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Novel Phosphovanadate Layered Structure Assembled from a Tetrametallic
Cubane-Like VV Cluster

Fa-Nian Shi,!?! Filipe A. Almeida Paz,/”! Jodo Rocha,*!?l Jacek Klinowski,® and
Tito Trindade!?!
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A novel phosphovanadate layered structure intercalated by
4,4'-bipyridinium cations, (C;oH1oN2)[(VO2)4(PO4)2], was
synthesised under hydrothermal conditions and its crystal
structure determined using single-crystal X-ray diffraction.
The anionic [(VO,)4(PO,),],2" perforated layers are strongly
hydrogen bonded to the interlayer 4,4'-bipyridinium cations
and are assembled by an unprecedented secondary tetrame-

tallic VV building unit constructed from a distorted cubane-
like {V,0,} cluster. The compound was further characterised
by IR, Raman, 'H, 'H-13C, 3P and 'V MAS NMR spectro-
scopy, and by thermal and elemental analysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Much attention has been given to the synthesis of or-
ganic-inorganic hybrid compounds given their ability to
combine features from both organic and inorganic building
units, leading to novel materials with interesting architec-
tures and potential applications. Vanadium, one of the most
versatile transition metals through the combination of its
three distinct oxidation states with the several possible coor-
dination geometries,l'! has been extensively used as one of
the primary building blocks in transition metal phosphates,
which can be employed in functional materials due to their
unusual catalytic, magnetic, electrical and optical proper-
ties.[’! Solvothermal synthetic conditions provide a versatile
route for the synthesis of such materials; organic molecules
are usually added to the reactive mixtures. These molecules
can coordinate to the metal centres,®! or act as structure-
directing agents, templates, counterions or simply as space-
filling molecules.'"* In this context, special interest has
been given to layered structures and their intercalation by
a variety of guest molecules.[!]

Following our interest in hybrid materials containing
bridging organic ligands!>®! and, in particular, vanadium
centres, 7] we wish to report the preparation and structural
characterisation of a novel phosphovanadate layered
structure intercalated by 4,4'-bipyridinium cations,
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(Ci1oH1oNo)[(VO1)4(PO4),] (I). The anionic layers are as-
sembled by an unprecedented secondary tetrametallic VV
building unit that exhibits a distorted cubane-type struc-
tural motif. Other tetrametallic vanadium cores of the
{V404} type have already been investigated: those that exhi-
bit the boat conformation (involving two pairs of edge-shar-
ing octahedra connected by two corner-sharing oxygen
atoms) or the chair conformation (where each VOg4 octa-
hedron is edge-shared by two neighbouring octahedra).[®!
Although the formation of cubane-type clusters is a charac-
teristic structural motif in the coordination chemistry of
many different metal centres,”! only vanadium thiocubane
clusters {V,S,} have been described.l'” Thus, to the best of
our knowledge, compound I is the first material containing
such a structural motif assembled by VOg4 octahedra that
are further bridged by phosphate groups (Scheme 1).
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Results and Discussion

Crystal Description

The product of the hydrothermal reaction between va-
nadium(v) oxide, phosphoric acid and 4,4'-bipyridine (4,4'-
bpy; see Exp. Sect.) was analysed by single-crystal X-ray
diffraction (Table 1) and elemental analysis, and formulated
as (C1oHoNo)[(VO,)4(POy)5] (I) (where CyoH oN,>* = 4,4/

Table 1. Crystal data and structure refinement information

Formula C10H10N2016P2V4
Molecular weight 679.90
Crystal system Monoclinic
Space group P2/c

a(A) 14.797(3)

b (A) 7.4178(15)
c(A) 18.613(4)

B () . 102.20(3)
Volume (A?%) 1996.8(7)
V4 4

D, (g cm™3) 2.262
w(Mo-K,) (mm~1) 2.063
F(000) 1336

Crystal size (mm)
Crystal type

0.12 X 0.12 X 0.10
orange blocks

0 range 3.54 to 27.48
Index ranges -19=h=18
8=k=9
-19=/=24
Reflections collected 11350
Independent reflections 4559 (Ryn = 0.0583)
Final Ry, [I > 20(])] R1 = 0.0463
wR2 = 0.0888
Final Ry, (all data) R1 = 0.0805
wR2 = 0.1022

Largest diff. peak and hole

0.641 and —0.666 e-A 3

bpyH,>" = 4,4'-bipyridinium). A direct comparison be-
tween the experimental powder X-ray diffraction (PXRD)
pattern and a simulation based on single-crystal data con-
firms phase purity and homogeneity of the bulk sample,
despite the presence of a few reflections attributed to strong
preferential orientation of the compound.

The compound contains four crystallographically unique
VYV centres distributed along two independent, but topologi-
cally identical, tetrametallic secondary building units
(SBUs, {V(1),V(4)} and {V(2),V(3)}) that exhibit a dis-
torted cubane-type structural motif (Figure 1) in which
each VOg octahedron shares edges (belonging to the same
face) with the three neighbouring octahedra (Figure 2). In
these clusters, formed by twofold rotation axes perpendicu-

Figure 2. Polyhedral representation of a {(V405)(POy4),4} secondary
building unit; each VOg4 octahedron is edge-shared (from the same
face) with the three neighbouring octahedra, leading to a tetra-
metallic tetrahedral VV core

Figure 1. Tetrametallic secondary building units {V(1),V(4)} and {V(2),V(3)}, which form the two-dimensional perforated
[(VO,)4(POy),],>"~ anionic layer; atoms are represenged as ellipsoids drawn at the 50% probability level; V-V distances within each SBU:
V(1)-V(1)' 3.3619(18) A, V(1)=-V(4)" 3.3593(12) A, V(1)--V(4)¥ 2.8031(11) A, V(4)V---V(4)¥ 3.3758(16) A, V(2)--V(2)" 3.3543(16) A,
V(2)-+V(3) 3.3322(11) A, V(2)=-V(3)" 2.8162(11) A, V(3)-V(3)" 3.3628(18) A; for bond lengths and angles see Tables 2 and 3; symmetry
codes used to generate equivalent atoms: (i) 1 — x, y, 1/2 — z, (i) —x, y, 112 — z, (ii)) x, =1 + p, 2z, (iv) 1 —x, 1 + » 1/2 — z, (V) x,

1+yz

3032 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lar to the ac plane, the coordination environment of each
VV centre resembles the typical 1+4+1 coordination type
described by Boudin et al., with the observed short, inter-
mediate and long (V—0) bonds within the expected ranges
reported by the same authors (Table 2 and Table 3).[''l The
core of each cluster consists of a tetrametallic V, tetra-
hedron: each face is capped by a p;—O ligand that is equa-
torially coordinated to two octahedra, Ocquatorial, and also
occupies the frans position to the oxo group of a third octa-
hedron, O, (Figure 1). The registered V-V, V—Ocquatorial
and V-0, distances are within the ranges,

Table 2. Bond lengths (in A) for the two-dimensional
[(VO,)4(PO,)-],”"~ anionic layer; symmetry codes used to generate
equivalent atoms: (i) 1 — x, y, 1/2 — z, (i) —x, y, 1/2 — z, (iii) x,
“1+yzGv! —x1+p12-:z

V(1)—0(9) 1.932(3) V(3)—-0()t 1.855(3)
V(1)-0(10) 1.932(3) V(3)—0(5) 2.426(3)
V(1)—0(11) 1.841(3) V(3)—0()t 1.912(3)
V(1)-0(12) 1.877(3) V(3)—0(6) 1.589(3)
V(1)—0(12)! 2.451(3) V(3)—0(7)i 1.918(3)
V(1)—-0(15) 1.585(3) V(3)—0(8) 1.905(3)
V(2)—-0(1) 1.857(3) V(#)¥—0(11) 1.868(3)
V(2)—O(1)t 2.462(3) V(#)¥—0(12)! 1.877(3)
V(2)—0(2) 1.933(3) V(#)¥—0(13) 1.908(3)
V(2)—0(3) 1.911(3) V(#)¥—0(14) 1.923(3)
V(2)—0(4) 1.590(3) V(#)¥—0(16) 1.583(3)
V(2)—-0(5) 1.875(3)

Table 3. Bond angles (in degrees) for the two-dimensional
[(VO,)4(PO,),],”"~ anionic layer; symmetry codes used to generate

equivalent atoms: (i) 1 — x, y, 1/2 — z, (ii) —x, », 1/2 — z
09)-V(1)-0(10)  90.38(12) O(1)i—V(3)—0(5) 79.63(11)
09)-V(1)-O(12)  79.07(11) O(1)i—V(3)—O(5)i 80.07(12)
0(10)-V(1)=0(12))  77.18(11) O(1)i—V(3)—O(7)il 157.00(12)
O(11)-V(1)-0(9)  89.62(12) O(1)i—V(3)—0(8) 89.83(12)
O(11)=V(1)=0(10)  156.61(13) O(5)i—V(3)—0(5) 78.66(12)
O(1)=V(1)—O(12)i  79.87(11) O(5)i—V(3)—O(7)ii 88.26(12)
O(1)=V(1)-O(12)  80.88(12) O(6)—V(3)—O(1)i 102.61(15)
O(12)—-V(1)-0(9)  156.87(12) O(6)—V(3)—0(5) 177.66(14)
O(12)=V(1)=0(10)  90.20(12) O(6)—V(3)—O(5)i 100.99(14)
O(12)=V(1)=O(12)i  78.52(12) O(6)—V(3)—O(7)ii 99.01(15)
O(15)—-V(1)=0(9)  100.07(14) O(6)—V(3)—O(8) 100.50(14)
O(15)—V(1)—=0(10)  99.54(14) O(7)ii—V(3)—0(5) 78.68(11)
O(15)—V(1)—-O(11) 103.49(15) O(8)—V(3)—O(5) 80.09(11)
O(15)—V(1)—O(12)  102.64(14) O(8)—V(3)—O(5)i 157.78(12)
O(15)—V(1)—O(12)i  176.56(13) O(8)—V(3)—O(7)ii 93.88(13)
O(H=V(2)-O(l)yi  78.52(12) O(11)=V(@ —0O(12)  80.20(12)
O(H=V(2)-0Q2)  157.49(13) O(11)=V(@# —O(I13)*  88.85(12)
O()—V(2)-0(3) 89.39(12) O(11)—V(@)"—0(14)  157.37(12)
O(1)—V(2)-0(5) 80.98(12) O(12)—V(@¥—0O(13)*  156.73(12)
0(2)-VQ2)—O(1)i  79.47(11) O(12)—V(@) —0(14)  89.48(12)
0(3)-V(2)—O(1)'  79.03(11) O(I13)*—V(@)"—0(14)  93.12(12)
0(3)-V(2)-0(2) 90.99(12) O(16)*—V(@)"—0O(11)  104.01(14)
0(4)—V(2)-0(1)  103.03(14) O(16)"—V@)¥—0(12)  101.70(14)
0(4)—V(2)—O()i  178.42(13) O(16)¥—V(4)¥—O(13)" 100.84(14)
0(4)—V(2)-0(2) 99.01(15) O(16)*—V(@)"—0(14)  97.75(14)
0#)—V(2)-0(3)  100.63(15)

0#)—V(2)-0(5)  102.17(15)
0(5)-V(2)-O(l)i  78.31(11)
0(5)-V(2)-0(2) 90.05(12)
0(5)-V(2)-0(3)  156.72(13)
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2.8031(11)—3.3758(16) A, 1.841(3)—1.933(3) A and
2.426(3)—2.462(3) A, respectively (Table 2; see caption of
Figure 1 for detailed V---V distances). Phosphate groups ap-
pear with two distinct structural functions: on the one
hand, within each SBU, they link adjacent VV centres along
the edges of the V, tetrahedra (Scheme 1, Figures 1 and
2); on the other hand, they establish physical links between
adjacent V, tetrahedra. In fact, the parallel linking in the ab
plane through the phosphate groups of the two previously
mentioned SBUs leads to a two-dimensional (2D) anionic
[(VO,)4(POy),],”"~ layer, topologically described as a dis-
torted (4,4) net,['?l which is further perforated by eight-
membered rings to form pores with an effective cross-sec-
tion of ca. 2.5 X 2.5 A (Figure 3).
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Figure 3. (a) View along the c direction of a polyhedral represen-
tation of the [(VOZ)4(PO4)2],, "~ anionic layer, (b) topological rep-
resentation of the anionic layer which describes a typical (4,4) net
(the grey- and white-filled nodes represent the two distinct tetra-
metallic SBUs), (c) space-fill representation of a portion of the
anionic la}ﬁr showing the pores which have a cross-section of about
25X 25

Charge-balancing and space-filling 4,4'-bipyridinium cat-
ions are positioned above and below the anionic
[(VO,)4(PO,),],”" layers, just over the previously men-
tioned pores (Figure 4). These cations are further connected
to the layers through two very strong and highly directional
N*—H-+O hydrogen bonds, thus acting as a hydrogen-
bonded pillar. The caption of Figure 5 contains further de-
tails of the hydrogen-bonding geometry.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3033
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Figure 4. Perspective views along the (a) b direction and (b)
towards the (100) plane showing the distribution of the 4,4'-bipyri-
dinium cations placed above and below the [(VO,)4(POy),),>"~
anionic layer

Figure 5. Unit cell contents showing the pillar nature of the inter-
layer 4,4'-bipyridinium cations through two strong N*—H---O hy-
drogen bonds (dashed lines); hydrogen-bonding geometry:
N(1)—H(98)--0(12)" with d(D—H) = 0.976(10) A, d(H-A) =
1.772(12) A, d(D-A) = 2.746(5) A and <(DHA) = 176(5)°,
N(2)—H(99)-0(5)" with d(D-H) = 0.974(10) A, d(H-A) =
1.779(12) A, d(D-+-A) = 2.750(5) A and <(DHA) = 175(5)°; sym-
metry codes used to generate equivalent atoms: (i) 1 — x, 1 + y,
12 —z. (i) x, =y, 12 + z

Solid-State MAS NMR Spectroscopy

The 'H, 3C, 3'P and 'V NMR spectra fully support the
crystal structure. Fast (30 kHz) sample spinning averages
out the '"H—"H dipolar interaction, leading to a highly re-
solved 'H MAS NMR spectrum (Figure 6a). The 4,4'-bipy-
ridinium cation contains three magnetically nonequivalent
'H nuclei, labelled H,, H, and H,., which resonate at ca.
15.5, 9.3 (shoulder) and 8.8 ppm, respectively. The (Hy, +
H.)/H, intensity ratio is 4, in accordance to the expected
site populations. The 1*C CP/MAS NMR spectrum exhibits

3034 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

peaks at ca. 150.6, 145.0 and 124.7 ppm, which are assigned
to C,, Cy, and C, respectively (Figure 6b). Together, the "H
and '3C NMR spectra confirm the integrity of the 4,4'-
bipyridinium cation.

20.0 16.0 12.0 8.0 4.0

Hy He

Ha—(:)N Ca \N——H
\ / \_ye
Hy H.

Figure 6. (a) '"H MAS and (b) 'H-'3C CP MAS NMR spectra,
showing the assignment of 'H and '*C resonances

The 3'P MAS NMR spectrum consists of a single peak
centred at about —5.2 ppm with a shoulder at about
—6.8 ppm which was deconvoluted into three resonances at
—6.4, —5.5 and —4.5 in a 1:2:1 intensity ratio, respectively.
This is in good agreement with the crystal structure (Fig-
ure 7).

Figure 7. Experimental and simulated 3'P MAS NMR spectra

Because of relatively large chemical shift anisotropy, the
Sl MAS NMR spectrum exhibits strong spinning side-
bands even with MAS at 30 kHz. Three peaks are observed
at —580.1, —593.4 and —599.2 ppm in a 2:1:1 intensity ra-
tio, respectively. Since the crystal structure calls for the pres-
ence of four nonequivalent V sites, we assume that the peak

www.eurjic.org Eur. J. Inorg. Chem. 2004, 3031—3037
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at 8 = —579.9 ppm consists of two overlapping reson-
ances (Figure 8).
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Figure 8. 'V MAS NMR spectrum; the inset shows a magnifi-
cation of the isotropic peaks (top) and a simulation (bottom) per-
formed with Lorentzian-Gaussian lines (a fair assumption because
the second-order quadrupole effects are not significant); asterisks
depict spinning sidebands

Thermal Analysis

Thermal treatment reveals that I is stable up to ca. 370
°C, as no weight losses were registered. In the 370—800 °C
temperature range, the compound undergoes thermal de-
composition through five distinct and well-defined steps (as
observed in the derivative thermogravimetric analysis), with
a total weight loss of 28.3%. This decomposition is attri-
buted to the simultaneous oxidation of the organic compo-
nent and reduction of half of the VV centres, leading to
the formation of an intermediate inorganic (VIV,VV,)O,,P,
phase that contains mixed-valence vanadium centres [72.0%
calculated and 71.7% observed residues; Equation (1)]. Be-
tween 800 and 900 °C, a continuous weight increase of
ca. 1.3% clearly indicates the occurrence of an oxidative
process. Indeed, as usually observed in related compounds,
traces of oxygen within the apparatus promotes partial oxi-
dation of some V'V centres from the (V!V,VY,)0O,4P, inter-
mediate phase, leading to a new mixed-valence phase for-
mulated as (VIVVV3)O,45P, [73.0% calculated and 73.2%
observed residues; Equation (2)].

(ol (70,), (PO, |Gz (V2 JOuls
Q)]

(V[VVV )014

(VH VV 14. spz (2)

traces a/ 0,
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Vibrational Spectroscopy

The IR and Raman spectra contain the most significant
diagnostic bands associated with the primary building units
of (CioHioNo)[(VO,)4(POy),]. On the one hand, strong
bands centred at 990, 970 and 943 cm ! in the IR spectrum
(in 976 and 991 in the Raman spectrum) are due to the
typical stretching vibrational mode of terminal VV=0
double bonds; on the other, bands at 1088 and 1061 cm™!
are assigned to the PO, antisymmetric stretching vi-
brational modes, while those found at 856 and 839 cm™!
can be attributed to the related PO4*~ symmetric stretching
modes. Several bands observed in the 650—500 cm ™! region
are also associated with V—O—V stretching vibrational
modes, and several intense bands between 1300 and
1640 cm ™! arise from the presence of the 4,4’-bipyridinium
cations that occupy the interlayer spaces.

Conclusion

A new structure containing 2D anionic [(VO,)s-
(PO,),),”" layers intercalated by 4,4'-bpyH,>" cations was
synthesised by the hydrothermal method and characterised
structurally using a variety of techniques. This intercalated
phosphovanadate is an important addition to vanadium co-
ordination chemistry as it constitutes the first report of
typical {V404} cubane-like clusters. We are currently in-
vestigating the intercalation reactions of this compound,
particularly the possibility of replacing the 4,4’-bpyH,?"
cations by other organic molecules, and the corresponding
structural modifications.

Experimental Section

General: Chemicals were readily available from commercial sources
and were used as received without further purification. Syntheses
were carried out in PTFE-lined stainless steel reaction vessels
(40 cm?), under autogenous pressure and static conditions in a pre-
heated oven at 140 °C. Reactions took place over a period of 3
days, after which the vessels were removed from the oven and left
to cool to ambient temperature before opening. Compounds pro-
ved to be air- and light-stable, and insoluble in water and common
organic solvents.

Preparation and Structural Characterisation of (C;oH(N>)-
[(VO3)4(POy4),] (I): A yellow suspension containing V,Os (0.140 g,
Aldrich), H3PO,4 (0.450 g, min. 85% Merck) and 4,4'-bipyridine
(0.120 g, Fluka) in distilled water (ca. 10 g) was stirred thoroughly
for 30 minutes at ambient temperature. The suspension, with a mo-
lar composition of ca. 1.0:6.0:1.0:722, respectively, was transferred
to the reaction vessel, which was then placed inside the preheated
oven. After reacting, the vessel was allowed to cool slowly to ambi-
ent temperature to yield a large amount of yellow blocks, which
were manually harvested, air-dried for X-ray diffraction analysis
and identified as I, and a small amount of an unknown pale-green
microcrystalline powder. The two phases were readily ultrasonically
separated (for 10 minutes), followed by vacuum filtration and wash-
ing with copious amounts of distilled water. C;oH(N-OsP>V,4
(based on single-crystal data, 679.90): caled. C 17.67, N 4.14,

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3035
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H 1.48; found C 18.07, N 4.26, H 1.49. TGA data (weight losses
and increases) and derivative thermogravimetric peaks (DTG; in
parenthesis): 370—450 °C, —8.4% (425 °C); 450—800 °C, —19.9%
(540, 621, 661 and 771 °C); 800—900 °C, +1.3% (849 °C).

Selected IR and Raman data in cm™'): 1639 vs (1645), 1620 vs
(1623), 1488 s, 1459 m, 1417 m, 1375 s (1367), 1340 m, 1088 vs
(1074), 1061 vs, 990 vs, 970 vs, 943 s, 856 m, 839 m, 793 s, 654 m,
622 s, 610 m, 590 m, 503 vs.

Characterisation: Elemental analyses for C, H and N were per-
formed on an Exeter Analytical CE-440 Elemental Analyser (Uni-
versity of Cambridge). Samples were combusted under oxygen at
975 °C, with He as the purge gas.

FT-IR spectra were measured from KBr disks (Aldrich, 99%+, FT-
IR grade) on a Matson 700 FTIR spectrometer, and FT-Raman
spectra were collected on a Bruker RFS 100 with a Nd:YAG coher-
ent laser (A = 1064 nm).

Thermogravimetric analyses (TGA) were carried out on Shimadzu
TGA-50, with a heating rate of 10 °C/min, under nitrogen with a
flow rate of 20 cm*/min.

Powder X-ray diffraction patterns were recorded at room tempera-
ture on a Philips X’Pert diffractometer, operating with a monochro-
mated Cu-K, radiation source at 40 kV and 50 mA. Simulated
powder patterns were based on single-crystal data, and calculated
with the STOE Win XPOW software package.['*]

'H, 3C, 3'P and °'V solid-state NMR spectra were recorded at
400.12, 100.61, 160.0 and 105.24 MHz, respectively, on a Bruker
Avance 400 spectrometer. '"H and 3'P MAS NMR spectra were
recorded with a 30 kHz spinning rate, 40° rf pulses and recycle de-
lays of 6 and 70 s, respectively. '"H- '3C cross-polarisation (CP)
MAS NMR spectra were acquired with 4 ps "H 90° pulses, a con-
tact time of 2 ms and a recycle delay of 5s. 'V MAS NMR spectra
were recorded with short, 0.6 ps (equivalent to 10°), pulses and a
recycle delay of 5 s. Chemical shifts are quoted in ppm from TMS
("H and '3C), 85% H3PO, (*'P) and VOCI; (°'V).

X-ray Crystallographic Studies: Suitable single crystals were
mounted on a glass fibre using perfluoropolyether oil.'*) Data were
collected at 180(2) K on a Nonius Kappa charge-coupled device
(CCD) area-detector diftractometer (Mo-K,, graphite-monochrom-
ated radiation, A = 0.7107 A) equipped with an Oxford Cryosys-
tems cryostream and controlled by the Collect software package.!'”]
Images were processed with the software packages Denzo and Sca-
lepack,!'® and the data were corrected for absorption by the empiri-
cal method employed in Sortav.l'” The structure was solved by the
direct methods of SHELXS-97!'8] and refined by full-matrix least-
squares on F? using SHELXL-97.1"]

All non-hydrogen atoms were directly located from difference Four-
ier maps and refined with anisotropic displacement parameters.
The crystallographically unique H-atoms associated with the 4-pyr-
idinium groups were also located from difference Fourier maps, and
refined with independent isotropic displacement parameters and a
common N—H distance restrained to 0.98(1) A. Hydrogen atoms
attached to carbon were located at their idealised positions using
the HFIX 43 instruction in SHELXL, and included in the refine-
ment in riding-motion approximation with an isotropic thermal
displacement parameter fixed at 1.2 times U,, of the atom to which
they are attached. The last difference Fourier map synthesis shows
the highest peak (0.641 e-A”) located at 1.42 A from O(11), and
the deepest hole (—0.666 e‘A‘3) at 0.79 A from V(2). Cavity dimen-
sions were calculated by overlapping rigid spheres with van der
Waals radii for each element: O 1.52 A, P 1.8A and V2.0 A.
CCDC-221172 contains the supplementary crystallographic data

3036 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for this paper. These data can be obtained free of charge
at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) + 44-1223-336-033; E-mail:
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