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Polymorphic mono-oxo mono-alkoxo square-pyramidal
[VVO(Hacshz)(OEt)] (where Hacshz2– is a doubly deproton-
ated dianionic acetylacetosalicylhydrazone; thick plate-
shaped dark-greenish-brown crystals for 1a and block-
shaped dark-reddish-brown crystals for 1b) and mononuclear
trigonal-prismatic [VIV(Hacshz)2] (block-shaped dark-bluish-
brown crystals for 2a and triangular-shaped dark-violet crys-
tals for 2b) were synthesized and characterized. The crystals
were prepared by simple addition of vanadium(III) acetylace-
tonate to an ethanol solution of salicylhydrazide (H3shz). De-
pending on the ratio of the ligand to the metal ion, the extent
of exposure to molecular oxygen, and the filtration of the in-
termediate, various polymorphs could be obtained as both
mixtures and pure forms. A common π–π stacked dimeric

Introduction

Crystal engineering and supramolecular chemistry are
the planning and construction of the structure and proper-
ties of materials using relatively weak interactions such as
hydrogen bonding,[1] van der Waals interactions,[2] dipole
interactions,[3] π–π stacking interactions,[4] and coordina-
tion[5] by appropriate design of the molecular building units.
Understanding these weak intermolecular interactions is
important to comprehend the factors governing crystal
engineering and supramolecular chemistry. The building
units are arranged into crystalline materials or supramolec-
ular entities as a result of the accumulation of several weak
intermolecular interactions. Relatively strong and direc-
tional hydrogen-bonding interactions and partly directional
π–π stacking interactions are most commonly utilized for
rational design in crystal engineering and supramolecular
chemistry.[6] Nondirectional van der Waals and dipole inter-
actions are also used to orient molecules in crystals or in
solution.[7] It is usually very difficult to utilize these weak
intermolecular interactions in rational design because these
different types of interactions act together in a concerted
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species was observed in both polymorphs 1a and 1b. The
dimeric species behaves as a common repeating motif, but in
different interaction modes. A second type of π–π interaction,
in addition to van der Waals interactions, was observed in
crystals of 1a, while only van der Waals interactions were
observed in crystal 1b. Another type of π–π-stacked dimeric
vanadium(IV) species again behaves as a repeating motif in
crystals of 2a and 2b, but in different interaction modes. The
thermal properties, such as the decomposition behavior and
melting points, of the two different polymorphs of the same
vanadium complexes are very similar but not identical.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

rather than in a separate way, so the prediction of the de-
sired structure is often impossible.

Polymorphism − the different packing arrays of the same
building units − is frequently found in crystalline materials
of some organic and inorganic complexes.[8] This phenome-
non is of interest because it utilizes the different intermo-
lecular interactions of the same structural entity for the for-
mation of different polymorphs and, therefore, understand-
ing their role in polymorphism can be utilized for molecular
and/or crystal design. There are many examples of poly-
morphs involving hydrogen-bonding interactions together
with other weak interactions.[9] However, only a few exam-
ples are known where π–π stacking interactions without hy-
drogen-bonding interactions play the major role in the for-
mation of different polymorphic crystals.[10] π–π Stacking
interactions have been recognized in solid state and supra-
molecular design, and have been utilized in many research
areas such as molecular conductors,[11] molecular ma-
chines,[12] and electronics.[13]

Recently, we reported the synthesis and characterization
of the mono-oxo mono-alkoxo square-pyramidal vanadi-
um() complex [VO(Hacshz)(OEt)].[14] During our investi-
gation of this complex, we identified a polymorphism phe-
nomenon where the building unit is arranged in different
packing interaction modes. In addition, we isolated
[VIV(Hacshz)2] as an intermediate or side product, which
also appeared in two different packing modes. In both com-
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plexes, the intermolecular interactions involved are only π–
π stacking and van der Waals interactions, with no hydro-
gen-bonding interactions. Thus, these complexes could
serve as simplified model systems in which the complexity
of combined interactions is reduced to only two kinds in
polymorphic crystal packing. Here, we report the synthesis
and characterization of the polymorphic mono-oxo mono-
alkoxo square-pyramidal vanadium() complex [VO-
(Hacshz)(OEt)] (1) and the mononuclear trigonal-prismatic
vanadium() complex [V(Hacshz)2] (2). Various π–π stack-
ing interaction modes of the same motif, acetylacetosalicy-
lhydrazone, are presented and discussed.

Results and Discussion

Preparation and Characterization of Polymorphic Vanadium
Crystals

The vanadium() complex [VVO(Hacshz)(OEt)] (1) was
prepared following a reported method.[14] The complex was
synthesized by simple addition of one equivalent of vanadi-
um() acetylacetonate to an ethanol solution of H3shz in
a beaker in air; Hacshz2– was formed by the Schiff-base
condensation reaction of H3shz with acetylacetonate in situ
(Scheme 1). In repeated experiments under exactly the same
conditions, we noticed that the products were a mixture of
two slightly different shaped and colored crystals, namely
thick, plate-shaped, dark-greenish-brown crystals (1a) and
block-shaped, dark-reddish-brown crystals (1b; Scheme 2).
The IR spectrum of 1a is very similar to that of 1b, but not
identical. The characteristic V=O stretching band is ob-
served at 998 cm–1 for 1a but at 1001 cm–1 for 1b. The crys-
tals also have different physical properties: 1a melts in the
range 115.1–116.9 °C while 1b melts over a slightly higher
temperature range (117.2–118.8 °C). Complexes 1a and 1b
are indistinguishable in solution, as expected. The 1H NMR
spectrum of 1a in chloroform is identical to that of 1b.

Scheme 2.
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Scheme 1.

When the reaction was performed under the same condi-
tions but in a closed 30-mL vial, a crystalline precipitate of
2 formed within a day. Complex 2 was filtered off, and, on
standing, the filtrate produced only crystals of 1a. Complex
2 was confirmed to be [VIV(Hacshz)2], which has no oxo
group and two dianionic Hacshz2– ligands per vanadi-
um() ion. In the presence of limited amounts of oxygen,
the vanadium() ion is oxidized to the vanadium() com-
plex. Complex 1a could also be obtained as the sole product
with a 2:1 ratio of H3shz and vanadium() acetylacetonate
in ethanol solution in the presence of enough oxygen. Sur-
prisingly, 1b was obtained as the sole product with a 3:1
ratio of H3shz and vanadium() acetylacetonate, while a
mixture of 1a and 1b was obtained with a 1:1 ratio of H3shz
and vanadium() acetylacetonate. It is not clear why dif-
ferent polymorphs are obtained with different amounts of
metal ions.

The mononuclear vanadium() complex 2 was obtained
when the amount of oxygen was limited. Careful examina-
tion of the crystalline precipitate 2 revealed two types of
crystalline material, namely block-shaped, dark-bluish-
brown crystals (2a) as a major species and triangular-
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shaped, dark-violet crystals (2b) as a very minor species.
Complex 2b is identical to the previously reported crystal
structure of [VIV(Hacshz)2,], which was prepared from
H3shz and vanadyl() acetylacetonate in methanol under
nitrogen.[16] Magnetic susceptibility measurements of 2a
(µeff = 1.80 µB after a diamagnetic correction with Pascal’s
constants) suggest that the complex contains a paramag-
netic d1 vanadium() ion.

Crystal Structure of [VVO(Hacshz)(OEt)] (1)

The molecular structure of 1a is very similar to that of
the previously reported square-pyramidal dialkoxo-bound
monooxo-vanadium() complex 1b (Table 1).[14] An OR-
TEP drawing of 1a is shown in Figure 1. Hacshz2– serves
as a tridentate ligand to form five- and six-membered che-
lating rings. An ethoxide anion occupies the remaining
basal site of the square-pyramidal oxovanadium() center.

Table 1. Bond lengths [Å] and bond angles [°] for 1a and 1b.

1a 1b 1a 1b

V1–O1 1.589(1) 1.582(1) V1–O4 1.863(1) 1.862(1)
V1–O3 1.930(1) 1.939(1) V1–N2 2.073(1) 2.096(1)
V1–O5 1.766(1) 1.749(1)
O1–V1–O3 105.67(5) 101.08(6) O1–V1–O4 103.66(5) 102.90(6)
O1–V1–O5 106.78(6) 106.68(6) O1–V1–N2 99.92(5) 100.66(6)
O4–V1–O3 146.35(5) 150.10(5) O5–V1–O3 87.67(5) 90.63(5)
O3–V1–N2 74.97(4) 74.81(5) O5–V1–O4 99.36(5) 99.28(5)
O4–V1–N2 84.10(5) 83.39(5) O5–V1–N2 151.30(5) 151.08(6)

Figure 1. ORTEP drawing of complex 1a. The minor part of the
disordered ethoxide is represented by broken lines.

The packing of 1a (Figure 2, a) is quite different from
that of 1b (Figure 3, a). In 1b, the π–π stacked dimeric spe-
cies (Figure 3, parts a and b) interact only through van der
Waals interactions to form a three-dimensional crystal
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Figure 2. (a) Packing of la. The alternation of two types of π–π
stacking interactions forms a one-dimensional chain. Only van der
Waals interactions are observed between the π–π stacked one-di-
mensional chains. (b) Type I: the π–π stacking interaction is be-
tween the phenoxy and acetylacetohydrazone groups. (c) Type II:
the π–π stacking interaction is similar to that of type I but slightly
displaced.

Figure 3. (a) Packing of lb. The three-dimensional structure is
formed by van der Waals interactions between the π–π stacked di-
meric species. (b) Type-I π–π stacking interaction.
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Table 2. π–π stacking interaction distances [Å] for 1a, 1b, 2a, and 2b.

Type I Type II

1a 1b 1a
N1···C7 3.368(2) 3.300(2) C1···C9 3.442(2)
C6···C10 3.305(3) 3.315(3) C7···C11 3.453(2)
C2···C8 3.421(2) 3.350(2)
V1···O2 3.418(2) 3.190(2)

Type III Type IV Type V
2a 2b 2a 2b

C1b···C7b 3.557(5) 3.655(3) C2a···C7a 3.478(5) N1a···C10a 3.303(2)
C2b···C2b 3.511(5) 3.495(3) C5a···C8a 3.624(5) C1a···C12a 3.655(3)

structure. A π–π stacking interaction (type I) between the
phenoxy group and the conjugated acetylacetohydrazones
[N1···C7 = 3.300(2), C6···C10 = 3.315(3), C2···C8 =
3.350(2) Å] is observed in the dimeric species (part b in Fig-
ure 3 and Table 2). An additional close contact between the
vanadium atom and the symmetry-related O2 atom
[3.190(2) Å] is also observed.

In 1a, two different types of π–π stacking interactions
are seen. The first type of π–π stacking interaction (type I)
is the same as that found in 1b (parts b in Figure 2 and
Figure 3, and Table 2). The only difference in both dimeric
species is in the conformation of the ethoxide groups. The
dimeric species in crystal 1a interacts with two neighboring
dimeric species to form a one-dimensional chain through a
second type of π–π stacking interaction (type II). The type
II interaction is similar to that of type I, but slightly dis-
placed (part c in Figure 2 and Table 2). The type II stacking
interaction [C1···C9 = 3.442(2), C7···C11 = 3.453(2) Å] is
longer than the type I interaction. In 1a, the one-dimen-
sional chains connect by alternating the two types of π–
π stacking interactions to form a three-dimensional crystal
structure containing van der Waals interactions (Figure 2,
a).

Crystal Structure of [VIV(Hacshz)2] (2)

The molecular structure of 2a is also very similar to that
of 2b. As in 2b, 2a has a trigonal-prismatic coordination
sphere with pseudo-C3 symmetry (Figure 4 and Table 3).
The bite distances of the prismatic edges formed by the two
five-membered chelating bidentate ligands are 2.417(3) Å
for O3a···N2a and 2.406(3) Å for O3b···N2b; the bite angles
are 75.3(1)° for O3a–V1–N2a and 74.6(1)° for O3b–V1–
N2b. The length of the remaining prismatic edge formed by
the two alkoxo atoms (O4a···O4b) is 2.505(2) Å, and the
O4a–V1–O4b angle is 80.8(1)°. The twist angles[17] deter-
mined by the relative orientation of two opposite triangular
faces are 4.3° for 2a and 4.6° for 2b.

Even though the molecular structure of 2a is very similar
to that of 2b, the packing of 2a is quite different to that of
2b. In 2a, two different types of π–π stacking interactions
(types III & IV) are observed, as in the crystal structure of
1a. The third type of π–π stacking interaction (type III) is
seen between the salicylhydrazones [C2b···C2b = 3.511(5),
C1b···C7b = 3.557(5) Å; part b in Figure 5 and Table 2]. As
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Figure 4. (a) ORTEP drawing of complex 2a with numbering
Scheme. (b) View showing the pseudo-C3-symmetric trigonal-pris-
matic coordination geometry of the vanadium center.

in 1a, the π–π stacked dimeric species formed interacts with
two neighboring dimeric species to form a one-dimensional
chain through the fourth type of π–π stacking interaction
(type IV). The type IV interaction is again longer than the
type III interaction [C2a···C7a = 3.478(5), C5a···C8a =
3.624(5) Å; Figure 5 (c) and Table 2]. The one-dimensional
chains connect through two types of π–π stacking interac-
tions to form a three-dimensional structure containing van
der Waals interactions.
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Table 3. Bond lengths [Å], bond angles [°], bite distances [Å], and
bite angles [°] for 2a and 2b.

2a 2b 2a 2b

V1–O3a 1.928(2) 1.931(1) V1–O3b 1.918(3) 1.912(1)
V1–O4a 1.940(2) 1.933(1) V1–O4b 1.928(2) 1.920(1)
V1–N2a 2.031(3) 2.032(1) V1–N2b 2.043(3) 2.044(2)

O3a–V1–O4a 136.3(1) 136.59 (5) O4a–V1–N2a 83.8(1) 83.73(5)
O3b–V1–O4b 135.5(1) 134.71(5) O4b–V1–N2b 83.9(1) 83.74(6)
O3a–V1–O4b 86.1(1) 85.10(5) O3a–V1–N2b 88.1(1) 87.71(5)
O3b–V1–O4a 84.7(1) 83.36(5) O3b–V1–N2a 86.3(1) 87.81(5)
O4b–V1–N2a 133.0(1) 132.53(6) N2a–V1–N2b 136.7(1) 136.38(6)
O4a–V1–N2b 131.1(1) 131.43(5) O3b–V1–O3a 130.6(1) 131.86(5)

O3a···N2a 2.417(3) 2.415(3) O3b···N2b 2.406(3) 2.395(4)
O4a···O4b 2.505(2) 2.531(2)

O3a–V1–N2a 75.3(1) 74.92(5) O3b–V1–N2b 74.6(1) 74.47(5)
O4a–V1–O4b 80.8(1) 82.21(5)

Figure 5. (a) Packing of 2a. (b) Type-III π–π stacking interaction.
(c) Type-IV π–π stacking interaction.

The same type III interaction is also observed in the
packing of 2b (Figure 6, b). However, the same π–π stacked
dimeric species formed by the type III interaction is con-
nected by a different type of π–π stacking interaction (type
V) with the neighboring dimeric species to form a one-di-
mensional chain in 2b (Figure 6, a and c).

Thermal Stability

The TGA and DSC data for polymorphic vanadium
crystals 1a, 1b, 2a, and 2b were obtained in air. The data

www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2005, 4944–49524948

Figure 6. (a) Packing of 2b. (b) Type-III π–π stacking interaction.
(c) Type-V π–π stacking interaction.

for 1a indicate multistage weight loss with the related endo-
therms and exotherms (Figure 7, a). The first weight loss,
related to the first endotherm near 106 °C, can be assigned
as the loss of about one equivalent of water (found: 4.97%;
calcd.: 4.95%). Even though no water molecules were ob-
served in the crystal structure, water molecules in air are
probably physisorbed on the surface of 1a.[18] The second
endotherm near 116 °C, with no weight loss, is assigned to
the melting of 1a. This assignment was also supported by
the melting point measurement of a crystal of 1a. Ad-
ditional multistage weight loss was observed between 125
and 500 °C. At least four exotherms in the DSC could be
related to weight loss in the TGA. However, the decomposi-
tion pattern of 1a could not be followed in detail due to
overlapping decomposition steps. The TGA and DSC data
for 1b also indicated multistage weight loss with related en-
dotherms and exotherms (Figure 7, b). The first weight loss
occurs near 108 °C and can also be assigned to the loss of
about one equivalent of water (found: 5.03%; calcd.:
4.97%). The second endotherm near 118 °C is again as-
signed to the melting of crystal 1b. Similar multi-step
weight loss and related exotherms are observed to those in
crystal 1a. The thermal properties of the polymorphs are
very similar to each other, but not identical. The melting
point of crystal 1b is slightly higher than that of crystal 1a,
even though only one type of π–π stacking interaction is
observed in crystal 1b, while a second type of π–π stacking
interaction is also observed in crystal 1a.
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Figure 7. TGA and DSC curves for (a) crystals of 1a and (b) crys-
tals of 1b.

The TGA and DSC data for 2a and 2b do not show any
indication of weight loss or phase transition up to about
200 °C (Figure 8). Crystal 2a starts an (at least) four-step
weight loss around 220 °C (Figure 8, a). The TGA and
DSC data for 2b are also similar to those of crystal 2a, but
not identical (Figure 8, b). Crystal 2b starts a fast weight
loss around 230 °C. The TGA and DSC data for 2a and
2b imply that crystals of 2a and 2b have slightly different
decomposition pathways. The decomposition pattern of
crystals 2a and 2b could not be followed in detail due to
overlapping decomposition steps.

Conclusions

We have prepared two polymorphs of vanadium() and
vanadium() complexes under slightly different conditions.
Depending on the ratio of ligand to metal ion, various poly-
morphs can be obtained as both mixtures and pure crystal
forms. We assume that the extent of exposure to oxygen
also affects the formation of polymorphs. The amount of
oxygen affects the amount of vanadium() complex in
solution, and the precipitation and filtration of the vanadi-
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Figure 8. TGA and DSC curves for (a) crystals of 2a and (b) crys-
tals of 2b.

um() intermediate changes the composition of the related
species in solution. The mononuclear mono-oxo mono-
alkoxo square-pyramidal vanadium() complex [VVO-
(Hacshz)(OEt)] (1), in two different polymorphs (1a and
1b), was prepared by simple addition of one equivalent of
vanadium() acetylacetonate to an ethanol solution of
H3shz. The same type of π–π stacking interaction mode
(type I) is observed in both polymorphs. This interaction
mode results in the very similar dimeric species observed in
both polymorphs. While van der Waals interactions be-
tween the π–π stacked dimeric species result in polymorph
1b, a combination of type II interactions and van der Waals
interactions between the π–π stacked dimeric species results
in polymorph 1a.

The mononuclear vanadium() complex [VIV(Hacshz)2]
(2) was obtained as an intermediate or side product in the
formation of complex 1 with limited amounts of oxygen,
or was alternatively prepared with H3shz and vanadyl()
acetylacetonate in methanol under nitrogen. As in complex
1, the same (type III) interaction was observed in both poly-
morphs 2a and 2b. This interaction mode again results in
the same dimeric species existing in both crystals. Two dif-
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ferent types of π–π stacking interactions (type IV and type
V) result in two polymorphs (2a and 2b).

The prenucleation step involves the same dominant π–π
stacking in solution, and two subsequent nearly isoenergetic
packing modes may be the reason for the formation of the
two polymorphs in both complexes 1 and 2.

The thermal properties, such as the decomposition be-
havior and melting points, of the two different polymorphs
of the same vanadium complexes are very similar, but not
identical.

Experimental Section
Materials and Instrumentation: The following were used as received
with no further purification: salicylhydrazide (H3shz), vanadi-
um() acetylacetonate, [D6]dimethyl sulfoxide, and [D]chloroform
from Aldrich, Inc.; ethanol (EtOH) from Carlo–Erba. The determi-
nation of C, H, and N contents was performed at the Elemental
Analysis Laboratory of the Korean Institute of Basic Science, Se-
oul. Infrared spectra were recorded from KBr pellets in the spectral
range 4000–600 cm–1 with a Bio-Rad FT-IR spectrophotometer.
Absorption spectra were obtained with a Shimadzu UV-2401PC
spectrophotometer. 1H-NMR spectra were obtained with a Varian-
300 spectrometer. Room-temperature magnetic susceptibilities of
well-ground solid samples were measured using the Evans
method.[15] Melting points of well-ground solid samples were mea-
sured with a Sanyo Gallenkamp PLC melting point apparatus.
Thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) data were obtained simultaneously with a SCINCO
STA S-1000.

Synthesis of [VVO(Hacshz)(OEt)] (1): Complex 1 was synthesized
following the reported method.[14] H3shz (0.234 g, 1.53 mmol) was
dissolved in 15 mL of ethanol in a 50-mL beaker. One equivalent
of vanadium() acetylacetonate (0.531 g, 1.52 mmol) was then
added to the solution, whereupon the solution changed color to
dark brown. After 20 min of stirring, the solution was filtered. Slow
evaporation of the filtrate in air over three days produced dark
crystals (0.270 g, 51.4%). A mixture of two different colored crys-
tals, with dark greenish-brown crystals as the major component
and dark-reddish-brown crystals as the minor component, could be
noticed upon careful visual examination. IR data for the mixture: ν̃
= 1622, 1597, 1543, 1502, 1489, 1432, 1376, 1328, 1305, 1286, 1255,
1158, 1085, 1033, 1000, 954, 916, 825, 791, 761, 717, 696, 662,
600 cm–1.

[VVO(Hacshz)(OEt)] (1a). Method A: H3shz (0.234 g, 1.53 mmol)
was dissolved in 15 mL of ethanol in a 30-mL vial fitted with a
cap. One equivalent of vanadium() acetylacetonate (0.531 g,
1.52 mmol) was then added to the solution, whereupon the solution
changed color to dark brown. The solution was filtered after stir-
ring for 5 min. Dark-bluish-brown crystals of [VIV(Hacshz)2] (2)
formed from the solution over one day and were filtered off. Al-
lowing the the filtrate to stand for a further three days in a vial
gave dark-greenish-brown crystals of 1a.

Method B: H3shz (0.234 g, 1.53 mmol) was dissolved in 15 mL of
ethanol in a 50-mL beaker. Half an equivalent of vanadium()
acetylacetonate (0.262 g, 0.752 mmol) was added to the solution,
whereupon the solution changed color to dark brown. The solution
was filtered after stirring for 5 min. Slow evaporation of the filtrate
in air gave dark-greenish-brown crystals of 1a after three days
(0.126 g, 48.6%). [VVO(Hacshz)(OEt)]·H2O (C14H19N2O6V; M =
362.26): calcd. C 46.42, H 5.29, N 7.73, V 14.06; found C 46.51, H
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5.11, N 8.12, V 14.06. Selected IR bands (KBr): ν̃ = 1622, 1598,
1545, 1491, 1431, 1385, 1349, 1307, 1288, 1256, 1160, 1086, 1041,
998, 953, 919, 826, 788, 758, 713, 696, 659, 606 cm–1. M.p. 115.1–
116.9 °C.

[VVO(Hacshz)(OEt)] (1b): H3shz (0.234 g, 1.53 mmol) was dis-
solved in 15 mL of ethanol in a 50-mL beaker. One-third of an
equivalent of vanadium() acetylacetonate (0.174 g, 0.500 mmol)
was then added to the solution, whereupon the solution changed
color to dark brown. The solution was filtered after stirring for
5 min. Slow evaporation of the filtrate in air gave dark-reddish-
brown crystals of 1b after four days (0.0554 g, 32.2%). [VVO-
(Hacshz)(OEt)]·H2O (C14H19N2O6V; M = 362.26): calcd. C 46.42,
H 5.29, N 7.73, V 14.06; found C 46.74, H 4.98, N 8.14, V 14.50.
Selected IR bands (KBr): ν̃ = 1619, 1599, 1546, 1503, 1490, 1432,
1382, 1346, 1304, 1286, 1254, 1159, 1085, 1035, 1001, 954, 916,
824, 789, 760, 718, 694, 660, 599 cm–1. M.p. 117.2–118.8 °C.

[VIV(Hacshz)2] (2): Two different shaped dark crystals were ob-
served in the precipitate (0.254 g, 32.9%) obtained during the syn-
thesis of 1a using method A. Most of them were block-shaped,
dark-bluish-brown crystals of 2a, while a few crystals with a dif-
ferent morphology (2b) were also noticed. Elemental analysis and
spectroscopic analysis were performed with 2a. VIV(Hacshz)2

(C24H24N4O6V; M = 515.42): calcd. C 55.93, H 4.69, N 10.87, V
9.88; found C 55.77, H 4.66, N 10.54, V 9.93. Selected IR bands
(KBr): ν̃ = 1623, 1589, 1536, 1485, 1464, 1421, 1375, 1320, 1256,
1159, 1112, 1032, 960, 946, 878, 858, 826, 795, 772, 761, 752, 716,
697, 663, 599 cm–1. Decomposition temperature: 212.6–214.2 °C.
µeff = 1.80 µB.

[VIV(Hacshz)2] (2b): Compound 2b was synthesized following a re-
ported method.[16] H3shz (0.761 g, 5.0 mmol) was dissolved in
40 mL of anhydrous methanol in a 100-mL round-bottomed flask.
Half an equivalent of vanadyl() acetylacetonate (0.663 g,
2.50 mmol) was then added to the solution, whereupon the solution
changed color to dark brown. After 40 min of refluxing under ni-
trogen, the solution was cooled. The deep-purple precipitate
formed was filtered off and washed with methanol and hexane
(0.661 g, 51.3%). VIV(Hacshz)2 (C24H24N4O6V; M = 515.42): calcd.
C 55.93, H 4.69, N 10.87, V 9.88; found C 55.77, H 4.66, N 10.54,
V 11.00. Selected IR bands (KBr): ν̃ = 1624, 1588, 1536, 1485,
1419, 1376, 1328, 1319, 1256, 1158, 1111, 1091, 1032, 1023, 1013,
961, 945, 878, 858, 825, 794, 772, 762, 752, 717, 705, 696, 663,
599 cm–1. Decomposition temperature: 216.8–217.6 °C.

X-ray Crystallography: Crystals of complexes 1a, 1b, 2a, and 2b
were mounted on a glass fiber. Preliminary examination and data
collection were performed using a Bruker SMART CCD Detector
single-crystal X-ray diffractometer equipped with a graphite-mono-
chromated Mo-Kα radiation source (λ = 0.71073 Å) equipped with
a sealed tube X-ray source operating at –100 °C. Preliminary unit-
cell constants were determined from a set of 45 narrow frame scans
(0.3° in ω). The data sets collected consisted of 1286 frames of
intensity data, collected using a frame width of 0.3° in ω, and a
count time of 10 seconds per frame, with a crystal-to-detector dis-
tance of 5 cm. The double pass scanning method was used to ex-
clude any noise. The collected frames were integrated using an ori-
entation matrix determined from the narrow frame scans. The
SMART and SAINT software packages[19] were used for data col-
lection and integration, respectively. Analysis of the integrated data
did not show any decay. The final cell constants were determined
using a global refinement of 8192 reflections (θ � 25.0°). Collected
data were corrected for absorbance using the SADABS package[20]

based upon the Laue symmetry using equivalent reflections. The
structural solution and refinement of the structure were carried out
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Table 4. Crystal data and structure refinement for 1, 1b, 2a, and 2b.

1a 1b 2a 2b

Formula C14H17N2O5V C14H17N2O5V C24H24N4O6V C24H24N4O6V
Formula weight 344.24 344.24 515.41 515.41
Crystal system monoclinic triclinic monoclinic triclinic
Space group P21/c P1̄ C2/c P1̄
a [Å] 10.3275(7) 7.0798(6) 27.083(5) 9.7242(9)
b [Å] 14.838(1) 10.3111(9) 9.929(2) 10.1706(9)
c [Å] 10.7251(8) 11.028(1) 18.033(3) 13.547(1)
α [°] 90 80.415(2) 90 100.602(2)
β [°] 113.864(1) 88.745(2) 99.673(3) 94.152(2)
γ [°] 90 71.767(1) 90 112.984 (1)
V [Å3] 1503.0(2) 753.6(1) 4780(2) 1196.9(2)
Z 4 2 8 2
Crystal size [mm] 0.32×0.25×0.20 0.70×0.45×0.18 0.30×0.13×0.10 0.45×0.35×0.25
θ range [°] 2.16–28.31 2.11–28.26 1.53–28.29 2.24–28.28
GOF on F2 1.072 1.090 1.021 1.055
Final R [I � 2σ(I)] R1[a] = 0.0310 R1 = 0.0274 R1 = 0.0698 R1 = 0.0357

wR2[b] = 0.0837 wR2 = 0.0766 wR2 = 0.1199 wR2 = 0.0927
R (all data) R1 = 0.0364 R1 = 0.0287 R1 = 0.1393 R1 = 0.0452

wR2 = 0.0875 wR2 = 0.0775 wR2 = 0.1397 wR2 = 0.0986
Largest diff. peak and hole 0.411 & –0.198 0.304 & –0.339 0.614 & –0.311 0.451 & –0.228[eÅ–3]

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo. [b] wR2 = [Σw(Fo
2 – Fc

2)2/ΣwFo
4]1/2.

using the SHELXTL v5.1 software package.[21] All non-hydrogen
atoms were refined anisotropically. In 1a, hydrogen atoms were re-
fined isotropically, except for the hydrogen atoms of the disordered
ethoxide, which were refined with assigned isotropic displacement
coefficients U(H) = 1.2 U(C) or 1.5 U(Cmethyl) on their respective
atoms. In 1b and 2b, all hydrogen atoms were refined isotropically.
In 2a, hydrogen atoms were refined with assigned isotropic dis-
placement coefficients U(H) = 1.2 U(C) or 1.5 U(Cmethyl) on their
respective atoms, except for two phenolic hydrogen atoms, which
were refined isotropically. The crystal and intensity data are shown
in Table 4.

CCDC-262588 to -262591 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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