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Over the last years we have been actively working in the
field of metal diazolates, with the aim of finding efficient and
selective catalysts for oxidation.[1] In our studies, we tackled
the problem of structurally characterizing binary species,
precursors of the catalytic species, which are only obtained as
fine, insoluble, powdered samples. An appropriate ab initio
structure determination technique from X-ray powder dif-
fraction (XRPD) data has been successfully developed,[2]

which has led to the complete characterization of, among
others, a-[{Cu(pz)}n], b-[{Cu(pz)}n], [{Ag(pz)}n], [{Ag(pz)}3],
[{Ag(dmpz)}3], [{Cu(dmnpz)}3], [{Ag(imz)}n], and [{Ag-
(pymo)}6] (Hpz� pyrazole, Hdmpz� 3,5-dimethylpyrazole,
Hdmnpz� 3,5-dimethyl-4-nitropyrazole, Himz� imidazole,
Hpymo� 2-hydroxypyrimidine).[3, 4]

The many interesting features displayed by some of these
compounds include the existence of different cyclic oligomers
and polymeric species for the same monomeric unit and ready
accessibility by selective synthetic routes. To our surprise,
upon hydration/dehydration the [{Ag(pymo)}6] hexamer[4]

reversibly transforms into the [{Ag(pymo)}n] ´ 2 H2O poly-
mer.[5] Here we report on the synthesis and XRPD structural
characterization of the copper analogue.[6]

Treatment of a hot solution in ethanol of an equimolecular
amount of [Cu(CH3CN)4][BF4] and Hpymo with NEt3 causes
the sudden precipitation of a yellow microcrystalline powder,
which was analyzed to be [Cu(pymo)] (1). This very insoluble
species could only be characterized by IR spectroscopy[7] and,
thanks to its satisfactory degree of crystallinity, by the newly
emerging technique of ab initio XRPD.[8] At variance with the
spectrum observed for [{Ag(pymo)}6] (nÄCO� 1618 cmÿ1),[4] the
IR spectrum of 1 evidences at least two different CO
environments (nÄCO� 1614 and 1590 cmÿ1), which suggests a
more complex structure. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) of 1 under an
N2 atmosphere revealed no phase transitions nor solvent
desorption up to about 350 8C, where decomposition to
metallic copper occurred. We have tried to synthesize differ-
ent crystal phases by changing the synthetic method or by
applying heat or pressure (up to 1 GPa for 24 h), but we
always observed the XRPD pattern of 1. Solubilization of 1

was only possible by reaction with PPh3 in CH2Cl2 to afford
the monomeric complex [Cu(PPh3)2(pymo)].[9]

The XRPD pattern, collected in the range 4< 2q< 948 on
an annealed sample of 1 (3 h at 200 8C under N2), was fully
indexed with TREOR[10] [monoclinic P, a� 8.63, b� 13.81,
c� 9.81 �, b� 112.58, V� 1080 �3, M(20)[11]� 19, F(20)[12]�
36 (0.012, 43)]. Unfortunately, the 367 extracted intensities
(with 2q< 648) did not afford any reasonable Patterson map,
nor were direct methods successful in offering a suitable
structural model in the ªcompatibleº space groups. Only the
search for higher symmetry metrics and supercells[13] evi-
denced a possible relationship between the available cell and
a trigonal/hexagonal cell with a much larger (6�) cell volume
(ca. 6500 �3). Suddenly, we recognized that our problem fell
into one of the special cases studied by Mighell and
Santoro.[14] They foresaw that different lattices with different
reduced cell volumes may afford identical peak positions
(in the monodimensional 2q space), leading to ambiguous
cell choices (clearly, such ambiguity does not exist in
three-dimensional single-crystal diffractometry). Therefore,
a new R-centered cell (a� 27.58, c� 9.81 �) was used (with
Z� 54!). However, owing to the 1-D projection of the
reciprocal space inherent in powder experiments, the Laue
group was still uncertain and a number of possible space
groups, and therefore a multitude of structure-solution
processes, had to be considered (R3Åm or one of its subgroups).

No matter which space group was chosen, the approximate
locations of the metal atoms could be derived by Patterson
and/or direct methods. This showed that the copper atoms
were roughly arranged in columns running parallel to c, with
interatomic distances of about c/3. After optimization of
lattice parameters, background, and peak shape by the
Le Bail technique,[15] refinement of the locations of the
copper atoms in the space groups R3Å , R32, R3m, and R3Åm
versus the high-angle data (2q> 308) clearly revealed R3Å as
the best candidate (with three crystallographically independ-
ent copper atoms), while a refinement in R3 was found to be
unstable. A significant asymmetrization of the initial Cu ´´´ Cu
contacts was achieved; two interactions are markedly shorter
than the third (ca. 3 versus ca. 4 �).

These distances are much shorter than those expected for
metals bridged by N,N'-pymo ligands (ca. 5.5 ± 6.0 �) and
similar to those found for many unsupported Cu ´´ ´ Cu
intermolecular interactions; therefore, the ligands must be
roughly oriented in the ab plane. Analysis of the possible
connectivity patterns (consistent with linearly bicoordinated
metals) derived by joining metals which are about 5.7 �
apart in the space group R3Å revealed the existence of
heterochiral helices (winding up about the 31 and 32 axes),
leaving holes suitable for a cyclic hexamer of 3Å crystal-
lographic symmetry. Consistently, a difference Fourier
map confirmed the presence of peaks near the positions
expected for the nitrogen atoms from the above topological
analysis. The remaining atoms were then determined by a
combination of several difference Fourier maps and geo-
metrically restrained Rietveld refinements. However, owing
to the non-holoedric nature of the Laue group of 1, the initial
location of the C, N, and O atoms was of poor quality and the
refinements were slow and rather unstable. Therefore, an
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additional intermediate geometry optimization was per-
formed (to minimize the overall (steric� packing) energy of
the crystal) with the aid of a locally developed molecular
mechanics program capable of dealing with, inter alia,
polymers.[16] Our experience[17] has shown that the imperfect
parametrization of the metal force field only marginally
affects the geometry of the crystal packing once the positions
of the metal atoms are fixed in their experimental locations.
Indeed, feeding the optimized coordinates into the program
GSAS[18] afforded an Rwp value as low as 0.09, which was a
very good starting point for the final refinement against
powder data only (with some intramolecular restraints for the
pymo rings).

The crystal structure determination[19] surprisingly led to
the formulation of 1 as a crystal phase containing sepa-
rate hexamers (Figure 1 a) and helical polymers (Figure 1 b)
in a 1:2 ratio. The digonal copper atoms are bound to

Figure 1. Molecular drawing of a) the [{Cu(pymo)}6] hexamer and b) a
portion of the infinite helix of [{Cu2(pymo)2}n].

bidentate N,N'-pymo ligands (N7-Cu1-N8 177(1), N24-Cu13-
N26 174(1), N25-Cu12-N27 175(1)8).[20] Therefore, 1 is better
described as a 1/6 [{Cu(pymo)}6] ´ 1/n[{Cu2(pymo)2}n] adduct
(stoichiometrically consistent with the original [Cu(pymo)]
formulation). The helices contain six Cu(pymo) monomers
per turn (with a pitch of 9.79 �)Ðthat is, they possess rare
(noncrystallographic) 61 (or 65) character[21]Ðand are heavily
compenetrated; each helix is trigonally surrounded by three
helices of opposite chirality (Figure 2). This trigonal packing
(hexagonality value H� 1.73), which is typical for hetero-
chiral helices, is indeed favored by large compenetration.[22] It
is noteworthy that adjacent helices are displaced by about
one-third (and not one-half) of their pitch. In the space left by
the packing of six adjacent helices, a closed cavity is formed
(Figure 3) which perfectly matches the size and shape of
[{Cu(pymo)}6].[23] Thus, once the hexamers fill this space,
there are no other (solvent-accessible) holes in the packing of
the helices in 1. The helical nature of the polymeric portion of
1 closely ressembles that of poly(m-phenylene)[24] and the
polyheterocyclic strand recently reported by Lehn et al.[25]

Our observations thus confirm that meta-coordinated aro-
matic moieties (directly linked or connected by linear
spacer(s) such as CuI atoms in 1) favor helicity in their open
oligomers and polymers.[26]

Figure 2. A packing diagram of compound 1, viewed along [001]. Helices
of different polarity are depicted by different colors (yellow and green).
Within this trigonal packing of helices, the closed cavity about the origin
hosts the [Cu(pymo)]6 hexamer (red).

Figure 3. Schematic drawing of the pseudo-channel, defined by six
adjacent helices, containing the [Cu(pymo)]6 hexamers, viewed along
[010] (the vertical axis is [001], black and white helices have opposite
polarity). This channel periodically widens about the hexamers and shrinks
above and below them.

Interestingly, all ligand-unsupported Cu ´´´ Cu contacts
between adjacent helices (Cu12 ´´´ Cu13 2.69(1) �) are much
shorter than those between helices and oligomers (Cu1 ´´´
Cu13 2.96(1), Cu1 ´´´ Cu12 4.36(1) �), and fall well below
the range observed in a number of related compounds.[3a] To
our knowledge these contacts are the shortest ever observed
in the absence of bridging ligands. This indicates either that
the coupling of helices about these hinges might be the driving
force for formation of the cavities or that the intrinsic size of
the oligomers forces the helices to couple. This coupling offers
evidences for a correlation between intermetallic distances
and the color of the species: All analogues of general
formulae [{CuL}n] (L� a monoanionic diazolate) are white
and show longer (>2.96 �) distances.[3a] In contrast, 1 is
yellowÐlike [{Cu(pz*)}3] (Hpz*� 2-[3(5)-pyrazolyl]pyridine;
2.90 �) and [{Cu(bmip)}2][ClO4]2 (bmip� 2,6-bis(1-methyl-
imidazol-2-yl)pyridine; 2.82 �)[27]Ðwhile the [{Cu(dpad)}3]
(dpad� 1,5-ditolyl-1,4-pentaazadien-3-ide) trimer is red even
in solution due to the presence of very short intramolecular
contacts (2.35 �).[28]

With respect to metal diazolates, our structural study is
novel in that 1) nondegenerate (i.e. , non-21) helices were
observed for the first time, and 2) the [Cu(pymo)]6 unit has a



COMMUNICATIONS

3368 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3724-3368 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 24

unique, high-symmetry (S6) conformation.[4, 29] Above all, the
fact that a polymer and one of its cyclic oligomers coexist in an
ordered fashion in the same crystal lattice has never been
reported before in any field.[30] Since such coordination
polymers possessing labile metal ± nitrogen bonds rarely
dissolve without depolymerization, it is very unlikely that
hexameric and polymeric molecules of 1 exist in solution.
Thus, the rapid and unique formation of solid 1 can only be
explained by a very selective self-recognition process at the
crystal/solution interface promoting the actual crystal phase,
but not the individual separate end members. This means that
the nucleation process simultaneously controls the kinetics of
the crystallization and the nature of the products. Hence,
mixed phases similar to 1 may not be rare in the realm of
ªcatenatedº coordination compounds if a suitable nucleus is
formed.[31]
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As a consequence of the large number of possible polynary
mixtures of oxidic materials, together with the potential use of
many template molecules, it is attractive to apply combina-
torial methods to hydrothermal synthesis.[1] While combina-
torial methods are already established as important tools for
the development of new lead structures in the areas of
organic, biochemical, and pharmaceutical chemistry,[2] there
are only a few examples known in the area of inorganic
materials research or technical catalyst development. In
particular the groups of P. G. Schultz and W. H. Weinberg
have been actively involved since the mid 1990s in the
development of combinatorial synthesis of new materials.
These activities concentrated on the search of new composi-
tions with superconducting,[3] magnetoresistant,[4] or lumines-
cent[5] properties.

These applications are based on the deposition of the
compounds as thin films through electron beam evaporation
or RF sputtering. The library structure was obtained by the
use of physical masks with lattice sizes between 100� 100 and
200� 200 mm2. Libraries with up to 25 000 different materials
have been prepared and investigated by routine methods and
new lead structures have already been ªdiscoveredº.[3±5]

The most challenging problem is the analysis and character-
ization of the properties of interest. The amount of each
sample is extremely small because of the miniaturized

dimensions necessary for the generation of large libraries of
materials. Akporiaye, Karlsson, and Wendelbo[6] published
recently the application of combinatorial methods for hydro-
thermal synthesis. They developed an autoclave that allows
100 hydrothermal syntheses to be run in parallel at temper-
atures up to 200 8C. The phase diagram obtained in such a
single experiment has been used to demonstrate the potential
strengths of combinatorial approaches in the area of the
synthesis of solid-state materials. In these experiments the
reaction volumes were still in the range of 0.5 mL. The
identification of the phases prepared still required manual
removal of the solids from the reactors, followed by individual
measurements with conventional X-ray diffraction techni-
ques. The authors give no information on concentration and
amounts of product actually achieved, but the amounts
required were in the range of 1 ± 10 mg. The sample handling
after synthesis is still quite cumbersome. Every sample has to
be prepared individually. Since we have been engaged for
some time in the area of combinatorial methods for material
synthesis, the above publication prompted us to present the
results of our work.

The advantage of our reactor is the direct preparation of a
library of materials, whose components can be identified
automatically on the library substrate by X-ray microdiffrac-
tion. Another advantage is the reaction volume, which is
smaller by a factor of 250 relative to that used in reference [6].
Figure 1 shows the construction with dimensions of the
pressure reactor. For simplification the model shown has only
37 reaction chambers (each of diameter 1.4 mm and height
4 mm). There is no technical problem in reducing the size and

Figure 1. A cross-section of the multireactor autoclave (top) and a
photograph of the individual reactor parts (bottom) with the orignial
library on the Si wafer (second disk from the left).
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