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Templated Synthesis of Vanadium
Borophosphate Cluster Anions**
Ranko P. Bontchev, Junghwan Do, and
Allan J. Jacobson*

Early transition metals are well known to form complex
polyoxoanions with ring and cage structures,[1] including some
exceptionally large ring-shaped molybdenum oxide clusters
that have recently been reported.[2] Other cluster compounds
contain arsenate, organophosphonate, and borate anions in
addition to metal oxo species.[3] Several of these cluster anions
encapsulate anions,[4] molecules,[5] or cations,[6] and in some
cases the size and shape of the cage has been shown to depend
on the size of a specific ion present in the synthesis. For
example, the Preyssler anion, [NaP5W3O110]14ÿ, is not formed
in the absence of Na�.[7] Similarly, ClO4

ÿ and N3
ÿ anions

apparently act as templates in the formation of
[HV22O54(ClO4)]6ÿ and [H2V18O44(N3)]5ÿ.[8]

In the last few years a number of metal borophosphates
have been synthesized and structurally characterized.[9] Three
new vanadium borophosphates have been described recently:
the three-dimensional framework I[10] and two compounds
containing cluster anions, II[11] and III.[12] Here we report the

(H3NCH2CH2NH3)2[(VO)5(H2O)BO2(PO4)2] ´ 1.5H2O I

(N2C6H14)2[VO(PO3OH)4(B3O3OH)] ´ 4H2O II

(H3NCH2CH2NH3)2[Na� {(VO)2BO2(PO3OH)2}5] ´ 22.5 H2O III

(C4H12N2)6[(VO)2BP2O10]4 ´ n H2O 1 (n� 2, 6, 14)

Na14[Na� {(VO)2BP2O10}5] ´ n H2O 2

A17[A� {(VO)2BP2O10}6] ´ nH2O 3 (A�NH4
�, K�, Rb�, Cs�)

synthesis and structures of the new vanadium borophosphates
1, 2, and 3 containing cluster anions with different ring sizes,
and show that the ring size of the anion is determined by the
size of the cation used in the synthesis. Compound III, which
was recently obtained in a low-yield synthesis,[12] contains a
cluster anion similar to that
found in 2.

Hydrothermal reactions
of V2O3, H3BO3, and the
appropriate phosphate salt
at 180 8C for three days
gave crystals of 1, 2, and
3. The compounds were
characterized by single-
crystal X-ray diffraction.
The structure of 1 (n� 6)
contains the cluster anion
[(VO)2BP2O10]4

12ÿ (Fig-
ure 1, top).[13] Each tetra-
valent vanadium atom in
the cluster anion is coordi-
nated by five oxygen atoms
in a square-pyramidal ar-
rangement with one short
V�O distance characteris-
tic of a vanadyl group. Two
VO5 pyramids share a com-
mon edge to form V2O8

dimers of two distinct types
in equal number. In one
dimer (V3, V4; Figure 2)
the two V�O groups are in
a cis orientation and point
outwards from the center
of the cluster. In the other
dimer (V1, V2) the V�O
groups are in a trans ori-
entation. Two oxygen
atoms related by a center

73938(4) �3, Z� 48, 1� 1.365 gcmÿ3, 2qmax� 41.228, m� 1.542 mmÿ1,
T� 223(2) K; Siemens Smart CCD diffractometer; MoKa radiation
(l� 0.71073 �); of 25 657 reflections measured, 692 were independ-
ent, R(int.)� 0.0323. The structure was solved by direct methods and
refined by a full-matrix least-squares procedure against F2 (hydrogen
atoms were not refined) with SHELXTL (Version 5.03, G. M.
Sheldrick); R� 0.0558, wR2� 0.1547 for 679 reflections with I>
4s(I), 68 parameters, GOF� 1.164; max./min. residual electron
density 0.687/ÿ 0.501 e �3. Semiempirical absorption correction ap-
plied. All other F-centered space groups (centro and non-centrosym-
metric) were investigated, but none remove any of the disorder.
b) Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-112388. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(� 44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Figure 1. The cyclic cluster anions
present in 1 (top), 2 (middle), and 3
(bottom). The PO4 and BO4 units are
shown as filled and crosshatched
tetrahedra, vanadium and oxygen
atoms as filled and open circles, and
sodium and nitrogen atoms as hatch-
ed circles.
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Figure 2. The coordination environments of the vanadium, phosphorus,
and boron atoms in 1. The thermal ellipsoids are shown at the 50%
probability level.

of symmetry, one from each of the two trans dimers, point into
the center of the anion. The trans orientation minimizes
nonbonded oxygen ± oxygen repulsions and is usually ob-
served for V2O8 dimers. For example, in the recently reported
compound I the V�O groups also adopt a trans orientation in
closely similar structural units.[10] In the present case, insuffi-
cient space is available inside the cluster anion to accommo-
date more than two oxygen atoms, and consequently the V�O
groups in two of the dimers are forced into a cis orientation.
The basal planes of the VO5 square pyramids in the cis-
oriented V2O8 dimers are tilted at an angle of 169.58 to give a
reasonable nonbonded OÿO contact of 3.175 �. Bond
valence calculations give values of 4.04, 4.08, 4.10, and 4.15
for the four nonequivalent vanadium atoms.

Two PO4 tetrahedra and a BO4 tetrahedron are connected
through common corners to form BP2O10 trimers (Figure 2).
In each trimer, two phosphorus-bound oxygen atoms are
unshared. The BP2O10 trimers and V2O8 dimers are connected
by sharing oxygen atoms to give a building unit of composi-
tion (VO)2BP2O10. Two phosphorus oxygen atoms are also
bound to vanadium atoms in P-O-V connections, and one
boron-bound oxygen atom adopts a m3-O arrangement with
bonds to two vanadium atoms. In 1, four of these (VO)2BP2O10

units are connected in a cyclic fashion to form a four-ring of
composition [(VO)2BP2O10]4

12ÿ. In the three-dimensional
structure, the four-rings of the cluster anion are oriented
perpendicular to each other. The cluster ion charge is
balanced by diprotonated piperazine molecules and water
molecules occupy the remaining lattice volume.

If piperazine is replaced by NH4
� in a similar hydrothermal

synthesis reaction, a cluster anion is obtained containing the
same (VO)2BP2O10 building unit found in 1, but with a larger
ring size (Figure 1, bottom). The structure of 3 (A�NH4

�)
also contains a cyclic anion which is formed by condensation
of six (VO)2BP2O10 building units and is centered by an
ammonium ion. Similar compounds 3 (n� 12) containing six-
rings centered by the corresponding cation A are obtained
from reactions with A�K�, Rb�, and Cs�.

In 3 (Figure 3), the vanadium atoms (V1, V2) and vanadyl
oxygen atoms (O3, O2) are disordered equally over two
positions, giving two possible orientations for the VO5 square

Figure 3. The coordination environments of the vanadium, phosphorus,
and boron atom in 3. The thermal ellipsoids are shown at the 50%
probability level.

pyramids in each dimer. As noted above, the trans orientation
is considered more likely (Figure 1, bottom; the orientations
of adjacent V�O units are also assumed to alternate around
the anion ring). The other possible arrangement results in
unfavorable OÿO nonbonded contacts (2.371 �). In contrast
to 1, the cluster anions in 3 are oriented with the rings parallel
to each other in the three-dimensional structure. Bond
valence calculations give values of 4.08 and 4.12 for V1 and
V2, respectively.

The presence of a cation centering the cluster anion in 3 is
an important difference between the anions in 1 and 3. The
anion in 3, formed from six (VO)2BP2O10 building units, has
enough space in the center to include a cation and enough
flexibility to accommodate cations over a limited size range
(K� (1.38 �) to Cs� (1.67 �)). The cluster anion in 1 is formed
in the absence of any small cation and is not centered. The
(piperazineH2)2� countercations in 1 apparently cannot stabi-
lize a still larger cluster anion. A comparison of the anions in 1
and 3 suggests that the included cation acts as a template in
the formation of the six-ring. To confirm this, we have
investigated the use of Na� (1.02 �) as the templating cation
in the synthesis of the five-ring structure previously report-
ed.[12] To confirm this, we have investigated the use of Na�

(1.02 �) as the templating cation.
Using reaction conditions identical to those for the syn-

thesis of 3, but substituting Na2CO3 for NH4OH, we obtained
in high yield a pure phase of 2, as was shown by single-crystal
X-ray diffraction. In 2 the five building (VO)2BP2O10 units are
arranged in a cyclic cluster anion centered by a Na� cation
(Figure 1, middle). Due to the odd number of V2O8 dimers,
two pairs of neighboring vanadyl oxygen atoms necessarily
appear in a cis configuration. The anion is closely similar to
the anion previously reported in (C2N2H10)2[(Na(VO)10-
(BP2O10H2)][12] and is not described in detail here.

The thermogravimetric studies showed that all samples lose
their water molecules between room temperature and 200 8C.
The structures collapse on loss of water and the samples
become amorphous, as indicated by powder X-ray diffraction.
Between 200 and 400 8C all the organic and/or NH3 molecules
are lost, and a glassy matrix composed of VO2, P2O5, B2O3,
and M2O (M�Na, K, Rb, Cs) is formed.
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The variations in the magnetic susceptibility and effective
magnetic moment for 3 are shown in Figure 4. At higher
temperatures (120<T< 280 K) the sample is paramagnetic
and obeys the Curie law with meff� 1.74 mB, which is close to
the value of 1.73 mB expected for V4� (3d1, S� 1/2). Below
120 K, the magnetic properties are dominated by antiferro-

magnetic interactions within isolated V4�ÿV4� dimers, and the
susceptibility goes through a maximum at about 60 K. The
width of the maximum, however, is broader than expected
from a dimer with a single exchange constant. The small
upturn in the magnetic susceptibility at low temperature is
most likely due to the presence of a small number of isolated
VIV defects. The magnetic susceptibility data for 1 also
indicate antiferromagnetic interactions, but the maximum in
the susceptibility occurs at even higher temperature. The
present data suggest additional interactions between adjacent
dimers. A more detailed analysis of the susceptibility data for
the three clusters and correlation of the results with the
structural features will be reported elsewhere.

In conclusion, we have demonstrated a template-directed
synthesis of vanadium borophosphate cluster anions of differ-
ent sizes. Synthesis of larger vanadium borophosphate cluster
anions by careful selection of templates of appropriate size is
currently being investigated.

Experimental Section

General: The hydrothermal synthesis were carried out in Teflon-lined steel
autoclaves at 160 8C for three days. Elemental analyses were performed at
Galbraith Laboratories, Knoxville, TN. The IR spectra were measured in
the range 400 ± 4000 cmÿ1 with KBr pellets on a Galaxy FTIR 5000
spectrometer. Thermogravimetric analyses were carried out at a heating
rate of 2 K minÿ1 in air with a TA Instruments TGA 2950 Thermogravi-
metric Analyzer. Magnetic data were measured in the range 4<T< 290 K,
H� 0.1 T, on a Quantum Design MPMS SQUID XL Magnetometer.

1: V2O3 (0.125 g, 0.8 mmol), H3BO3 (0.103 g, 1.7 mmol), H3PO4 (0.11 mL,
1.6 mmol, 80 wt % solution in H2O), piperazine (0.1436 g, 1.7 mmol), and
H2O (2 mL) were allowed to react. The solution pH values before and after
the reaction were 7.42 and 8.07, respectively. Reaction products: rod-shaped
deep blue crystals of 1 (n� 2), average size 0.1 ± 0.3 mm, yield approx-

imately 30 % based on vanadium, together with blue crystals of 1 (n� 6) in
about 40% yield (elemental analyses calcd: N 7.99, V 19.37, P 11.78, B 2.06;
found: N 8.24, V 20.51, P 11.05, B 1.94) and pale blue plates of 1 (n� 14) in
about 5 % yield. 1: IR: nÄ � 466 (w), 604 (m), 690 (w), 717 (m), 888 (sh), 940
(s), 978 (sh), 1047 (s), 1156 cmÿ1 (m).

2 : V2O3 (0.2248 g, 1.5 mmol), H3BO3 (0.3090 g, 5 mmol), H3PO4 (0.342 mL,
5 mmol, 85 wt % solution in H2O), Na2CO3 (0.5299 g, 10 mmol), and H2O

(2 mL) were allowed to react. The solution pH values
before and after the reaction were 8.25 and 8.90,
respectively. The product was filtered, and the dark blue
filtrate was left to crystallize at room temperature for
one week. Transparent blue crystals of 2 were obtained
as a single phase. 2 : IR: nÄ � 543 (m), 608 (m), 731 (w),
896 (sh), 955 (s), 991 (s), 1043 (s), 1164 cmÿ1 (sh).

3 (A�NH4
�): V2O3 (0.2248 g, 1.5 mmol), H3BO3

(0.3090 g, 5 mmol), H3PO4 (0.342 mL, 5 mmol, 85 wt %
solution in H2O), NH4OH (2 mL, 15.4 mmol, 29.6 %
solution in H2O), and H2O (2 mL) were allowed to react.
The solution pH values before and after the reaction
were 7.53 and 8.80, respectively. Reaction product:
transparent blue crystals of 3 (A�NH4

�), average size
0.1 ± 0.3 mm, yield 66.3 % based on vanadium (elemental
analyses calcd (n� 12): N 9.20, V 22.30, P 13.56, B 2.37;
found: N 9.03, V 20.36, P 12.20, B 2.20). The K, Rb, and
Cs analogues were synthesized using the same reaction
conditions and reactant molar ratios with the corre-
sponding alkali metal carbonates. All compounds were
obtained as single-phase products. 3 : IR: nÄ � 463 (m),
546 (w), 615 (m), 683 (w), 729 (w), 901 (w), 960 (s), 995
(s), 1032 (s), 1169cmÿ1 (s).
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Expanded Radialenes: Modular Synthesis and
Characterization of Cross-Conjugated Enyne
Macrocycles**
Sara Eisler and Rik R. Tykwinski*

Structurally intermediate between the radialenes 1[1] and
expanded radialenes 3[2] are a class of hitherto unknown
enyne macrocycles 2 constructed of 3-alkylidene-1-propynyl

1

2

3

[ÿC�CÿC(�CR2)ÿ] building blocks.[3] Our interest in the
electronic effects of cross-conjugation[4] in iso-polydiacetyl-
enes (iso-PDAs, 4), the acyclic analogues of 2, led us to
explore the synthesis of macrocycles such
as 2 with a view to extending our under-
standing of p-electron delocalization in this
intriguing class of molecules.

Our initial studies of the electronic
absorption behavior of iso-PDAs showed
that p-electron delocalization in these
compounds is not limited to the longest linearly conjugated
segment; instead, it increases as a function of oligomer length
and reaches saturation around the length of the nonamer (4 ;
R�Me, n� 9).[5] This analysis suggested a subtle contribution
from cross-conjugation to the overall electronic communica-
tion along the enyne framework of iso-PDAs. It was
anticipated that the more structurally rigid enyne framework
of 2 would allow evaluation of electronic effects from cross- or
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