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Synthesis, Crystal Structure and Characterisation of a Novel Chiral Mixed-
Valence Vanadium Oxide Hybrid, [V50,;(dien);]
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The novel chiral mixed-valence vanadium oxide hybrid
[V5041(dien)s] (1) (dien = NH,C,H,NHC,H,NH,) has been
synthesised by a hydrothermal reaction of V,05 and dien in
aqueous solution and characterised by elemental analysis, IR
spectroscopy, TG-DSC analysis, magnetism, EPR spec-
troscopy, single-crystal X-ray diffraction and powder XRD.
The X-ray diffraction analysis revealed that the structure of
1 can be regarded as being constructed from two [VVO,]|3*~
groups bicapping three [VIVO(dien)]?* units to form a dis-
crete asymmetric pentanuclear vanadium complex with the

dien ligands coordinating directly to the vanadium(iv)
centres. Compound 1 exhibits an interesting tube-like 3D
supramolecular structure due to abundant hydrogen-bond-
ing interactions between the oxygen atoms of the inorganic
backbone and the hydrogen atoms of the dien ligands from
adjacent molecules. The variable-temperature magnetic
susceptibility data of 1 suggest a weak ferromagnetic inter-
action among V** ions in the cluster.

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

Introduction

Increasing attention has been paid to inorganic oxides
due to their structural diversity and applications in the
fields of catalysis, sorption, electrical conductivity, magnet-
ism and photochemistryl'l and the synthesis of new materi-
als possessing unique structures and properties based on
inorganic oxides remains a challenge. The role of organic
components on the structural modification of inorganic ox-
ides has been well recognised in recent years.”] Generally,
the organic components act as structural directors to tune
inorganic frameworks, compensate charges and fill space.
On the other hand, they may also function as ligands coor-
dinated directly to the oxide scaffolding or to the secondary
metal centres.[l Recently, the introduction of the hydrother-
mal technique and the use of organic structure-directing
agents has led to the production of various vanadium oxide
discrete clusters with 1D, 2D and 3D structures.*! A large
family of inorganic-organic hybrids based on the vanadium
oxides has been investigated using organic amines as or-
ganic components in which the amines are usually proton-
ated and intercalated between the anionic vanadium oxide
layers.l’! However, the investigations of amines as ligands
coordinated directly to vanadium centres has been lim-
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ited.[) We are interested in introducing transition metal—
amine complexes into the inorganic framework and under-
standing the role of metal complexes on the modification
of inorganic framework structures.”) Herein, we report a
novel chiral mixed-valence vanadium oxide, [VsO;;(dien)s]
(1), with the achiral tridentate dien ligands coordinated di-
rectly to the vanadium(iv) centres.

Results and Discussion

The title hybrid was prepared from V,Os (0.182 g,
1 mmol), dien (4 mL) and H,O (6 mL) under hydrothermal
conditions in a 25-mL capacity Teflon-lined steel autoclave
at 160 °C for 6 d. The dien in the reaction acts not only
as an agent for reducing V>* to V#* but also as a ligand
coordinated to V#*. Furthermore, it is an organic base to
adjust the pH value of the aqueous solution in order to
maintain strongly basic conditions during the whole synthe-
sis which plays a significant role in the formation of 1. De-
tailed experiments suggest that excess dien is necessary to
yield 1 using V,Os as a starting material and it failed to
form if the amount of dien was less than 3.5 mL or if
NH,4VO; was used as a staring material instead (Table S1;
see supporting information, for supporting information see
also the footnote on the first page of this article).

A single-crystal X-ray analysis reveals that 1 consists of
a chiral mixed-valence vanadium oxide hybrid [VsO;-
(dien);] (Figure 1). The asymmetric pentanuclear vanadium
cluster exhibits two types of vanadium coordination envi-
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ronments in which the V(4) and V(5) atoms are in distorted
VO, tetrahedra and the V(1), V(2) and V(3) atoms exhibit
distorted VO;Nj; octahedral geometries. In the VO, tetrahe-
dron, the vanadium centre is coordinated by three bridging
oxygen atoms (Oy) and one terminal oxygen atom (O,). The
V-0, bond lengths are in the range of 1.708(1)-1.743(1) A,
the V-O, bond lengths are 1.658(2) and 1.662(2) A and the
0O-V-0 bond angles range from 107.9(1) to 113.0(1)°. In
the VO3;N; octahedron, each V atom is chelated by one dien
ligand in a tridentate manner and in a facial configuration
with the V-N bond lengths ranging from 2.137(2) to
2.339(2) A and coordinated by one O, atom and two O,
atoms from two VO, tetrahedra. The V-O, bond lengths
range from 1.925(1) to 1.966(1) A and the V-O, bond
lengths are in the range of 1.611(2)-1.621(2) A thereby form
a distorted octahedron with a m configuration!® in which
the three dien ligands coordinated to V1, V2 and V3 exhibit
00, 2/ and 00 conformations, respectively. The significantly
distorted V octahedra are evident from the axial angles
which range from 158.3(1) to 164.5(1)°. Bond-valence sum
(BVS) calculations™ [V(1) = 4.066, V(2) = 4.057, V(3) =
3.999, V(4) = 5.179, V(5) = 5.160] show that the V octahe-
dra are occupied by V** ions and the V tetrahedra by V>*
ions which is consistent with the overall charge balance of
the compound. Magnetic measurements support the BVS
calculations for the valence assignment of V atoms (see be-
low). The five vanadium atoms in the pentanuclear cluster
can be described as a giant trigonal bipyramid with three
V#* atoms lying on the equatorial plane and two V>* atoms
occupying the axial positions in which two [VO4]*~ groups
are bicapping the [VO(dien)]** unit through corner-sharing
their polyhedra (Figure S1). The present mixed-valence
pentanuclear vanadium hybrid has been found for the first
time in the neutral form, although mixed-valence pentanu-
clear vanadium compounds have been previously character-
ised as anions in [Et4N][V50X(O,CR),] salts (X = CI,
Br; R = Ph, CH;).[1%

An interesting feature is that the space group of 1 is P6;
which results in its chiral nature. In recent years, much ef-
fort has been devoted to the controlled construction of in-
organic coordination compounds with enantiopure top-
ologies, stimulated by their potential impact on important
areas of research such as enantioselective catalysis and mol-
ecular recognition. Achiral molecules!''! as well as chiral
species!'?l can be used to synthesise chiral coordination
compounds. However, the achiral approach almost always
leads to a racemic mixture!'3! and it is not well understood
how homochiral packing in crystals can be induced.l'*] Al-
though the inorganic VsO,; backbone and the dien ligand
in 1 are achiral, the homochiral structure of 1 is induced
by the different twist of the organic ligand chelating to the
vanadium(1v) centres. The powder XRD pattern of 1 and
the pattern simulated on the basis of the single-crystal
structure are presented in Figure 2. The diffraction peaks
in both patterns correspond well in their positions, indicat-
ing the phase purity of the prepared sample. In the IR spec-
trum of 1 (Figure S2, supporting information), the strong
bands at 967, 867, 832, 735 and 675 cm ! are due to the
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Figure 1. Molecular structure of 1 with 30% thermal ellipsoids.
Hydrogen atoms are omitted for clarity.

terminal V=0 stretch and the V-O-V stretch. Bands in the
1107-1619 cm™ region can be attributed to characteristic
peaks of the dien ligand.
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Figure 2. Experimental and simulated powder X-ray diffraction
pattern of 1.

As shown in Figure 3, the [V5O;;(dien)s;] molecules are
stably packed together to exhibit an interesting tube-like 3D
supramolecular array with 1D channels (about 2.4 A in free
diameter, Figure S3, supporting information) along the ¢
direction by means of abundant hydrogen-bonding interac-
tions between the oxygen atoms of vanadium oxides and
the hydrogen atoms of dien ligands from adjacent molecules
(Table 1; Figures S4 and S5, supporting information). It is
of note that the hydrogen-bonding interactions play a sig-
nificant role in the stabilisation of the structure of 1 which
is consistent with the thermal analysis experiments. The
TGA and DSC data, recorded from 30 to 1000 °C under
flowing N», show that the weight of 1 is almost unchanged

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3105
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Table 1. Hydrogen bond lengths [A] and angles [°] of complex 1.

Atom involved Distance (N-++O) Angles N-H---O Symmetry-equivalent operations
NII-HIID--041_$1 3.040(2) 139.1 $l:y, x+y
N11-H11C---044_$1 2.944(2) 112.7

N13-H13D--031_$2 3.001(2) 159.2 $2: x+y -x,z
NI13-H13C--053_83 2.940(2) 150.9 $3:y, x+) -05+:z
N21-H21D-+053_%4 2.938(2) 167.9 $4: —x, 1 —» -05+z
N23-H23D---O11_8$5 2.913(2) 160.9 $5: x+pl-xz
N23-H23C---044_$6 2.876(2) 157.6 $6:—x,1-»05+:z
N31-H31D---021_%7 2.984(2) 161.0 $7. -1 -x+y —x z
N31-H31C--053_88 2.969(2) 152.5 $8:x -y x,-05+z
N33-H33C:--044_%9 2.904(2) 142.0 $9:x -y x, 05+

from 30 to 260 °C (Figure S7). In the range of 260400 °C
the main weight loss occurs which is associated with two
endothermic peaks and should be due to the loss of organic
molecules. The endothermic peaks in this weight-loss stage
imply that there exist strong coordination bonds between
the V centre and the dien ligand and abundant hydrogen
bonds in 1. The observed weight loss (42.15%) is close to
that which would result from losing three dien molecules
per empirical formula unit (41.81%). The TGA chart shows
that the next weight loss (7.99 %) in the range of 400-800 °C
may be due to the emission of oxygen to yield V,05 as a
residue (calcd. 7.57%).

Figure 3. Polyhedral representation of 1 as a packed view along the
¢ direction showing the tube-like structure.

The variable-temperature magnetic susceptibility data of
1 were recorded on a crystalline sample in a field of 1 T
and in the 2-300 K temperature range as shown in Figure 4
in the yy and per vs. T plots. The data were fitted using the
Curie-Weiss equation above 75 K: yp = CH(T - 6) + yo, y0
=-3.6(1)x10* emumol™!, C = 0.970(3) emuK mol ! and ¢
= 1.6(2) K. The effective magnetic moment, calculated from
the equation s = 2.828 C? is 2.8(2) pg which is close to
the value of 3 pg for three independent unpaired electrons

3106 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

per formula unit. The slow increases in the u.g value with
the decreasing temperature of 1 and a small positive 0
clearly indicate the presence of weak ferromagnetic interac-
tions among the V4* ions in 1. To simulate the experimental
magnetic behaviour, we used the analytical experimental ex-
pression deduced for trinuclear magnetic metal atoms in
compounds with classical spins.['?!
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Figure 4. y 5, vs. T'and per vs. T plots for 1. The solid lines represent
the nonlinear curve fit of the experimental data.

1+ S5exp(3J2kT)
1+ exp(3J2&T)

NBZgZ
X’ =
M=k

In this expression, N is Avogadro’s number, f is Bohr’s
magneton and k is Boltzmann’s constant. The best least-
squares fit of the theoretical equation to experimental data
leads to g = 1.8570(6), J/k = 3.3(1) K and the agreement
factor R = 1.02x107 {R =X [(XM]ﬁ)obsdA - (XMY‘)ca]ch]z/
S arDobsa )’ The positive J value suggests that a weak
ferromagnetic interaction exists in 1 which is in agreement
with the result of the fit obtained from the Curie-Weiss law.
Unlike the vast majority of known polynuclear vanadi-
um(1v) or -(1v/v) compounds which exhibit antiferromag-
netic coupling between V'V magnetic ions,'®! the present
chiral pentanuclear vanadium(1v/v) compound shows ferro-
magnetic behaviour. The EPR spectrum of 1 (Figure 5) at
room temperature shows a V4* signal with g = 1.9543 which
is consistent with the value obtained from the fitting of the
magnetic susceptibility data.
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Figure 5. Powder X-band EPR spectrum of 1.

Conclusions

In conclusion, a novel chiral mixed-valence vanadium
oxide hybrid, [VsOy;(dien);], in which the dien ligands are
chelated to vanadium(1v) centres in a tridentate manner has
been successfully synthesised by a hydrothermal process.
This result shows that the chiral hybrid can be constructed
from achiral starting materials which are induced by the
different twist of the organic ligands chelating to the vana-
dium(1v) centres. The material exhibits an interesting tube-
like channel structure resulting from abundant intermo-
lecular hydrogen bonding interactions and shows weak fer-
romagnetic interactions.

Experimental Section

General Remarks: All reagents were purchased from commercial
sources and used without further purification. Elemental analyses
(C, H, N and O) were performed with an Elementar Vario EL 111
microanalyser. The infrared spectrum was recorded as a KBr pellet
in the range of 4000400 cm™' with a Nicolet FTIR Magna 750

Table 2. Crystal data and structural refinements details for complex
1.

Empirical formula Ci5H30NgO; Vs

Formula mass [gmol ] 740.22
Crystal colour brown
Crystal habit chip
Crystal size [mm] 0.30%0.30%0.22
Crystal system hexagonal
Space group Po6;

a[A] 18.8426(5)
c[A] 13.0627(7)
v [A3] 4016.5(3)
zZ 6

2 (Mo-K,) [A] 0.71073
Dcalcd. [g Cl’l’l73] 1.836

u (Mo-K,) [mm 1] 1.747
F(000) 2262
Flack parameter 0.0(2)

20 range [°] 3.30 to 25
Reflections collected 29579
Independent reflections 4349
Observed data [I > 20(1)] 4084

Rin 0.0377

R indexes [I > 20(1)] R, =0.0334, wR, = 0.0831
R indexes (for all reflections) R, =0.0372, wR, = 0.0851
Goodness of fit 0.997

Largest difference peak and hole [eA=3] 0.306, —0.284

spectrophotometer. The powder X-ray diffraction pattern was col-
lected with a Rigaku DMAX2500 diffractometer at 40 kV and
100 mA for Cu-K,, (/. = 1.5406 A), with a scan speed of 5°min ' at
room temperature. The simulated pattern was produced using the
Platon program and single-crystal reflection data. A Netzsch STA
449C thermogravimetric analyser was used to obtain TGA and
DSC curves under N, with a temperature increment of 10 °Cmin!
in the temperature range 30-1000 °C. An empty Al,O3 crucible was
used as a reference.

[V50q(dien)s] (1): Powdery V,0Os5 (0.182 g, 1 mmol) was added to
a solution of dien (4 mL) in H,O (6 mL). The mixture was stirred
at room temperature for 1 h then transferred into a 25-mL teflon-
lined stainless steel autoclave and heated at 160 °C under autogene-
ous pressure for 6 d. After cooling, the brown crystals obtained by
filtration were washed with water and ethanol. Yield: 80% (based
on V,05). C;,H39NgO,, Vs (740.2): caled. C 19.47, H 5.31, N 17.03,
0 23.78; found C 19.33, H 5.06, N 17.08, O 23.70.

Table 3. Selected bond lengths [A] for compound 1.

V(1)-0(11) 1.6188(12)  V(3)-0O(52) 1.9349(13)
V(1)-0(43) 1.9245(14)  V(3)-0O(41) 1.9559(13)
V(1)-O(51) 1.9569(15)  V(3)-N(31) 2.1374(16)
V(1)-N(13) 2.1456(18)  V(3)-N(33) 2.1940(18)
V(1)-N(11) 2.1668(18)  V(3)-N(32) 2.3385(18)
V(1)-N(12) 2.3096(13)  V(4)-0O(44) 1.6583(17)
V(2)-0(21) 1.6112(15)  V(4)-0(42) 1.7172(15)
V(2)-0(42) 1.9372(14)  V(4)-0(43) 1.7172(13)
V(2)-0(54) 1.9560(14)  V(4)-0(41) 1.7427(11)
V(2)-N(23) 2.1490(15)  V(5)-0O(53) 1.6622(16)
V(2)-N(21) 2.1695(17)  V(5)-0(52) 1.7077(12)
V(2)-N(22) 2.3305(17)  V(5)-0(54) 1.7321(13)
V(3)-0(31) 1.6208(16)  V(5)-O(51) 1.7380(12)
Table 4. Selected bond angles [°] for compound 1.
O(11)-V(1)-0(43) 105.93(7) N(Q21)-V(2)-N(22)  74.93(6)
O(11)-V(1)-0O(51) 102.47(7)  O(31)-V(3)-0O(52)  105.42(7)
0(43)-V(1)-0(51) 91.26(6)  O(31)-V(3)-O(41) 104.93(7)
O(11)-V(1)-N(13) 93.61(7)  O(52)-V(3)-0O(41)  88.33(6)
0O(43)-V(1)-N(13) 88.16(7)  O(B1)-V(3)-N(31)  94.66(7)
O(51)-V(1)-N(13)  163.41(5) O(52)-V(3)-N(31) 159.86(7)
O(11)-V(1)-N(11) 95.78(7)  O(41)-V(3)-N(31)  87.98(6)
O(43)-V(1)-N(11)  158.29(5) O(31)-V(3)-N(33)  94.14(7)
O(51)-V(1)-N(11) 83.85(7)  O(52)-V(3)-N(33) 81.71(6)
N(13)-V(1)-N(11) 90.58(7)  O(41)-V(3)-N(33) 160.29(6)
O(11)-V(1)-N(12)  164.54(8) N(31)-V(3)-N(33)  95.52(7)
0(43)-V(1)-N(12) 83.65(5)  O(31)-V(3)-N(32) 163.37(6)
O(51)-V(1)-N(12) 89.18(5)  O(52)-V(3)-N(32)  85.76(6)
N(13)-V(1)-N(12) 74.27(6)  O(41)-V(3)-N(32)  87.37(6)
N(11)-V(1)-N(12) 75.17(6)  N(31)-V(3)-N(32)  74.30(6)
0O(21)-V(2)-0(42) 103.22(7)  N(33)-V(3)-N(32)  75.02(6)
O(21)-V(2)-0O(54) 105.48(7) O(44)-V(4)-0O(42)  109.16(7)
0(42)-V(2)-0(54) 90.22(6)  O(44)-V(4)-0O(43) 107.86(7)
O(21)-V(2)-N(23) 94.48(7)  O(42)-V(4)-O(43)  109.92(7)
0(42)-V(2)-N(23)  162.18(6) 0O(44)-V(4)-O(41) 108.12(6)
O(54)-V(2)-N(23) 87.08(6)  O(42)-V(4)-O(41)  108.74(6)
O(21)-V(2)-N(21) 94.16(7)  O(43)-V(4)-O(41) 112.97(6)
0(42)-V(2)-N(21) 84.42(6)  O(53)-V(5)-0O(52) 108.72(6)
O(54)-V(2)-N(21)  160.34(6) O(53)-V(5)-O(54) 108.26(7)
N(23)-V(2)-N(21) 92.26(6)  O(52)-V(5)-O(54) 111.94(7)
O(21)-V(2)-N(22)  163.41(6) O(53)-V(5)-O(51) 109.63(7)
0(42)-V(2)-N(22) 88.37(6)  O(52)-V(5)-O(51) 107.92(7)
O(54)-V(2)-N(22) 86.04(5)  O(54)-V(5)-O(51)  110.33(6)
N(23)-V(2)-N(22) 73.88(6)
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X-ray Crystallographic Study: The single-crystal X-ray data for 1
were collected with a Rigaku Mercury CCD diffractometer with
graphite-monochromated Mo-K,, radiation using the w-scan tech-
nique at 293 K and CrystalClear!'”! software was used for data re-
duction. The structure was solved by direct methods using the Sie-
mens SHELXTL™ Version 5 crystallographic software pack-
age.'8 The difference Fourier maps based on these atomic posi-
tions yielded the other non-hydrogen atoms and the hydrogen
atoms bound to nitrogen atoms. The structure was refined using a
full-matrix least-squares refinement on F2. All non-hydrogen atoms
were refined anisotropically. The positions of hydrogen atoms
bound to carbon atoms were generated symmetrically, allowed to
ride on their respective parent atoms and included in the structure
factor calculations with assigned isotropic thermal parameters but
were not refined. Crystallographic data are summarised in Table 2
and selected bond lengths and angles are listed in Tables 3 and 4.
CCDC-260926 contains the supplementary crystallographic 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.

Supporting Information (see also footnote on the first page of this
article): Details of the compositions of reactants for the prepara-
tion of 1, DSC and TG curves, IR spectra and crystal structural
diagrams indicating hydrogen bonds.
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