3.066(3) 149 xi-y -1+
NI19-H19B---020 0.94 1.92 2.862(3) 175 l-x i+ 1-:
020-H20A---O9 0.81(3) 2.01(3) 2.819(3) 172(4) 1 +xz
020-H20B- - -03 0.80(4) 2.04(4) 2.829(3) 168(4) X -y -+
C3-H3---02 0.95 2.24 2.726(3) 111
C4-H4---03 0.95 2.46 3.104(3) 125 l-xt+y3-z
C4-H4---018 0.95 2.53 3.133(3) 122 l—x,—p 1 -z
CI13-H13---09 0.95 2.39 3.261(3) 153 x,i-pi+:z
CI5-H15---08 0.95 241 3.134(3) 133 —x, 1 -y, 1-z
Cl6-H16---020 0.95 2.42 3.287(3) 152 l—x, i+ p1-:
For 2
Ol11-Hl11.--041 0.90(4) 1.69(3) 2.583(2) 170(4)
N29-H29A.--012 0.87(2) 2.39(3) 2.910(2) 119(2) 1+ x,z
N29-H29A.--033 0.87(2) 2.34(2) 3.148(2) 155(2) xi-y -1+
N29-H29B- - -040 0.94(3) 1.89(3) 2.821(3) 177(3) 1+ x 9z
040-H40A- - -09 0.93(2) 1.93(3) 2.777 151(3)
040-H40B- - -08 0.91(2) 1.96(2) 2.840(2) 164(3) l—x,1—-py,1-2
0O41-H41A---032 0.92(2) 2.49(2) 3.336(2) 153(2) -1+ x, y, -1+ z
0O41-H41A---033 0.92(2) 1.89(2) 2.790(2) 165(2) -1+ x5y, —g + z
041-H41B---012 0.95 2.04(2) 2.962(2) 166(2) xi-y =1+
C23-H23---040 0.95 2.30 3.223(3) 163 1+ x 9z
C25-H25---032 0.95 243 3.069(2) 125 2-x,1+yp3d-:
a 031
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Fig.2 Serpentine-like arrangement of the n—n stacked pa ligands in 1,
with two differently oriented parallel pyridine ring planes containing
an angle of 22.05°.

Fig. 3 Space-filling presentation of parallely arranged pic ligands in
the structure of 1. Viewing from left to right: with anion—= interactions
between the carboxylic O9 oxygen atoms and rings with CtA and CtB
centroids (3.272 A), and m—r interactions between the rings with CtB
and CtA centroids (3.811 A).

perpendicular (89.18°). The pyridine rings of pa are arranged
parallely, forming pairs, but the centroid distance between
these pairs is too large (4.916 A) to consider any significant
n-n stacking between the rings. In addition, even the
parameters for any two quin ligands in neighbouring complex
molecules disallow the consideration of m—m or anion-7

N29

¢

H29B

H29A H11

Fig. 4 Diamond presentation of the molecular structure of 2 with
50% probability ellipsoids. Selected interatomic distances (A) and
angles (°): VI1-031 1.5920(14), V1-032 1.8647(13), VI1-033

1.9221(13), VI-08 2.0466(13), VI-N21 2.1280(16), VI-NI1
2.1490(15), V1-028 2.1935(13), 032-033 1.4242(18), O31-V1-032
103.41(7), 0O31-V1-033  100.47(6), O31-V1-08  95.35(6),

031-V1-N21 93.84(7), O31-V1-N1 97.68(7), 031-V1-028 166.71(6).

interactions: the observed ring centroid distances are 4.734 A
or 7.103 A, and the ring centroid—uncoordinated carboxylic
09 oxygen atom distances are 5.993 A and 5.796 A. The
structural data thus indicate that the supramolecular structure
of 2 is built up exclusively from D-H---O (D =0, N or C)
hydrogen bonds (Table 1). The shortest O---O distance
(2.582 A) was found between the protonated COOH group
of Hquin and the oxygen atom of water molecule.

The two ON donor heteroligands in 1 and 2 coordinate in
three equatorial and one apical positions of the bipyramid
in complete accordance with the stereochemical rules we
have empirically postulated for monoperoxidovanadium(v)
complexes in our previous papers:*>

(i) the nitrogen atoms, N2 and N12 (for 1) and N1 and N21
(for 2), occupy the cis positions with respect to the peroxido
oxygen atoms, while the oxygen atoms, O8 and O18 the trans
positions to the peroxido and oxido ligands, and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 1515-1522 | 1517


http://dx.doi.org/10.1039/b819875f

Downloaded by University of Belgrade on 02 January 2013
Published on 23 March 2009 on http://pubs.rsc.org | doi:10.1039/B819875F

View Article Online

(ii) the anionic pic and Hquin ligands coordinate in two
equatorial, and the neutral pa ligand in one equatorial and one
apical positions.

The validity of these empirical rules has now been confirmed
by X-ray single crystal structures of fifteen cationic, neutral or
anionic [VO(O,)(L')(L?)] complexes, where L' and L? are:
ox-bpy, ox-phen,’ ox-pic, ox-pca,?’ pic-bpy,?> pic-phen,*
pca-bpy, pca-phen,® pca-pa, pa-pa,® pic-pic,”> pca-pca,**
3-OHpic-30Hpic,? and pic-pa (1), Hquin-pa (2).

Intermolecular n—r and anion—r interactions
in [VO(O2)(pca)(pa)]-H>O (3)

The preparation and structural characterization of complex 3
was reported in our previous paper’ without providing a
detailed analysis of its solid-state intermolecular n—7 inter-
actions between the aromatic rings of pca and pa ligands. For
complex 3, we have overlooked (a frequent and usual
phenomenon as recently analyzed and described”) in our
original investigations® the intermolecular anion—n stabilization
occurring between the neighbouring pca ligands. Since it has
been noticed only after publishing, we address this issue in the
present paper.

Similarly as in 1, displaced m—n interactions between the
pairs of pyridine rings of pa arranged in parallel AB planes
occur in complex 3: the centroid distance is 4.034 A and the
plane separation distance is 3.716 A. The displacement angle is
22.5°. The carboxamide functionalities of the stacked rings are
anti oriented. (Fig. 5). Unlike in the structure of 1 which
has two different orientations of parallel planes of stacked
rings of pa, these ligands are in 3 all arranged in parallel planes
(Fig. 5).

Between the pyrazine rings and carboxylic groups of two
pca ligands which are parallelly arranged in two planes (AB),
the anion—r interactions are obviously predominant (Fig. 6).
The distance between the ring centroid in plane B, Ct(B), and
the uncoordinated carboxylic O5 oxygen atom® originating
from the pca located in plane A is 3.328 A. The separation
distance between the AB planes is 3.268 A. The large
Ct(A)-Ct(B) centroid distance 4.573 A indicates that besides
the anion—r interactions some additional (albeit slight) attractive
n—r stacking between the pyrazine rings is still present.

a
%

BB
peapesapees

Fig. 5 The parallel displaced pairs of n—mn stacked pa ligands in 3
with anti oriented carboxamide functionalities. Centroid and plane
separation distances are 4.034 A and 3.716 A, respectively.

Fig. 6 Space-filling presentation of a pair of pca ligands in the
structure of 3, stacked due to anion-m interactions between
the uncoordinated OS5 oxygen atoms of the COO™ groups and
pyrazine rings.

Table 2 The coordination modes of the heteroligands and types of
intermolecular n—x interactions observed for 1-4

Coordination Intermolecular ©t
Complex modes interactions
[VO(O,)(pic)(pa)]- pic(1-)-N,0 parallel displaced
H,O (1) m-m + anion—m
pa-N’,0 parallel displaced n—n
[VO(O,)(Hquin)(pa)]- Hquin(1-)-N,0 none
2H,0 (2) pa-N',0 none
[VO(Oy)(pca)(pa)]- pea(1-)-N',0 anion-n + weak m—m
H,0 (3) pa-N,0 parallel displaced n—n
[VO(O,)(pic)(pcaa)(H,0)]-  pic(1-)-N,0 non-parallel n—
H,O (4) pcaa- none

To confirm the existence of the discussed anion—r inter-
actions in 3, we have also performed DFT calculations for this
complex (vide infra).

Despite the fact that the chemical composition of complexes
1-3, and of even the earlier characterized complex 4,* is very
similar (they differ only in the anionic heteroligands: pic,
Hquin, pca or in the amides: pa, pcaa), the complexes 1-4
exhibit, apart from hydrogen bonding networks, some
substantial differences in the types of intermolecular m—r
interactions contributing to the stabilization of their supra-
molecular structures (Table 2). There is an especially
significant difference in the nature of the intermolecular inter-
actions in complexes 1 and 2, although they differ in the
chemical composition of the complex molecules by just one
COOH group in 2. In the latter complex, no n—n stacking
was found.

The complexes 1 and 2 crystallize as racemic compounds
(crystalline racemates, in which the two enantiomers are
present in equal amounts in a well defined arrangement within
the lattice®®).

DFT calculations

For a theoretical insight into the nature of anion-m inter-
actions, identified based on experimental structural data,
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we have performed DFT calculations for the solid-state
structures of both 1 and 3, since to our best knowledge,
these are the first calculations for solid-state structures in
which anion—r interactions between two coordinated aromatic
carboxylates exist.

Theoretical studies dealing with solid-state interactions
require the application of Bloch wavefunctions, since the
periodic modulation generated by the crystal lattice should
be also accounted for in the wavefunction of the system under
study. The requirement for Bloch wavefunctions for our
systems was clearly evidenced by a preliminary study
performed on two adjacent molecules forming a stacked pair
in 3, aimed at reproducing the energy minimum between two
neighbouring molecules oriented exactly as in the experimental
solid-state structure. The expected energy minimum however
could not be achieved when periodic boundary conditions
were neglected—the total energy of this model system showed
an exponential decrease with the increasing separation of the
two molecules. This result clearly indicated that the inclusion
of an external periodic potential was of vital importance for
any further studies of solid-state arrangements, since omitting
the periodic replication could lead to false conclusions.
Subsequent DFT calculations of 1 and 3 were thus conducted
on whole unit cells obtained from X-ray single crystal analyses
and with periodic boundary conditions properly included.
Due to the demanding nature of such computations, however,
no geometry optimizations could be attempted and all
calculations were carried out as single-point only.

The most significant contribution to the n—x stabilization of
aromatic molecules was already suggested by Hunter and
Sanders®’ to be of an electrostatic nature, presumably as the
result of balancing the m—c attractive and mn—m repulsive
electrostatic interactions of the adjacent aromatic rings. The
contribution from van der Waals interactions, though always
attractive at interplanar separations between aromatic rings
occurring in solid-state structures, was found to be of minor
importance only.?®

Furthermore, covalent interactions cannot be a driving
force in stabilizing solid-state structures. Although 7 systems
on adjacent molecules may generate some mutual overlap, any
possible attractive overlaps are inherently counterbalanced by
the corresponding repulsive interaction between the same
partners, generating a net overall repulsion. This phenomenon
is illustrated in Fig. 7, depicting the simultaneous attraction
(orb. 153) and repulsion (orb. 162) between one set of &
orbitals between two adjacent pca ligands. (The repulsion is
of maximum magnitude with a face-to-face arrangement
between two aromatic rings, since such an arrangement will
bring the same 7 orbitals of both partners into proximity
allowing for the best mutual overlap.)

These results demonstrate that although occurring between
covalent aromatic systems, discussions of m—= interactions can
be safely confined to the analysis of distribution of the
electrostatic potential over the aromatic rings.

Although anion—= interactions represent a somewhat differ-
ent approach to the model of interacting charges, they are
similar to m—m interactions in their genesis. In contrast to the
case of m—m stacking, which usually takes place between groups
consisting of several atoms, the anionic partner in the anion—mn

Fig. 7 Perspective view of two adjacent molecules of 3 (top) and
canonical orbitals 153 (centre, 2%) and 162 (bottom; 2%) of 3
depicting the attractive (see arrow) and corresponding repulsive
covalent interactions between two adjacent pca ligands. Both orbitals
are doubly occupied.

stabilization is only a single atom (carboxylate oxygen) in our
case. Contrary to aromatic rings, which represent a system of
alternating positive/negative regions of electrostatic potential,
the distribution of the electrostatic potential on anions is of
much higher uniformity. This fact suggests that in seeking for
intramolecular stabilization, anions will strongly prefer the
most positive regions of their partners; for the particular case
of aromatic rings this region is practically coincident with the
ring centroid.

Based on these assumptions, the solid-state packing of both
1 and 3 can be understood. Complex 3 features a remarkable
anion—m interaction between a pair of neighbouring pca
ligands with one carboxylato oxygen located above the
centroid of the adjacent pca skeleton (Fig. 8). Not only is
the overall electron density of the aromatic ring lowest in the
ring centre, but the electrostatic potential is also positive,
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Fig. 8 Isodensity surface (2%) colour-coded by electrostatic potential
for two adjacent molecules of 3, depicting the anion—r interaction.
Colour legend for the electrostatic potential: red <—0.1; yellow =
—0.05; green = 0.00; light blue = 0.05; deep blue >0.1). The picture
on the right visualizes the orientation of individual atoms in the
electron density cloud; the arrows mark the two anion-n interacting
centres (pca ligands).

Fig. 9 Isodensity surface (2%) colour- coded by electrostatic poten-
tial for the unit cell of 1. The two molecules in the unit cell were
transformed for an easier visualization of their interaction. Colour
legend for the electrostatic potential: red <—0.1; yellow = —0.05;
green = 0.00; light blue = 0.05; deep blue >0.1. The picture on the
right visualizes the orientation of individual atoms in the electron
density cloud; the arrows mark the two anion—m interacting pic
ligands.

providing a preferential position for a negatively charged
partner.

Complex 1 is very similar in its solid-state architecture: the
dominating anion—7 interactions occur between a pair of
neighbouring pic ligands (Fig. 9). The requirement for a
negatively charged partner, preferably approaching only the
centre of the aromatic ring, explains many geometrical aspects
of 1 and 3, since both structures possess several oxygen anions
for potential intermolecular electrostatic interactions. As with
the case of m—m interactions where a face-to-face arrangement
results in a net repulsion, anionic groups approaching the ¢
skeleton of the six-member rings are also disallowed. The best
stabilizing effect is thus achieved with single atoms having
smaller ionic radii.

Conclusions

The analysis of structural data obtained for two new mono-
peroxidovanadium(v) complexes, [VO(O,)(pic)(pa)]-H,O (1)
and [VO(O,)(Hquin)(pa)]-2H,O (2), and for the recently
characterized [VO(O,)(pca)(pa)]-H,O (3),® allowed us to also
recognize, besides D-H---O (D = O, N or C) hydrogen bonds
(in 1-3) and n—= stacking (in 1 and 3), intermolecular anion—rn
interactions (in 1 and 3) between coordinated pic or pca anions
of two complex molecules as important contacts contributing
to structure stabilization. The latter interactions were
confirmed by DFT calculations on the solid-state structures
of 1 and 3, and shown to be mostly of electrostatic character.
The structures of 1 and 3, enlarging the group of structurally
characterized bis(ON-heteroligand) monoperoxidovandium(v)
complexes now to fifteen, have again verified the validity of
our empirical stereochemical rules for occupation of the
four donor sites in pentagonal bipyramidal mononuclear
monoperoxidovanadium complexes formulated earlier.*

Experimental
Chemicals and methods

V,05 was prepared by thermal decomposition of previously
purified NH4VO;. Other chemicals (analytical grade) were
used as supplied by Aldrich, Lachema or Slavus. The IR
spectra in nujol mulls were registered on a FT IR Nicolet
Magna 750 spectrometer (400-1800 cm™'). The >'V NMR
spectra were registered at 278 K on a Varian Mercury Plus
spectrometer (By = 7.05 T, 78.9 MHz operating frequency) at
concentration of complexes 0.01 mol/dm?>. The dvy values are
related to VOCI; as external standard. C, H, and N were
determined on a 1106 CHN-analyzer (Carlo Erba). Vanadium
was determined in samples previously annealed to V,Os and
then dissolved in a KOH solution by titration with FeSOy4
(¢ = 0.1 mol/dm?) and diphenylamine as indicator.

Syntheses

[VO(Oy)(pic)(pa)l- HO, (1). Solution A: V,0s (0.181 g,
1.00 mmol) was dissolved in H,O, (3.0 cm’, 30%) under
cooling in ice bath. Solution B: picolinamide (0.244 g,
2.00 mmol) was dissolved in 5.0 cm® water. It was then added
dropwise to the solution 4. The pH of the resulting red
solution was 1.7. To this solution, a cooled solution of
picolinic acid (0.246 g, 2.00 mmol), prepared by dissolution
in 10.0 cm® water (pH = 3), was slowly added (resulting
pH 1.85). To the final reaction solution, isopropylalcohol
(15.0 cm®) was added to initialize the crystallization. The red
crystalline product was formed within 2-3 days, and it was
isolated and dried above silica gel and stored at 7 °C in
refrigerator. The complex is almost insoluble in water, MeOH,
EtOH, i-PrOH, PrOH, acetonitrile, but dissolves well in
dimethylformamide (DMF). Found: C, 39.4; H, 2.3; N, 10.9;
V, 13.3. C;,H|5N;3;04V requires C, 40.0; H, 3.35; N, 11.6; V,
14.1%. ﬂ/cmfl: 414 w, 424 m, 444 m, 455 m, 532 m, 547 m and
575 m [u(V-0,)], 654 s, 688 m, 711 s, 721 m, 764 s, 771 s sh,
828 m, 860 s, 907 s, 940 vs [L(0,~0,)], 968 vs [U(V=0], 1012 w,
1031 s, 1055 s, 1091 m, 1118 m, 1157 w, 1178 m, 1237 m,
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1265 m, 1299 s, 1363 vs, 1380 vs [us(COO)], 1456 sh s, 1463 vs,
1571 wvs, 1607 vs and 1660 vs [vy(COO) + &(H,0)],
1689vs. [L(C=O0)]. dvy/ILq (in DMF), ppm/%: —530.34/63.3,
—556.52/36.7.

[VO(O,)(Hquin)(pa)]-2H,0, (2). Solution A: V,Os (0.181 g,
1.00 mmol) was dissolved in H,O, (3.0 cm?, 30%) under
cooling in ice bath. Solution B: picolinamide (0.244 g,
2.00 mmol) was dissolved in 30.0 cm® water and added
dropwise to the solution 4 (resulting pH was 1.9). Afterwards,
quinolinic acid (0.334 g, 2.00 mmol) was dissolved in 15.0 cm®
of hot water (pH 3) and slowly added to the solution 4 + B.
The final pH of the resulting dark red solution was 1.8. To
initialize the crystallization, 15.0 cm® of isopropylalcohol were
added. A red crystalline product was formed within 3-5 days,
and it was isolated, dried and stored as for 1. The complex is
less soluble in water and MeOH, insoluble in EtOH, PrOH
and i-PrOH, but dissolves well in acetone, acetonitrile and
DMF. Found: C, 36.4; H, 3.2; N, 9.8; V, 12.15. C;3H4N;0,0V
requires C, 36.9; H, 3.3; N, 9.9; V, 12.0%. v/em™": 421 m,
432 w, 454 m, 469 m, 512 s, 556 m [V(V-Op)], 592 m, 610 w,
653 m, 660 m, 684 s, 697 vs, 772 m, 790 w, 821 s, 832 sh, 873 m,
911 w, 941 vs [v(0,—0Op)], 974 vs [L(V=0], 1000 w, 1031 m,
1059 w, 1107 s, 1127 m, 1150 m, 1161 w, 1173 w, 1225 m, 1271 s,
1311 s, 1350 vs, 1377 s [us(COO)], 1453 s, 1462 vs, 1498 m,
1571 vs, 1590 vs, 1623 s and 1674 vs [v,(COO) + 6(H,0)],
1692 vs [V(C=0)], 1706 sh vs [U(COOH)], 1781 vw. Ov/ILe
(in H,0), ppm/%: —585.07/8.1, —604.1/69.0, —626.32/22.9;
the complex decomposes on dissolution to species with chemical
shifts assignable to the following complexes (with published
chemical shifts in parenthesis): [VO(O,)(pa)(H,0),] " (—587),°
[VO(O2)(pa)] * (—603)* and [VO(O,)(quin)]"~ (—628.9);*
Ov/Ie (in DMF), ppm/%: —525.59/66.3, —549.38/32.2.

X-ray single-crystal analysis

Single crystals of 1 and 2 were mounted onto glass rods.
Diffraction data were collected at 150 K on a Nonius
KappaCCD diffractometer (MoKa radiation, 2 = 0.71073 A)
and processed by the HKL program package.’® The phase
problem was solved by direct methods (SIR97),%' and refined
by full matrix least squares on F* (SHELXL-97).*> All non
hydrogen atoms were refined anisotropically. Any hydrogen
atoms attached to oxygen or nitrogen atoms were refined
isotropically while all hydrogen atoms attached to carbon
atoms were included in ideal positions and refined isotropically
using the riding model. Due to the lower quality of data for 2,
the O-H distances on both crystal water molecules were
restrained to 0.97(2) A. The figures were prepared by
Diamond.**

Crystal data for 1. C;,H,N;0,V, M, = 361.19, mono-
clinic, space group P2;/c (no. 14), a = 8.6180(4) A,
b = 12.42188) A, ¢ = 13.6060(7) A, B = 104.25503)°,
Vo= 1411.69(13) A®>, Z = 4, T = 150.0(1) K, peaie =
1.699 g/em®, = 0.746 mm~"', 11336 reflections measured,
3244 unique (R, = 3.7%). The final wR(F?) was 0.0959
(all data).

Crystal data for ZT. C]3H14N30|0V, Mr = 42321,
monoclinic, space group P2;/c (no. 14), a = 9.6949(3),

b = 144076(5), ¢ = 11.62053) A, B = 96.242(2)°,
Vo= 1613.5309) A%, Z = 4, T = 150.0(1) K, pege =
1.742 g/em?®, u = 0.680 mm™', 7084 reflections measured,
3711 unique (Ryy = 3.6%). The final wR(F?) was 0.0946
(all data).

Computational details

DFT computations were conducted at the fermi cluster located
at the Computer Centre of the J. Heyrovsky Institute of
Physical Chemistry, Academy of Sciences of the Czech
Republic, using Gaussian 03, Revision E.01.** Calculations
were performed on whole unit cells obtained from X-ray
single-crystal structure studies. To make visualization easier,
the unit cells obtained from diffraction experiments were
transformed so that the molecules in the anion—= interaction
were located within one unit cell. No atoms were neglected. To
fit available computer resources, the number of unit cells was
limited to 200 for both 1 and 3. The LANL2DZ ECP was used
for the vanadium atoms; for all remaining atoms the 6-31G(d)
basis set was used for 3 and the 6-31G basis set for 1.
Geometry optimizations were not attempted. Analysis,
visualization of individual molecular orbitals and the overall
electrostatic potential was accomplished by Molden.*
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