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The complex [{Cuz(HpzB¥)4(u-pzB)y(n-F)a(us-F)h]F,

(HpzBu = 3{5}-tert-butylpyrazole) has a cyclic, C,,-sym-
metric hexacopper core. The two non-coordinated F— anions
are encapsulated within cavities formed by three HpzBu
ligands.

We have recently reported the crystal structure and magneto-
chemistry of [{Cus(HpzBu)g(13-Cl)(3-OH)3} 2CU]Cls  (1;
HpztBu = 5-tert-butylpyrazole), which was obtained by com-
plexation of CuCl, and HpztBY in basic MeOH.1 The structure of
1 contains a [{ Cuz(HpztBY)e(us-Cl)(us-OH)3} 2Cu]é+ vertex-
sharing double cubane core, surrounded by a belt of six
hydrogen-bonded Cl— anions that are enclosed within a
hydrophobic sheath of tert-butyl groups. Thisisan inversion of
the usual scenario in polymetallic host:guest complexes, in that
the Cl— guests surround the periphery of the cluster core rather
than being encapsulated within it.2 We have now found that a
similar reaction using CuF, gives a completely different and
unprecedented product. Reaction of hydrated CuF, with HpztBu
and NaOH ina1:2:1 molar ratio in MeOH at 290 K for 24 h
yields a dark green solution.3 Evaporation of this solution to
dryness, extraction of the residues with CH,Cl,, and layering
the extracts with pentane at 240 K affords 2 in ca. 50% yield.
The turquoise solids 1 and 2 are indistinguishable in appear-
ance. However, X-ray andysis of crystas of
2:2CHCI3-0.5C;H16,3 grown by recrystallisation of 2 from
these two solvents, revedled a different formulation of
[{ Cus(HpztBu)4(u-pztBu)x(u-F)2(us-F)} 2] F2. Elemental analysis
confirmed that the bulk sample of 2 also has this composi-
tion.§

Compound 2 contains a cyclic hexacopper complex dication
with approximate C,, symmetry, which is composed of two
[Cux(HpztBY)3(u-F)2]2+  units linked by two cis[CuF-
(HpztBY)(u-pztBY),]— moieties (Fig. 1, Scheme 1). The Cu
centers in the molecule show 7 = 0.12-0.34, corresponding to
small distortions from the ‘idea’ value of O for a sguare
pyramid.4 Cu(1) and Cu(4) have a HpztBu ligand in their apical
coordination sites, while the other Cu ions have apical bridging
interactions to a F— ligand bound to another Cu atom (Scheme
1). The two charge-balancing F— anions are each hydrogen-
bonded to three HpztBu N-H protons, and are encapsulated
within these ligands' tert-butyl groups (Fig. 2). There are also
two intramolecular N—H---F hydrogen bonds spanning the
cluster molecule (Fig. 2), to F(119) and F(120) (Fig. 1). These
eight N-H---F interactions show N---F = 2.620(3)-2.653(3) A
and N-H---F = 163.9-172.4°.

At 300 K, ymT of 2is2.04 cm3 mol—1 K, which is smaller
than the value expected for 6 non-interacting Cu(ir) ions with a
reasonable g-value, of 2.5 cm3 mol—1 K.> yuT decreases

T Electronic supplementary information (ESI) available: observed and
simulated EPR spectra for 2. See http://www.rsc.org/suppdata/cc/b2/
b207923m/
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Fig. 1 View of the core of the [{ Cug(HpztBUY) 4(u-pztBY)(u-F)2(ns-F)} 2] 2
complex moleculein 2-2CHClI3-0.5C7H 1. Only the coordinated N atoms of
the HpztBu ligands, and only the ipso tert-butyl C atoms of the [pztBu]—
ligands, are shown. Thermal ellipsoids are at the 50% probability level.
Colour code: C = grey, H = turquoise, Cu = green, F = yellow, N = blue.
Selected bond lengths: Cu—F{basal} = 1.8990(18)-1.9993(19), Cu-—
F{apica} = 2.1891(18)-2.333(2), Cu—N{basal} = 1.966(2)-2.015(3),
Cu-N{apical} = 2.232(3)-2.239(3) A.

steadily asthe temperatureislowered, reaching 0.86 cm3 mol —1
K at 5 K. This low-temperature value is smaller than expected
for anisolated S = 1 ground state (ymT = 1.1 cm3 mol—1 K),
but is more reasonable for two isolated Cu(in) spins (0.8 cm3
mol—1 K).5 These data were modelled using a C,-symmetric
Hamiltonian [egn. (1)], which only considers interactions
between Cuionsthat aredirectly linked by basal—basal covalent
bridges.|

H=-20(SS+S%S) - 2SS+ SS)
— 233(83'34 + S.I.&) (1)

Using this model, two fits were obtained that fit the data
amost equally well: g = 2.20,J; = —79,J, = —79and J; =

Scheme 1 Connectivity of the cluster corein 2 (R = tert-butyl, L = 5-tert-
butylpyrazole). Basal and apical copper-ligand bonds are represented as
filled and dotted lines, respectively.

| This journal is © The Royal Society of Chemistry 2002



Fig. 2 View of the complete [{ Cuz(HpzBu)4(u-pziBu)x(u-F)(ua-F} 2] F2
moleculein the structure of 2-2CHCI3-0.5C;H 6. All C-bound H atoms have
been omitted, while only one orientation of the disordered tert-butyl groups
is shown. Other details as for Fig. 1.

Ocm-1 (fitA);andg = 2.18,J; = —120,J, = 0andJ; = O
cm—1 (fit B) (Fig. 3).1 These interpretations both lead to two
lowest energy states lying within 0-10 cm—1 of each other, one
with S = 0 and one with S = 1. This implies a ground
configuration comprised of two very weakly interacting S = 1/2
spins, in agreement with the low-temperature value of yuT.

Magnetochemical data are only available for one compound
containing a basal, basal [Cuy(u-F),]2+ bridge of the type
observed in 2. This complex, [{ Cu(u-F)(u-BF4)(HpzMePh),} 5]
(HpzMePh = 3-methyl-5-phenylpyrazole), shows J = —118
cm—1 for a Cu—F—Cu angle of 98.9(1)°.6 This is close to the
average Cu—F—Cu angles of 100.2(1) and 100.5(1)° across the
two [Cux(u-F)2]2* bridges in 2, which suggests that J; for 2
should also be close to this value.” The other superexchange
pathwaysin 2 are mediated by one basal—basal [pztBY] — bridge,
and a basal—apical-bridging F— ligand which should contribute
negligibly to these interactions.8 All previous magnetochemical
studies of mono-pyrazolido-bridged dicopper complexes have
shown antiferromagnetic coupling, with —32 = J = —12
cm—1.9 For these reasons, it can be predicted that J; for 2 should
be much more antiferromagnetic than J, or J;. We therefore
believe that fit B is a more reasonable description of the
magnetic behaviour of 2.

The Q-band EPR spectrum of powdered 2 at 290 K shows a
single broad feature at (g) = 2.15. Thisresonance sharpensupon
cooling to 5 K, resolving into an apparently axia signal with a
perpendicular feature at ca. 2.10 and two parallel features
centred on g = 2.28 with linewidths of ca. 300 G. This can be
simulated as a S = 1 system with the spin Hamiltonian
parametersg; = 2.28, g»3 = 2.08, |D| = 0.02cm-1, |E| = 0
(see ESIT). The small zero field splitting is consistent with the
lack of a detectable half-field resonance at this frequency.10
There is an additional weak feature in the spectrum near g =
2.55, which was not simulated but which might correspond to a

2.0
M
S 1.5
£
“g
)
= 10
%
0-5 T T T T T T
0 50 100 150 200 250 300
T, K

Fig. 3 Plot of ymT vs. T for a powder sample of 2 (circles), showing the
theoretical fit B (line) quoted in the text.

singlet—triplet transition.1? The X-band spectrum consists of a
broad single line with a very weak resonance at half-field, and
can be simulated using the same parameters used at Q-band.
These spectra are consistent with 2 possessing eitheran S = 1
ground state, or avery low-lying S = 1 excited state.

These results demonstrate that the products obtained from the
reaction of Cu(in) salts with HpztBu depend drastically on the
anion present in the reaction mixture. This emphasises that the
exogenous, hydrogen-bonded anions in 1 and 2 play an
important role in templating the structures of these cluster
products. A full investigation of theinfluences of the anion, and
of the pyrazole ligand, on the products obtained from these
reactions will be reported in due course.

The authors thank Dr H. J. Blythe (University of Sheffield)
for help with the susceptibility measurements, and Mr J. Friend
(University of Manchester) for the EPR spectra. Financia
support by The Royal Society (M. A. H.), the EPSRC (X. L., A.
C. M.) and the University of Leeds is gratefully acknowl-
edged.

Notes and references

¥ Crystal data fOl 2. 2CHC|3'0.5C7H16'C89.5H15QC|6CU6F8N24, M, =
2308.27, triclinic, P1, a = 12.9428(1), b = 20.4550(1), ¢ = 24.9037(2) A,
o = 67.7688(4), B = 82.1704(4), y = 74.9426(3)°, V = 5888.19(7) A3, Z
= 2, y(Mo-K) = 1.262 mm—1, T = 150(2) K; 119167 measured
reflections, 26888 independent, R,y = 0.060; R(F) = 0.048, wR(F2) =
0.143.

The asymmetric unit contains one molecule of the complex, two
molecules of CHCIl3; and a molecule of heptane, which is disordered over
two equally occupied orientations giving a total occupancy of 0.5. Three
tert-butyl groupsin the complex are also disordered, over two orientations.
All disordered C—C distances were restrained to 1.52(2) A, and non-bonded
1,3-C---C distances within a given disorder orientation to 2.48(2) A. All
non-H atoms with occupancy > 0.5 were refined anisotropically, while H
atoms were placed in calculated positions and refined using ariding model.
CCDC 191749. See http://www.rsc.org/suppdata/cc/b2/b207923m/ for
crystallographic data in CIF or other electronic format.

§ Analytical data for 2. Found C, 50.0; H, 7.1; N, 16.4; F, 7.7%: calcd. for
CgsH140CUsFsN24 C, 50.0; H, 7.0; N, 16.6; F, 7.5%.

91 Each Scenter corresponds to the equivalently numbered Cuionin Fig. 1
[i.e. S; = Cu(1) etc.]. The methods used to derive the van Vleck equation
for 2, and to fit the data to this equation, are described in ref. 1. No TIP or
paramagnetic impurity terms were included in the model. Estimated errors
on g are+0.01, and on J are £2 cm—1 for fit A, and +5 cm—1 for fit B.

1 X.Liu, J. A. McAllister, M. P. de Miranda, B. J. Whitaker, C. A. Kilner,
M. Thornton-Pett and M. A. Halcrow, Angew. Chem.,, Int. Ed., 2002, 41,
756.

2 A. Leininger, B. Olenyuk and P. J. Stang, Chem. Rev., 2000, 100,
853.

3 S. Trofimenko, J. C. Calabreseand J. S. Thompson, Inorg. Chem., 1987,
26, 1507.

4 A.W. Addison, T. N. Rao, J. Reedijk, J. van Rijn and G. C. Verschoor,
J. Chem. Soc., Dalton Trans., 1984, 1349.

5 C. J. O’'Connor, Prog. Inorg. Chem,, 1982, 29, 203.

6 W. C. Vdthuizen, J. G. Haasnoot, A. J. Kinneging, F. J. Rietmeijer and
J. Reedijk, J. Chem. Soc., Chem. Commun., 1983, 1366.

7 Seeeg.V.H.Crawford, H. W. Richardson, J. R. Wasson, D. J. Hodgson
and W. H. Hatfield, Inorg. Chem., 1976, 15, 2107.

8 W. M. ten Hoedt, J. Reedijk and G. C. Verschoor, Recl. Trav. Chim.
Pays-Bas, 1981, 100, 400; F. J. Rietmeijer, R. A. G. de Graaf and J.
Reedijk, Inorg. Chem,, 1984, 23, 151; A. J. Oosterling, R. A. G. de
Graaf, J. G. Haasnoot, F. S. Keij, J. Reedijk and E. Pedersen, Inorg.
Chim. Acta, 1989, 163, 53.

9 Seeeg. H. Zhang, D. Fu, F. Ji, G. Wang, K. Yuand T. Yao, J. Chem.
Soc., Dalton Trans., 1996, 3799; K. L. V. Mann, E. Psillakis, J. C.
Jeffrey, L. H. Rees, N. M. Harden, J. A. McCleverty, M. D. Ward, D.
Gatteschi, F. Totti, F. E. Mabbs, E. J. L. Mclnnes, P. C. Riedi and G. M.
Smith, J. Chem. Soc., Dalton Trans., 1999, 339; E. Spodine, A. M.
Atrig, J. Valenzuela, J. Jalocha, J. Manzur, A. M. Garcia, M. T. Garland,
O. Pefiaand J.-Y. Saillard, J. Chem. Soc., Dalton Trans., 1999, 3029; M.
F. Isklander, T. E. Khalil, W. Haase, R. Werner, |. Svoboda and H.
Fuess, Polyhedron, 2001, 20, 2787.

10 F. E. Mabbs and D. Collison, Electron Paramagnetic Resonance of d
Transition Metal Compounds, Elsevier, Amsterdam, Netherlands,
1992.

| CHEM. COMMUN., 2002, 2978-2979

2979




