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A Dodecanuclear Copper()) Cage Containing
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Metal phosphates and phosphonates have received a lot of
attention in recent years for several reasons.l!! For instance,
many members of this family function as cation exchangers
which could be very useful in the processing of radioactive
waste streams.” Other potential applications of these materi-
als include sorption,P! catalysis,! catalyst supports,* sen-
sors,”! and nonlinear optics.’! Many of these potential
applications can be attributed to the extensive structural
and compositional diversity of these systems. Although many
transition metal phosphonates possess layered structures, 7!
other types of formulations such as mononuclear coordination
complexes!l and one-dimensional linear complexes!® are
also known in addition to three-dimensional microporous
frameworks.’). Among the layered compounds further mod-
ulation of the structure is possible by varying the transition
metal ion and the nature of the alkyl or aryl group attached to
the phosphorus, and by post-synthetic changes through
addition of appropriate pillaring agents.[!!

In contrast to the layered phosphonates, molecular systems
of multimetal aggregates containing the phosphonate moiety
as ligand(s) are relatively rare. Recently molecular phospho-
nate cages containing Group 13 elements!') have been
synthesized by the reaction of an alkyl phosphonic acid with
alkyl metal compounds. This reaction is driven by the
elimination of an alkane and the formation of a M—O bond.
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A similar methodology has also been applied to the corre-
sponding arsonates.''l Other molecular phosphonates con-
taining zinc!?! or vanadium!*® have also been synthesized. In
view of the diverse structural types that can result in these
systems and also because it is known that the transition metal
ions in layered phosphonates can act as Lewis acid sites, we set
about preparing molecular phosphonates containing addi-
tional chelating ligands such as 3,5-dimethylpyrazolyl in order
to gain a better understanding the type of clusters that would
result. Apart from the novel structures, polynuclear copper(ir)
complexes are also of interest because of the growing
awareness of the involvement of cluster compounds at the
active sites of biological molecules.'! Herein we report the
synthesis and X-ray crystal structure analysis of a novel
dodecanuclear copper phosphonate cluster containing 3,5-
dimethylpyrazolyl ligands.

The reaction of Cu'Cl, with 3,5-dimethylpyrazole (3,5-
Me,PzH) and tert-butylphosphonic acid in the presence of
triethylamine (used as scavenger for the HCI formed in the
reaction) afforded a green solid from which the crystals of the
title compound 1 were grown [Eq. (1)].

12CuCl, + 103,5-Me,PzH + 8/BuP(O)(OH), + 18 Et;N —
[Cup(te4-C1)y(pa5-C1)s(17'-3,5-Me,PzH ) (142-3,5-Me,P2) (u5-1BUPOs),- (1)
(ur-BUPO,),(11,tBuPO,0H),] (1) + 18 EL,N - HCI

The X-ray structure analysis of compound 1 shows that it is
a dodecanuclear cluster in which the entire copper assembly is
encased in a lipophilic sheath composed of alkyl groups
emanating from either phosphorus or from the pyrazolyl
units™! (Figure 1). This structural feature is mainly respon-
sible for the favorable solubility properties of the cluster in

Figure 1. POVRAY diagram of 1 showing the organic lipophilic envelope
surrounding the dodecanuclear Cu'' metal framework. Hydrogen atoms
omitted for clarity. Color code: carbon: black; chlorine: green; copper:
yellow; oxygen: red; phosphorus: cyan; dark blue: nitrogen.

many common organic solvents such as benzene. In addition 1
is stable in air and does not undergo any change upon
exposure to ambient atmosphere. Compound 1 consists of two
symmetry-related hexameric units that are linked with each
other (Figure 2). To the best of our knowledge this kind of
structural assembly is unprecedented for copper(l) clusters.

1433-7851/00/3913-2320 § 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 13



COMMUNICATIONS

Figure 2. ORTEP diagram of 1 showing the framework of the dodeca-
nuclear copper(i) cluster. All carbon and hydrogen atoms have been
omitted. Selected bond lengths [A]: Cl1-Cu2 1.913(3), Cl1-Cu3 1.935(6),
Cl1-Cu4 1.876(12), CI1-Cu5 1.970(7), CI12-Cu3 1.988(8), CI12-Cu5 1.996(4),
CI2-Cu6 1.986(5), CI3-Cul 2.670(7), CI3-Cu2 2.727(1), CI3-Cu5 2.816(1),
CI3-Cu6 2.721(7), Cu-N (free pyrazoles) range from 1.927-1.966, Cu-N
(bridged pyrazoles) range from 1.971-2.012, Cu-O range from 1.919-
2.009. This figure also shows the intramolecular hydrogen bonding within
1: H11---O6 1.800(1), H1---O3 2.098(2), HS---O4 2.349(3), H10---O8
2.122(5).

Furthermore every copper center present in the hexameric
assembly is unique by way of coordination environment and/
or geometry. Specifically the copper centers present all have
distorted geometry and are four- or five-coordinate, and the
coordination environment around each copper center con-
tains at least three types of ligating atoms (oxygen, chlorine,
and nitrogen). In contrast in layered phosphonates such as
Cu(O;PC¢Hs) -H,O and Cu(O;PCH;)-H,O, which are pre-
pared by hydrothermal synthesis, the copper centers are all
equivalent and display a distorted tetragonal-pyramidal
geometry, in which each copper center is coordinated to five
oxygen atoms.['! Additionally in 1 none of the phosphonate
ligands are found in a chelating coordination mode; a feature
which is present in several layered phosphonates.[!

Each of the symmetry-related hexameric copper assemblies
in 1 contains a “basket handle” shaped pentameric subunit;
the base of the basket is formed by a Cu,Cl, core (Figure 2).
Although the two copper atoms involved in this dimeric core
(Cu3 and Cu5) are within a distance of 2.967(5) A, it is
unlikely that they are bonded to each other; similar non-
bonding distances between copper atoms are found for some
tetranuclear copper complexes containing a Cu,O, frame-
work.l' 171 The structural integrity of the basket arises from
two features. One, a ,-Cl atom (Cl3) holds four of the copper
atoms together in a distorted tetrahedral geometry. Other
chlorine atoms (u,-Cll and u;-Cl2) in the Cu,Cl, core are
involved in the propagation of the basket. The sides of the
basket are stitched together by u,-phosphonato ligands (O1,
012, OS5, and O6) and u,-pyrazolyl ligands (N6, N3, N7, and
NB8). Additionally us;-phosphonato ligands that are present
assist not only in holding two copper centers (Cu2 and Cu6) in
the pentameric subunits but also provide linkage (O8 and O7)
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to the copper atom(s) (Cu4) that serve as the bridge between
the two pentameric subunits. The structure of 1 also shows the
varied coordination modes of the ligands, chloride, 3,5-
dimethylpyrazole, and phosphonate. Thus the 3,5-dimethyl-
pyrazole groups that are present are either anionic and
function as bidentate (u,) ligands or remain neutral and
function as monodentate ligands (5'). Similarly of the four
phosphonate units present for each half of the cluster three
are completely deprotonated. Of these, two units coordinate
through all the three oxygen atoms (u;), while the other only
provides two oxygen atoms (u,) for coordination. The fourth
ligating moiety of this family is actually a phosphinate
RP(0),(OH) and provides coordination through two oxygen
atoms (O10 and 09), while the third oxygen atom (O11)
remains protonated. Similarly of the three chlorine atoms that
are present for each half of the cluster, two function as u,
bridges, while one is u; bridging. The presence of hydrogen
atoms on the pyrazolyl nitrogen atoms (N1, N5, N10) and on
the oxygen atom of RP(O),(OH) (O11) causes intramolecular
hydrogen bonding within the cluster. This leads to the
preferential orientation of the pyrazolyl rings on Cul so as
to maximize the hydrogen bonding interaction with the
phosphonate oxygen atoms O3 and O4. The hydrogen
bonding interaction present in 1 is shown in Figure 2. The
extensive and elaborate structural diversity in this molecule
appears to be truly remarkable and is brought about by the
versatile coordination adaptability of the Cu'' ion in the
presence of the ligand [RPO;]*~ and the ancillary 3,5-
dimethylpyrazolyl and chloride ligands. In view of these
results it would be of interest to study the structural effects
brought out by the replacement of the water molecules
found in copper phosphonates Cu(O;PC¢H;s)-H,O and
Cu(O5;PCH;) - H,O by pyrazolyl ligands.

Magnetic susceptibility measurements on the copper clus-
ter 1 were carried out between room temperature and 18 K.
The u.; value decreases with a decrease in temperature.
Figure 3 shows the plot of y; versus T'as well as that of u; per
copper atom versus 7. These plots show that 1 displays weakly
antiferromagnetically coupled behavior. This is reflected in
the interception of the straight line at —30°C in the plot of
1/yu versus T (Figure 3).

We have described the synthesis of a novel dodecanuclear
copper(11) cluster mediated by tert-butylphosphonic acid and
3,5-dimethylpyrazole. The combination of these two ligands
leads to the assembly of 1 whose structure is completely
different from any structural type known in such copper
systems so far. Currently we are adapting this synthetic
methodology to other transition and lanthanide metal sys-
tems.

Experimental Section

1: Anhydrous copper(i) chloride(0.20 g, 1.50 mmol) was taken up in
anhydrous dichloromethane (30 mL). To this was added a solution of 3,5-
dimethylpyrazole (0.12 g, 1.25 mmol) in dichloromethane (10 mL) at room
temperature. This resulted in a green solution to which a solution of tert-
butylphosphonic acid (0.14 g, 1.0 mmol) and triethylamine (0.23 g,
2.25 mmol) in dichloromethane (20 mL) was added in one portion. The
resulting green solution was stirred at room temperature for 20 h. The
solvent was removed in vacuo to afford a green solid, which was treated
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Figure 3. Plots of yy versus 7/K (a) and of u./Cu versus 7/K (@) for 1. Inset: Plot of 1/yy versus T for 1

with benzene (50 mL), filtered, and the solvent was removed from the
filtrate affording a crystalline solid (0.31 g) which upon recrystallization
from n-hexane and dichloromethane (1:1) at room temperature afforded
dark green crystals. M.p.: 188°C. C,H,N analysis: caled for Cg,H;5,ClCu,,-
N,0,,Pg (3023.29): C 32.57, H 5.00, N9.26; found: C 32.45, H 5.10, N 9.12;
IR (KBr): #=23340(s), 2947 (s), 2866(m), 2493 (m), 2172 (m), 1571 (m),
1477 (s), 1422 (m), 1268 (m), 1120 (m), 1046(s), 971 (m), 917 (m), 831 (m),
667 (s), 524 (s), 431 (m) cm~'; UV/Vis (CH,CL): 2,4 (€) =730 (860), 246 nm
(23140).
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