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Introduction

There are several, disparate examples of polymetallic clus-
ters or aggregates containing encapsulated guest molecules
or ions. This phenomenon is especially prevalent in polyoxo-
metallate chemistry, where there are direct bonds between
the encapsulated guest, which is usually an oxoanion, and
metal ions in the metallate cage.[1] However, there are also
an increasing number of polynuclear coordination com-
pounds, with two- or three-dimensional cage structures sur-
rounding a guest species.[2] In these latter compounds there
are often no covalent bonds between the guest and the com-
plex host; instead, the guest interacts with the cage only by
electrostatics, hydrogen-bonding, or other secondary interac-
tions. The metal/ligand system in these compounds has often
been designed to afford polynuclear products,[2] so it can be
uncertain whether formation of the cage structures is tem-
plated by the guest anion; or, whether the guest simply oc-
cupies a cavity within a preformed cage upon crystallization.
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Abstract: Reaction of CuX2 (X�=Cl� ,
Br� , NO3

�), NaOH, and 3{5}-tert-butyl-
pyrazole (HpztBu) in a 1:1:2 molar
ratio in MeOH at 293 K for three
days affords [{Cu3(HpztBu)6(m3-X)(m3-
OH)3}2Cu]X6 (X�=Cl� , 1; X�=Br� , 2 ;
X�=NO3

� , 3) in moderate yields. These
compounds contain a centrosym-
metric, vertex-sharing double-cubane
[{Cu3(HpztBu)6(m3-X)(m3-OH)3}2Cu]6+

core, surrounded by a belt of six hydro-
gen-bonded X� ions. For 1 and 2, the
ring of guest anions has near C3 sym-
metry, that is slightly distorted owing
to the axis of Jahn±Teller elongation at
the central Cu ion. For 3 only, the
NO3

� guest ions are crystallographical-
ly disordered, reflecting their poor
complimentarity with complex host. A

similar reaction employing CuF2 yields
[{Cu3(HpztBu)4(m-pz

tBu)2(m-F)2(m3-F)}2]F2

(4), whose structure contains a cyclic
hexacopper core with approximate C2v

symmetry. Finally, an analogous reac-
tion using Cu(NCS)2 gives a mixture of
trans-[Cu(NCS)2(HpztBu)2] (5) and
[Cu2(NCS)2(m-pz

tBu)2(m-HpztBu)(HpztBu)2]
(6). The latter compound contains a
HpztBu ligand bridging the two Cu ions
in an unusual k1,m-coordination mode.
The variable temperature magnetic
properties of 1±3 show antiferromag-
netic behavior, leading to a S= 1=2

ground state in which the seven cop-
per(ii) ions are associated into three
mutually independent distinct spin sys-
tems. In confirmation of this interpreta-
tion, Q-band EPR spectra of solid 1
and 2 at 5 K also demonstrate a S= 1=2
spin system and exhibit hyperfine cou-
pling to three 63,65Cu nuclei. Unusually,
the coupling is manifest as an eight-
line splitting of the parallel feature,
rather than the usual 10 lines. This has
been rationalized by a spin-projection
calculation, and results from the rela-
tive magnitudes of coupling to the
three Cu nuclei. UV/Vis and mass
spectrometric data show that 1±4 de-
compose to lower nuclearity species in
solution.
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There are only a small number of examples where genuine
anion templating of a cage structure through noncovalent in-
teractions has been demonstrated.[3±6]

We have recently reported the crystal structure and mag-
netic properties of [{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]Cl6 (1;
HpztBu=5-tert-butylpyrazole), which was obtained in about
50% yield by the simple complexation of CuCl2 and HpztBu

in basic MeOH.[7] The structure of 1 contains an unusual
vertex-sharing [{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]6+ double-
cubane core, surrounded by a belt of six hydrogen-bonded
Cl� ions which are encapsulated within a hydrophobic
sheath of tert-butyl groups. Vertex-sharing double-cubane
complexes are still relatively unusual,[8±19] although interest-
ingly one example is known containing a [{Cu3(m3-Cl)(m3-
OH)3}2Cu]6+ core that is a structural isomer of the core in
1.[18] Compound 1 represents an inversion of the usual sce-
nario in polymetallic host±guest complexes, in that the chlo-
ride guests surround the periphery of the cluster core rather
than being encapsulated within it. We now present a full ac-
count of the chemistry of 1 and of two related compounds
containing other anion guests, and describe the products of
similar reactions carried out using other copper(ii) salts, in-
tended to determine to what extent the structural topology
of 1 depends on these supramolecular cation±anion interac-
tions.

Results and Discussion

Syntheses and crystal structures : Reaction of hydrated CuX2

(X�=Cl� , Br� , NO3
�), NaOH and HpztBu in a 1:1:2 molar

ratio in MeOH at 293 K for three days yields a dark green
solution. Evaporation to dryness and extraction of the resi-
due with CH2Cl2 affords a dark green solution, which gives
low-to-moderate yields of turquoise crystals upon layering
with pentane. These products were identified as [{Cu3-
(HpztBu)6(m3-X)(m3-OH)3}2Cu]X6 (X�=Cl� , 1; X�=Br� , 2 ;
X�=NO3

� , 3) by elemental analysis and crystallography (see
below). The long reaction time seems necessary to maximize
the yields of 1±3, and to avoid contamination of the product
by the corresponding monomers [CuX2(HpztBu)4].

[20] Pure 1
and 2 can be recrystallized cleanly from CH2Cl2±pentane
mixtures; recrystallization of 3 results in partial decomposi-
tion of the sample. Importantly, 1±3 can only be prepared by
slow crystallization. Rapid precipitation of these compounds
from solution instead yields green powders that were not in-
vestigated in detail, but which appear to contain more than
one complex product from their solubility properties. While
single crystals of 1 and 2 both contain lattice solvent
(CH2Cl2 and pentane, respectively), for both compounds
this solvent is lost upon drying in vacuo to yield analytically
pure solvent-free material. All magnetic and spectroscopic
measurements on 1 and 2 were carried out using these dried
compounds.

Although they are not isomorphous, the molecular struc-
tures of 1[7] and 2 in their solvated crystals are very similar.
The asymmetric unit of 2¥2C5H12 contains half a complex
molecule, with Cu(1) lying on a crystallographic inversion
center, together with one molecule of pentane lying on a

general position. The overall structure of the complex is of a
[{Cu3(HpztBu)6(m3-Br)(m3-OH)3}2Cu]6+ vertex-sharing double
heterocubane (Table 1, Figure 1). The central Cu atom
Cu(1) has a distorted octahedral Cu(OH)6 coordination
sphere with near-regular O-Cu(1)-O angles, while Cu(2)±
Cu(4) exhibit cis-tetragonal geometries, with two basal OH�

and two HpztBu ligands. The cubane moiety is completed by
Br(62), which makes long axial contacts to each of Cu(2)±
Cu(4). The six charge-balancing Br� ions are disposed in an
approximately C3-symmetric ring around the double-cubane
core of the molecule (Figure 2). Each of these Br� ions
forms a weak axial interaction to one Cu ion, and accepts
hydrogen bonds from one OH� and two HpztBu N±H donors
(Table 2). These weak interactions are disposed in a distort-
ed pyramidal geometry about the Br centers (Figure 2), with
trans-H¥¥¥Br¥¥¥H and H¥¥¥Br¥¥¥Cu angles ranging from 105.0±
121.58. The guest anions are additionally shielded from the
environment by a hydrophobic shell of tert-butyl groups.

There are two main differences between the structures of
1 and 2 in their crystals. First, in 1 Cu(1) has a clearly Jahn±
Teller elongated structure, with one of the three unique
Cu(1)�O bonds being an average of 0.323(2) ä longer than
the other two.[7] In contrast, the distribution of Cu(1)�O dis-
tances in 2 is more suggestive of a Jahn±Teller compressed
octahedral geometry (Table 1).[21] However, a mean-square
displacement amplitude (MSDA)[22] analysis of the bonds to
Cu(1) in 2 strongly implies that the Cu(1)�O(6) and
Cu(1)�O(7) bonds are disordered: the DMSDA values are
Cu(1)�O(5)=10, Cu(1)�O(6)=188, and Cu(1)�O(7)=
194î10�4 ä2. This is consistent with Cu(1) in 2 adopting a
more common Jahn±Teller elongated geometry, as in 1, with
the axis of elongation being disordered between the O(6)-
Cu(1)-O(6’) and O(7)-Cu(1)-O(7’) vectors (Figure 1).[21] For
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1, the three corresponding DMSDA values lie between 24±
31î10�4 ä2, confirming that this compound has a static ge-
ometry in the crystal. The known double-cubane
[{Re3(CO)9(m3-OH)4}2Cu], which has a central [Cu(OH)6]

4�

moiety, also exhibits a crystallographically ordered Jahn±
Teller elongated Cu center.[13]

The second difference between 1 and 2 lies in the posi-
tions of the guest halide anions X(63)±X(65) (X=Cl or Br),
which occupy two types of site depending on whether or not
they form long-range axial contacts to one of Cu(2)±Cu(4).
In 1, the distances Cu(2)¥¥¥Cl(63), Cu(3)¥¥¥Cl(64), and
Cu(4)¥¥¥Cl(65) have a ’two short plus one long’ distribution
(Table 1).[7] This is because Cl(63) is hydrogen-bonded to
the OH� ligand lying on the Jahn±Teller elongation axis of
Cu(1), causing it to be displaced by 0.9 ä away from Cu(2)
compared to the relative positions of Cl(64) and Cl(65)
within the anion torus (Table 1). In contrast for 2, the dis-
tances Cu(2)¥¥¥Br(63), Cu(3)¥¥¥Br(64), and Cu(4)¥¥¥Br(65)
now have a ’one short plus two long’ pattern. This reflects
the disordered Jahn±Teller elongation axis at Cu(1) in 2,
since Br(63) and Br(65) hydrogen bond to the disordered
OH� ions O(6) and O(7) and are hence displaced away
from their nearest neighbor Cu sites. Hence, it is unclear
whether it is the packing of Br� ions within the anion torus
that causes the Jahn±Teller axis at Cu(1) to be disordered in
2, or vice versa.

The structure of 3 also contains a [{Cu3(HpztBu)6(m3-NO3-k
1)-

(m3-OH)3}2Cu]6+ double-cubane cation surrounded by six
hydrogen-bonded NO3

� ions, with a crystallographic inver-
sion center at Cu(1) (Figure 1). In contrast to 1 and 2, the
cluster cation and anions in 3 are disordered about this in-
version center, so that every atom in the crystal is disor-
dered over two half-occupied positions referred to as ’A’
and ’B’ in Figure 1, except for Cu(1) and O(5)±O(7) (see the
Experimental Section). A complete molecule of 3 is made
up of one ’A’ half-molecule and one ’B’ half-molecule,
linked by the shared-vertex Cu(1). Because of the large

Table 1. Selected bond lengths [ä] and angles [8] in the crystal structure of 2¥2C5H12. The equivalent parameters are also listed for 1¥2CH2Cl2,
[7] for com-

parison.[a]

1¥2CH2Cl2
[b] 2¥2C5H12

[c] 1¥2CH2Cl2
[b] 2¥2C5H12

[c] 1¥2CH2Cl2
[b] 2¥2C5H12

[c]

Cu(1)�O(5) 1.9781(13) 1.959(2) O(5)-Cu(2)-O(6) 80.66(6) 81.91(10) N(35)-Cu(3)-X(62) 92.62(5) 91.45(9)
Cu(1)�O(6) 1.9675(13) 2.121(3) O(5)-Cu(2)-N(8) 94.23(6) 94.92(11) N(35)-Cu(3)-X(64) 87.73(5) 87.27(9)
Cu(1)�O(7) 2.2957(13) 2.153(3) O(5)-Cu(2)-N(17) 169.98(6) 173.15(11) X(62)-Cu(3)-X(64) 179.544(18) 178.721(19)
Cu(2)�O(5) 1.9731(14) 1.991(2) O(5)-Cu(2)-X(62) 92.03(4) 89.08(7) O(5)-Cu(4)-O(7) 83.51(6) 82.55(10)
Cu(2)�O(6) 1.9862(13) 1.965(2) O(5)-Cu(2)-X(63) 95.20(4) 91.18(7) O(5)-Cu(4)-N(44) 176.82(6) 173.22(11)
Cu(2)�N(8) 1.9997(17) 1.989(3) O(6)-Cu(2)-N(8) 166.64(6) 174.18(12) O(5)-Cu(4)-N(53) 89.54(6) 89.25(11)
Cu(2)�N(17) 1.9889(18) 1.985(3) O(6)-Cu(2)-N(17) 93.26(6) 93.48(12) O(5)-Cu(4)-X(62) 84.43(4) 89.80(7)
Cu(2)�X(62) 2.5502(5) 2.7639(6) O(6)-Cu(2)-X(62) 91.61(4) 91.95(7) O(5)-Cu(4)-X(65) 89.13(4) 97.54(7)
Cu(2)�X(63) 3.7429(6) 3.5212(6) O(6)-Cu(2)-X(63) 92.19(4) 97.32(7) O(7)-Cu(4)-N(44) 94.54(6) 96.93(12)
Cu(3)�O(6) 1.9940(13) 1.971(2) N(8)-Cu(2)-N(17) 89.95(7) 89.22(13) O(7)-Cu(4)-N(53) 171.86(7) 169.95(12)
Cu(3)�O(7) 1.9549(14) 1.982(2) N(8)-Cu(2)-X(62) 100.95(5) 92.89(9) O(7)-Cu(4)-Br(62) 85.16(4) 89.46(7)
Cu(3)�N(26) 2.0096(18) 1.998(3) N(8)-Cu(2)-X(63) 75.89(5) 77.80(9) O(7)-Cu(4)-X(65) 98.12(4) 93.70(7)
Cu(3)�N(35) 1.9988(17) 1.997(3) N(17)-Cu(2)-X(62) 96.13(5) 96.18(9) N(44)-Cu(4)-N(53) 92.58(7) 90.54(13)
Cu(3)�X(62) 2.8641(5) 2.9717(6) N(17)-Cu(2)-X(63) 76.97(5) 84.35(9) N(44)-Cu(4)-X(62) 97.93(5) 96.96(9)
Cu(3)�X(64) 2.7938(5) 3.0807(6) X(62)-Cu(2)-X(63) 172.30(2) 170.676(19) N(44)-Cu(4)-X(65) 88.65(5) 75.72(9)
Cu(4)�O(5) 2.0076(14) 1.994(2) O(6)-Cu(3)-O(7) 83.86(6) 82.97(11) N(53)-Cu(4)-Br(62) 89.96(5) 96.35(9)
Cu(4)�O(7) 1.9493(13) 1.971(2) O(6)-Cu(3)-N(26) 92.30(6) 94.13(12) N(53)-Cu(4)-X(65) 85.97(5) 81.57(9)
Cu(4)�N(44) 2.0001(17) 1.987(3) O(6)-Cu(3)-N(35) 173.98(6) 173.25(12) X(62)-Cu(4)-X(65) 172.414(17) 172.319(19)
Cu(4)�N(53) 1.9999(17) 1.993(3) O(6)-Cu(3)-X(62) 82.73(4) 85.85(7) Cu(1)-O(5)-Cu(2) 96.61(6) 99.77(11)
Cu(4)�X(62) 2.7949(5) 2.7364(6) O(6)-Cu(3)-X(64) 96.94(4) 95.42(7) Cu(1)-O(5)-Cu(4) 102.33(6) 99.09(10)
Cu(4)�X(65) 2.9129(6) 3.5657(6) O(7)-Cu(3)-N(26) 173.77(6) 176.44(11) Cu(2)-O(5)-Cu(4) 108.97(6) 108.65(11)
O(5)-Cu(1)-O(6) 81.00(5) 78.80(10) O(7)-Cu(3)-N(35) 91.81(6) 90.55(12) Cu(1)-O(6)-Cu(2) 96.53(6) 95.27(10)
O(5)-Cu(1)-O(6’) 99.00(5) 101.20(10) O(7)-Cu(3)-X(62) 83.16(4) 82.74(7) Cu(1)-O(6)-Cu(3) 101.59(6) 98.70(11)
O(5)-Cu(1)-O(7) 75.74(5) 78.86(9) O(7)-Cu(3)-X(64) 97.13(4) 97.20(7) Cu(2)-O(6)-Cu(3) 111.11(6) 112.62(12)
O(5)-Cu(1)-O(7’) 104.26(5) 101.14(9) N(26)-Cu(3)-N(35) 91.64(7) 92.26(13) Cu(1)-O(7)-Cu(3) 92.12(5) 97.31(11)
O(6)-Cu(1)-O(7) 76.06(5) 75.59(9) N(26)-Cu(3)-X(62) 91.50(5) 95.01(9) Cu(1)-O(7)-Cu(4) 93.65(5) 93.55(10)
O(6)-Cu(1)-O(7’) 103.94(5) 104.41(9) N(26)-Cu(3)-X(64) 88.19(5) 85.12(9) Cu(3)-O(7)-Cu(4) 118.55(7) 115.57(12)

[a] Primed atoms are related to unprimed atoms in both structures by the relation 1�x, 1�y, 1�z. [b] X=Cl. [c] X=Br.

Table 2. Metric parameters [ä, 8] for the hydrogen bonds in the crystal
structure of 2¥2C5H12. The equivalent parameters are also listed for
1¥2CH2Cl2,

[7] for comparison.[a]

H¥¥¥X Y¥¥¥X (Y=N, O) Y�H¥¥¥X (Y=N, O)

for 1¥2CH2Cl2 (X=Cl):
O(5)�H(5)¥¥¥Cl(64’) 2.16 3.1099(14) 159.0
O(6)�H(6)¥¥¥Cl(65’) 2.09 3.0514(14) 161.8
O(7)�H(7)¥¥¥Cl(63’) 2.18 3.1690(14) 170.9
N(9)�H(9)¥¥¥Cl(64’) 2.65 3.3470(19) 137.0
N(18)�H(18)¥¥¥Cl(63) 2.29 3.1349(19) 160.9
N(27)�H(27)¥¥¥Cl(65’) 2.38 3.2352(18) 164.4
N(36)�H(36)¥¥¥Cl(64) 2.45 3.1104(18) 132.0
N(45)�H(45)¥¥¥Cl(63’) 2.34 3.1929(18) 164.8
N(54)�H(54)¥¥¥Cl(65) 2.41 3.0975(18) 135.2
for 2¥2C5H12 (X=Br):
O(5)�H(5)¥¥¥Br(64’) 2.24 3.223(2) 166.7
O(6)�H(6)¥¥¥Br(65’) 2.25 3.241(3) 169.8
O(7)�H(7)¥¥¥Br(63’) 2.28 3.266(3) 168.9
N(9)�H(9)¥¥¥Br(64’) 2.60 3.422(3) 155.5
N(18)�H(18)¥¥¥Br(63) 2.48 3.295(3) 154.3
N(27)�H(27)¥¥¥Br(65’) 2.52 3.374(3) 163.5
N(36)�H(36)¥¥¥Br(64) 2.50 3.224(3) 140.3
N(45)�H(45)¥¥¥Br(63’) 2.54 3.410(3) 170.4
N(54)�H(54)¥¥¥Br(65) 2.42 3.237(3) 154.1

[a] Primed atoms are related to unprimed atoms in both structures by the
relation 1�x, 1�y, 1�z.
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number of restraints required to model this disorder, the
bond lengths and angles within the structure cannot be
relied on, and only the gross structural features of 3 will be
considered.

One unusual feature of 3 is the m3-NO3
�-kO1:kO1:kO1 li-

gands, which form weak axial contacts to Cu(2)±Cu(4)
(Figure 1). There is only one other example of a nitrato
ligand with this coordination mode,[23] although a small
number of compounds bearing a k1,m4-NO3

� ion have also
been described.[24±27] The disorder in 3 probably reflects non-
complimentarity between the hydrogen-bond donors in the
cluster cation, and the trigonal-planar NO3

� guests. Each
NO3

� ion within the anion belt forms a weak axial interac-
tion to one Cu center and accepts hydrogen bonds from one

OH and two NH donors, as in 1
and 2. However, the orientation
of each anion within the belt is
different (Figure 2). Five of the
six guest nitrate ions accept one
hydrogen bond at each O atom
(Scheme 1, A); however, the
sixth anion accepts two of its
three hydrogen bonds at the
same O atom, leaving one O
atom protruding away from the
cluster core (Scheme 1, B).

As we have already reported,
the reaction of hydrated CuF2

with HpztBu under the same
conditions used for 1--3 yields a
very different product, of for-
mula [{Cu3(HpztBu)4(m-pz

tBu)2(m-
F)2(m3-F)}2]F2 (4).[28] This cyclic
hexacopper complex contains
two F� ions that are bound su-
pramolecularly to the complex
in a similar manner as the guest
anions in 1±3. In the light of
this novel result, several com-
plexations of HpztBu with other
copper(ii) salts in basic MeOH
were also attempted. Only one
of these gave noteworthy prod-
ucts. Following the procedure
described for 1±3 using hydrat-
ed Cu[BF4]2 in the presence of
excess NaNCS, yielded two
crystalline compounds: trans-
[Cu(NCS)2(HpztBu)2] (5)[29] and
[Cu2(NCS)2(m-pz

tBu)2(m-HpztBu)-
(HpztBu)2] (6). Complex 6 was
the minor product of the reac-
tion, and was always contami-
nated with 5 from which it had
to be manually separated.

The structure of 6 is based
around a typical puckered
[Cu2(m-pz

tBu)2]
2+ motif,[30] with

the [pztBu]� bridging ligands dis-
posed in a head-to-tail fashion. Remarkably, there is a m-
HpztBu-kN2 :kN2 ligand lying within the resultant cleft, form-
ing weak apical Cu�N contacts to both Cu ions (Table 3,

Figure 1. Views of the copper coordination environments of the [{Cu3(HpztBu)6(m3-Br)(m3-OH)3}2Cu]Br6 and
[{Cu3(HpztBu)6(k

1,m3-NO3)(m3-OH)3}2Cu](NO3)6 molecules in the crystal structures of 2¥2C5H12 (top) and 3
(bottom), showing the atom numbering scheme adopted. For clarity, only the coordinated N atoms of the
HpztBu ligands and, for 3, the coordinated O atoms of the guest NO3

� ions, are shown. Thermal ellipsoids are
at the 35% probability level. The [{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]Cl6 molecule in 1¥2CH2Cl2 is visually very
similar to that in 2, and uses the same atom numbering scheme but with Br(62)±Br(65) replaced by Cl(62)±
Cl(65).

Scheme 1. Different patterns of supramolecular interactions to the guest
NO3

� ions in 3 (Figure 2).
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Figure 3). The dihedral angle between the bridging pyrazole
ring N(45)±C(49) and the least-squares plane formed by
Cu1, Cu(2), N(3), N(4), N(12), and N(13) is 88.90(9)8. This
implies that the bridging pyrazole ligand interacts with both
Cu(1) and Cu(2) through the N(45) lone pair, rather than
coordinating to one metal ion through its p electrons.[31]

Complexes of k1,m azole ligands are very unusual.[32±34] In
particular, this coordination mode has only been seen previ-
ously in one other transition metal complex of a neutral pyr-
azole donor, namely [{CuTp}2] ([Tp]�=hydrido-tris-pyrazo-
lylborate),[32] and in a small number of main-group metal
pyrazolide salts.[33] The three terminal HpztBu ligands in 6
form three different types of intramolecular hydrogen bond
(Figure 3): to the N atom of a thiocyanate ligand; to one N
atom of a pyrazolide ring; and, a bifurcated hydrogen bond
to both N atoms of the other pyrazolide ring. Unfortunately,
the yield of 6 was too small for us to be able to characterize
it further, beyond confirming its identity.

Solid-state magnetic properties : The variable-temperature
magnetic behavior of 1±3 is very similar. At 300 K, cMT for
all three compounds is 2.43(2) cm3mol�1 K, which is smaller
than that expected for seven non-interacting S= 1=2 copper-
(ii) ions with a sensible g value (cMT=2.86 cm3mol�1K for
g=2.1).[35] As the temperature is lowered cMT decreases,
reaching a plateau of 0.45(1) cm3mol�1K at 15 K (Figure 4),
which is close to the value expected for a S= 1=2 copper-
(ii) species (cMT=0.41 cm3mol�1K for g=2.1).[35] Hence, it
is clear that antiferromagnetic superexchange is dominant in
these compounds, leading to a S= 1=2 ground state that is es-
sentially fully populated below 15 K. After several unsatis-
factory attempts using higher-symmetry models, these data
were successfully fit using the following Hamiltonian [Eq.
(1), Scheme 2].[7]

Figure 2. Views of the complete [{Cu3(HpztBu)6(m3-Br)(m3-OH)3}2Cu]Br6
and [{Cu3(HpztBu)6(k

1,m3-NO3)(m3-OH)3}2Cu][NO3]6 molecules in the crys-
tal structures of 2¥2C5H12 (top) and 3 (bottom). The views are approxi-
mately parallel to the Br(62)¥¥¥Cu(1)¥¥¥Br(62’) vector for 2, and the
O(63)¥¥¥Cu(1)¥¥¥O(63’) vector for 3. All hydrogen bonds and weak axial
Cu¥¥¥X (X=Br or O) interactions to the guest anions are highlighted. For
clarity, only one orientation of the disordered tert-butyl groups in
2¥2C5H12 is shown. Thermal ellipsoids are at the 35% probability level.

Table 3. Selected bond lengths [ä] and angles [8] in the crystal structure
of 6.

Cu(1)�N(3) 1.990(2) Cu(2)�N(4) 1.988(2)
Cu(1)�N(13) 1.983(2) Cu(2)�N(12) 1.957(2)
Cu(1)�N(21) 2.010(2) Cu(2)�N(33) 2.010(2)
Cu(1)�N(30) 1.944(2) Cu(2)�N(42) 1.975(2)
Cu(1)�N(45) 2.568(3) Cu(2)�N(45) 2.483(3)
N(3)-Cu(1)-N(13) 91.09(9) N(3)-Cu(1)-N(21) 165.67(10)
N(3)-Cu(1)-N(30) 92.84(11) N(3)-Cu(1)-N(45) 81.40(9)
N(13)-Cu(1)-N(21) 88.79(9) N(13)-Cu(1)-N(30) 158.82(10)
N(13)-Cu(1)-N(45) 100.03(9) N(21)-Cu(1)-N(30) 92.42(11)
N(21)-Cu(1)-N(45) 84.51(9) N(30)-Cu(1)-N(45) 101.13(10)
N(4)-Cu(2)-N(12) 89.18(9) N(4)-Cu(2)-N(33) 90.89(9)
N(4)-Cu(2)-N(42) 168.92(10) N(4)-Cu(2)-N(45) 94.12(9)
N(12)-Cu(2)-N(33) 179.32(9) N(12)-Cu(2)-N(42) 90.43(9)
N(12)-Cu(2)-N(45) 92.90(8) N(33)-Cu(2)-N(42) 89.63(9)
N(33)-Cu(2)-N(45) 86.41(9) N(42)-Cu(2)-N(45) 96.96(10)

Figure 3. View of the [Cu2(NCS)2(m-pz
tBu)2(m-HpztBu)(HpztBu)2] molecule

in the crystal structures of 6. For clarity, all C-bound H atoms have been
omitted while only the major orientation of the disordered tert-butyl
groups is shown. Thermal ellipsoids are at the 35% probability level.
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H ¼ �2 J1ðS3S4 þ S30S40 Þ�2 J2ðS2S3 þ S2S4 þ S20S30 þ S20S40 Þ
�2 J3ðS1S2 þ S1S20 Þ�2 J4ðS1S3 þ S1S4 þ S1S30 þ S1S40 Þ

ð1Þ

All three datasets gave values of J2 and J4 that were ap-
proximately equal and, particularly for 1 and 2, strongly cor-
related with each other. Hence, these two J values were con-
strained to be equal for the final calculations, which had no
detectable effect on the quality of the fits. The final parame-
ters from these analyses are listed in Table 4. As expected,
1±3 all have the same S= 1=2 magnetic ground state, that is
separated from a S= 1=2 first excited state by 33±53 cm�1.
The identity of this first excited state is different for 3 com-
pared to 1 and 2, however, owing to the differences in the J
values shown by the compounds.

The constant J3 describes superexchange mediated by two
OH� ligands that both lie in the xy magnetic planes of
Cu(1) and Cu(2). The value for this coupling in 1 agrees
well with Haase×s correlation for basal±basal superexchange
in [Cu4(m3-OR)4]

4+ (R=alkyl) cubanes, which predicts J3~
�30 cm�1 for the observed average Cu(1)-O-Cu(2) angle in
1 of 96.57(8)8.[36] The corresponding angles in 2 and 3 cannot
be derived accurately, because of the librational disorder at
Cu(1) in 2 and the crystallographic disorder in 3. The other
superexchange constants J1, J2, and J4 are mediated by one
equatorial-equatorial [Cu2(m-OH)]3+ bridge, and a second
equatorial±axial hydroxide bridging ligand that should con-
tribute negligibly to superexchange between these Cu
ions.[36] Despite the structural disorder in 2 and 3, it is clear
that the equatorial-equatorial Cu-O-Cu angles across these
bridges in 1±3 follow the trend: Cu(3)-O(7)-Cu(4)@Cu(2)-
O(6)-Cu(3)~Cu(2)-O(5)-Cu(4) > Cu(1)-O(6)-Cu(3)~
Cu(1)-O(5)-Cu(4). Hence, it can be predicted that J1 should
be more antiferromagnetic than J2 or J4,

[37] in agreement
with our results.

For 1 and 2, the observed J values follow the order jJ1 j>
jJ3 j= jJ2, J4 j ; in contrast, for 3 the ordering is jJ1 j> jJ2, J4 j
> jJ3 j . Both these orderings result in S1, S2, and S2’ being
spin-frustrated with respect to S3, S4, S3’, and S4’ (Scheme 2)
when J1 is antiferromagnetic. This is demonstrated by the
equation for the energy of the magnetic ground state of the
compounds, which depends on J1 and J3 only [Eq. (2)].

E0 ¼ 2 J3 þ 3 J1 ð2Þ

That is, the ground state is equivalent to two antiferro-
magnetically coupled dimers of spins (S3, S4 and S3’, S4’) and
an antiferromagnetically coupled trimer (S1, S2, S2’) that are
magnetically independent of each other within the molecule.
This is discussed further below. For the same reasons, it is
also reasonable that J2 and J4, which connect these discrete
spin systems within the molecules, should be poorly defined
by the susceptibility data.

Support for the assignment of the ground states of 1±3
comes from EPR spectroscopy of 1 and 2. At room temper-
ature, these compounds gave rise to very broad, unresolved
spectra. The spectra sharpen upon cooling until, at tempera-
tures below about 20±30 K, a rhombic S= 1=2 spectrum is
observed as the ground state is populated exclusively. On
further cooling to 5 K an eight-line hyperfine pattern is
observed in the ™parallel∫ region (Figure 5). The low-tem-
perature spectra can be interpreted in terms of an exchange-
coupled linear trimer, as predicted by the model used
to interpret the magnetic susceptibility data (see above).
We treat the ground state as arising from the antiferromag-
netic exchange interactions within the Cu(2)¥¥¥Cu(1)¥¥¥Cu(2’)
fragment (S2, S1, S2’). In these circumstances the ground
state is expected to be j1, 1=2> in the jS2S2’, ST> nota-
tion, where ST is the total spin. The hyperfine coupling
(AS

k) to each of the individual Cu ions k in the ground
state is given by vector coupling of the single-ion hyper-
fines by using Equation (3),[38] where the spin-projec-
tion coefficients ci are calculated from S2, S2’, S1, S2S2’ and
ST.

Figure 4. Plot of cMT versus T for a powder sample of 3. The line shows
the best fit to the model derived from Equation (1). See text for details.
The cMT versus T curves for 1 and 2 are visually very similar to this
graph.

Scheme 2. Exchange coupling scheme employed to analyze the magnetic
data of 1±3. Each spin equates to the correspondingly numbered Cu ion
in Figure 1 [that is, S1�Cu(1) etc.]. The solid and dotted lines linking the
S centers correspond to equatorial and axial Cu±ligand bonds, respective-
ly.

Table 4. Results of fitting the magnetic data of 1±3. The J-values corre-
spond to those in Scheme 2, and are quoted in cm�1. Further details of
the procedures used are given in the text. Estimated errors on g are 	
0.01, on J1 and J3 are 	1 cm�1, and on J2 and J4 are 	5 cm�1.

g J1 J2=J4 J3

1 2.14 �72 �16 �21
2 2.22 �73 �26 �27
3 2.22 �65 �34 �17
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AS
k ¼ c1A

Cuð2Þ
k þ c2A

Cuð20 Þ
k þ c3A

Cuð1Þ
k

ð3Þ

When calculating the hyperfine to any given nucleus it is
assumed that only one term in Equation (3) is retained (i.e.
the coupling of the nucleus of one Cu ion to the electrons of
another is small).[38] For example, the hyperfine to
Cu(2),AS

Cuð2Þ is given by c1A
Cuð2Þ
Cuð2Þ, with ACuð2Þ

Cuð20 Þ=ACuð2Þ
Cuð1Þ=0. For

the j1, 1=2> ground state of a trimer of S= 1=2, the coeffi-
cients are c1=c2=

2=3, c3=�1=3.
[38] That is, the hyperfine to

the outer two nuclear spins should be equal, and 2=3 the
value of their single-ion values, while the coupling to the
central nuclear spin should be �1=3 that of its single-ion
value.

In 1±3 the Jahn±Teller axes of Cu(1), Cu(2), and Cu(2’),
and therefore their Azz axes (where Azz is the largest hyper-
fine interaction), are approximately co-parallel with each
other and with the ground state Azz. In the assumption that
the single-ion hyperfines of these three centers are equal
[those of Cu(2) and Cu(2’) are required to be by symmetry],
we would expect the hyperfine couplings in the ground state
to involve two identical interactions with two I= 3=2 nuclei
and a coupling of half this magnitude to a third I= 3=2 nu-
cleus. The low temperature spectra of 1 and 2 can indeed be
simulated with this kind of pattern (Figure 5). The derived
parameters are: for 1 gzz=2.324(2), gxx=2.084(2), gyy=

2.056(2), Azz
Cu(2)/Cu(2’)=90(3) G, Azz

Cu(1)=36(3) G; and for 2
gzz=2.315(2), gxx=2.078(2), gyy=2.050(2), Azz

Cu(2)/Cu(2’)=

100(3) G, Azz
Cu(1)=40(3) G. Axx and Ayy were held at arbitra-

rily small values of 5 G, while isotropic Gaussian line-widths
of 50 G were used. The simulations are insensitive to the
relative signs of the hyperfines, but are very sensitive to the
ratio of Azz

Cu(2)/Cu(2’):Azz
Cu(1). When this ratio is less than 2:1

an irregular ten-line multiplet is observed (at line-widths
similar to those observed experimentally), while above ca.
4:1 a regular seven-line multiplet is observed. The experi-
mental ratios of the hyperfine interactions are 2.5:1, in good
agreement with that predicted by the spin projection model
[assuming similar single-ion Azz values for Cu(2)/Cu(2’) and
Cu(1)], and provide convincing support for the exchange
coupling scheme used to model the magnetic data.

Solution studies : The turquoise solids 1±4 form green or
khaki-colored solutions that are markedly solvatochromic.
For example, the d±d maximum shown by 2 spans the range
683 (530)
lmax [nm] (emax [m�1 cm�1])
785 (920) in C7H8,
CH2Cl2, MeCN, and (CH3)2CO; a similarly wide range in
lmax is exhibited by the other compounds in these solvents.
These data show that the structures of 1±4 in solution are
solvent-dependent, and hence not the same as in the solid
state. For this reason, more detailed solution characteriza-
tion of 1±4 was not undertaken.

The above conclusions were also borne out by mass spec-
trometric data from 1, 2, and 4, which only exhibited low-
molecular-weight fragments. Three different ionization tech-
niques were studied: fast atom bombardment (FAB, 3-nitro-
benzylalcohol [NOBA] matrix), electrospray (ES, CH2Cl2/
MeOH matrix), and matrix-assisted laser desorption/ioniza-
tion (MALDI, trans-1,1-dicyano-3-methyl-4-[4-tertbutylphe-
nyl]buta-1,3-diene [DCTB] matrix). The FAB spectra
showed significant copper-containing molecular ions corre-
sponding to [63Cu(HpztBu)]+ (m/z 187), [63Cu(HpztBu)2]

+

(311) and [63Cu2(HpztBu)2X]+ (X=35Cl, 409; X=79Br, 453;
X=19F, 393) only. Similarly, the ES spectra exhibited only the
aforementioned peak at m/z 311, together with a new peak
from [63Cu(HpztBu)3X+H]+ (X=35Cl, 471; X=79Br, 515;
X=19F, 455). The MALDI analyses showed strong ions corre-
sponding to [63Cu(DCTB)]+ (m/z 313) and [63Cu(DCTB)2]

+

(563), showing that the samples had reacted with the matrix.
These were not therefore analyzed further. The absence of
any high-nuclearity ions in these spectra, and the reactivity
of the samples towards the MALDI matrix, both confirm
the conclusion that these compounds do not retain their
solid-state structures upon dissolution.

Conclusions

We have characterized the molecular structures and magne-
tochemistry of a series of heptacopper double-cubane com-
pounds, containing supramolecularly bound Cl� , Br� , or
NO3

� ions. The guest ions are bound to the cluster mole-
cules through a combination of hydrogen-bonding, hydro-
phobic interactions, and axial interactions to the Cu centers.
While few data are available, measured enthalpies of axial
copper(ii)±ligand bonds to moderately or weakly basic li-
gands range from about 5±60 kJmol�1.[39] In addition, the
Cu¥¥¥X (X=Cl or Br) distances to the guest ions are
0.25(9)±1.20(9) ä (Cl) and 0.43(12)±0.92(12) ä (Br) longer
than the median axial Cu¥¥¥X distances in the Cambridge
Crystallographic Database in 1989 [Cu¥¥¥Cl=2.54(9), Cu¥¥¥Br=
2.65(12)].[40] So, these axial interactions in 1 and 2, at least,
should be weaker than average. For these reasons, we be-
lieve that the Cu¥¥¥X interactions to the guest anions in 1±3
will be of the same order as the three N�H¥¥¥X hydrogen
bonds per X� ion (ca. 15 kJmol�1 per hydrogen bond in one
metal complex with a similar geometry of N�H¥¥¥Cl hydro-
gen bonding[41]). Hence, we regard 1±3 as genuine supra-
molecular anion complexes. The identity of the guest anion
controls the products of the reactions, in that the double-
cubane structure is obtained when Cl� , Br� , or NO3

� is the

Figure 5. Experimental (lower) and simulated (upper) Q-band EPR spec-
trum of polycrystalline 1 at 4.2 K. See text for simulation parameters.
Inset: experimental (lower) and simulated (upper) expansion of gk
region.
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counterion present, but not for F� , NCS� , or any of the
other anions we investigated (N3

� , MeCO2
� , BF4

� , ClO4
�

etc.). However, since 1±3 apparently decompose to mixtures
of low nuclearity copper(ii) species in solution, it is uncer-
tain to what degree their structures are templated by these
exogenous anions.

It is interesting that 1±3 represent a third known structur-
al type for heptacopper vertex-sharing double cubanes with
a [{Cu3(m3-OH)3(m3-Y)}2Cu]6+ (Y�=OH� , Cl� , Br� , or
NO3

�) core (Scheme 3).[12,18] These structures differ in the

dispositions of apical or axial copper ligand bonds within
the individual cubane moieties. The two distinct cubanes in
structure I in Scheme 3 can be thought of as dimers of
[Cu2(m-OH)2]

2+ dimers linked by weak axial Cu¥¥¥O interac-
tions. This is a common structural type in [Cu4(m3-OR)4]

4+

(R=H, alkyl) cubane chemistry.[36,42] The individual cubane
moieties in structures II and III have more complex struc-
tures, that have no precedent in Jahn±Teller distorted
cubane compounds. Despite these differences in molecular
structure, however, spin frustration effects mean that all the
known [{Cu3(m3-OH)3(m3-Y)}2Cu]6+ compounds have the
same magnetic ground-state structure,[12,18] of a pair of
dimers [Cu(3), Cu(4) and their symmetry equivalents for 1±
3, Figure 1] and a trimer [Cu(1), Cu(2), and Cu(2’)] that are

magnetically independent of one another. This means that
structures II and III in Scheme 3 give rise to a magnetic
ground state equivalent to structure I. The EPR spectra of 1
and 2 at 5 K confirm this interpretation, by showing hyper-
fine coupling to three Cu centers only. The antiferromagnet-
ically coupled pairs Cu(3), Cu(4) and Cu(3’), Cu(4’) will be
EPR-silent, and so will not contribute to the ground-state
EPR spectrum. Unusually for polynuclear copper(ii) com-
plexes, the hyperfine structure in the S= 1=2 ground state is
resolved in low-temperature EPR spectra. The hyperfine
multiplets consist of eight lines, which is a consequence of
the relative values of the hyperfine couplings to the three in-
dividual copper(ii) ions that contribute to the ground state.
These values can be rationalized by a spin projection of the
single-ion hyperfines. To the best of our knowledge this is
the first time that this has been possible for a copper(ii) clus-
ter with nuclearity greater than two, although related phe-
nomena have been noted in the EPR spectra of biological
polynuclear manganese centers.[43] A similar EPR study has
also recently been reported, of the localization of a S= 1=2
ground state onto a single metal ion in a spin-frustrated tri-
copper(ii) compound.[44]

Experimental Section

Instrumentation : Elemental microanalyses were performed by the Uni-
versity of Leeds School of Chemistry microanalytical service. Fast atom
bombardment mass spectra were obtained on a VG Autospec instrument,
using a 3-nitrobenzylalcohol matrix. Electrospray mass spectra were ob-
tained on a Waters ZQ4000 spectrometer, in a CH2Cl2/MeOH solvent
mixture. MALDI mass spectra were run using an Applied Biosystems
Voyager DE-STR TOF spectrometer, with a trans-1,1-dicyano-3-methyl-
4-[4-tert-butylphenyl]buta-1,3-diene matrix. UV/Vis measurements were
performed by using a Perkin Elmer Lambda900 spectrophotometer, in
1 cm quartz solution cells. Q-band EPR spectra were obtained using a
Bruker ESP300E spectrometer fitted with an ER5106QT resonator and
ER4118 VT cryostat. Spectral simulations were performed using in-house
software which has been described elsewhere.[45] EPR measurements
were performed on lightly ground crystals of 1±3, because vigorous grind-
ing of the crystals led to their decomposition, as evidenced by a darken-
ing of the solid and the appearance of a simple near-axial monomeric
copper(ii), S= 1=2 spectrum at all temperatures with gk =2.29, g? =2.06
and Ak(

63,65Cu)=160±170 G; and because the compounds could not be
prepared as homogeneous powders (see above). Despite this, the spectra
obtained from 1 and 2 are the true powder spectra, as evidenced by their
lack of change on rotating the sample in the magnetic field. For 3, the
monomeric copper(ii) signal was observed even following very light
grinding of the sample; therefore, a detailed EPR study of this complex
was not possible.

Susceptibility measurements were performed on a Quantum Design
SQUID magnetometer, in an applied field of 2000 G. A diamagnetic cor-
rection for the sample was estimated from Pascal×s constants;[35] a dia-
magnetic correction for the sample holder was also applied. The Hamil-
tonian matrix [Eq. (1)] was calculated in the coupled-spins representa-
tion, in which it can be made block-diagonal. The blocks were independ-
ently diagonalized by using MAPLE[46] (with the RACAH package for
angular momentum algebra[47]), leading to analytical equations for the
energies of their eigenstates and their derivatives. These expressions
were used in a non-linear fit of the van Vleck equation to cMT, using an
iterative procedure based on the Marquadt method.[48] No paramagnetic
impurity or TIP term was included in the final analysis. The errors on the
fitted parameters were estimated from their reproducibility in other local
minima of the fitting process.

Scheme 3. Topologies of equatorial (solid lines) and axial (dotted lines)
copper±ligand bonding in the vertex-sharing double cubanes: [{Cu3(bpy-
m)3(OH2)(m3-OH)4}2Cu][NO3]6 (bpym=2,2’-bipyrimidine, I);[12] [{Cu3(p-
n)3(OH2)(m3-OH)3(m3-Cl)}2Cu][C(CN)3]4Cl2 (pn=1,3-diaminopropane,
II);[18] and 1±3 (X�=Cl� , Br� , or NO3

� , III).
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Materials and methods : All reactions were carried out in air, using non-
pre-dried AR-grade solvents. 3{5}-tert-Butylpyrazole (HpztBu),[49]

[{Cu3(HpztBu)6(m3-Cl)(m3-OH)3}2Cu]Cl6 (1)[7] and [{Cu3(HpztBu)4(m-
pztBu)2(m-F)2(m3-F)}2]F2 (4)[28] were prepared by the literature procedures,
while all metal salts were used as supplied.

Synthesis of [{Cu3(Hpz
tBu)6(m3-Br)(m3-OH)3}2Cu]Br6 (2): A solution of

NaOH (0.040 g, 1.0î10�3 mol) and 3{5}-tert-butylpyrazole (0.24 g, 2.0î
10�3 mol) in MeOH (20 mL) was added to a mixture of CuBr2 (0.22 g,
1.0î10�3 mol) in MeOH (30 mL). The resultant dark green solution was
stirred at 293 K for three days, then evaporated to dryness. Extraction of
soluble material from the residue with CH2Cl2, and layering of the resul-
tant green solution with pentane, yields turquoise microcrystals of 2. Re-
crystallization from CH2Cl2/pentane yielded very small, but strongly dif-
fracting, rectangular prisms of formula 2¥2C5H12 which rapidly desolvated
upon exposure to air. Yield 0.18 g, 47% based on Cu. Elemental analysis
calcd (%) for C84H150Br8Cu7N24O6: C 37.7, H 5.7, N 12.6; found: C 37.8,
H 5.7, N 12.4.

Synthesis of [{Cu3(Hpz
tBu)6(k

1,m3-NO3)(m3-OH)3}2Cu][NO3]6 (3): Method
as for 2, using Cu(NO3)2¥5H2O (0.28 g, 1.0î10�3 mol). The product
formed turquoise solvent-free crystals from CH2Cl2/pentane. Yield
0.080 g, 21% based on Cu. Elemental analysis calcd (%) for
C84H150Cu7N32O30: C 39.8, H 6.0, N 17.7; found: C 39.8, H 6.0, N 17.9.

Syntheses of [Cu(NCS)2(Hpz
tBu)2] (5) and [Cu2(NCS)2(m-pz

tBu)2(m-
HpztBu)(HpztBu)2] (6): A solution of NaOH (0.040 g, 1.0î10�3 mol) and
3{5}-tert-butylpyrazole (0.24 g, 2.0î10�3 mol) in MeOH (20 mL) was
added to a suspension of hydrated Cu(BF4)2 (0.32 g, 1.0î10�3 mol) in
MeOH (20 cm3). A solution of NaNCS (0.19 g, 2.4î10�3 mol) in MeOH
(20 mL) was then added, and the mixture stirred at 293 K for 16 h. The
solution was evaporated to dryness, the residue extracted with CH2Cl2
and the filtered blue solution layered with pentane to give large navy
blue crystals of 5. Yield 0.18 g, 54%. Elemental analysis calcd (%) for
C16H24CuN6S2: C 44.9, H 5.7, N 19.6; found: C 44.9, H 5.8, N 19.9. The
filtrate was left to evaporate slowly, yielding more crystals of 5 contami-
nated with a small number of green crystals of 6, which were manually
separated from this mixture. Yield 0.034 g, 8% based on Cu. Elemental
analysis calcd (%) for C37H58Cu2N12S2: C 51.5, H 6.8, N 19.5; found: C
51.6, H 6.8, N 19.5.

X-ray data collection and structural determinations : All diffraction meas-
urements were performed on a Nonius KappaCCD area detector diffrac-
tometer equipped with an Oxford Cryosystems low-temperature device,
using MoKa radiation (l=0.71073 ä). Crystallographic data for each
structure are summarized in Table 5. The unit cell of each structure was
refined using all data. The structure of 2¥2C5H12 was solved by a Patter-
son synthesis,[50] while all the other structures were solved by direct meth-
ods.[50,51] Each of the initial models was developed by least-squares refine-

ment on F2;[52] the refinement of each structure is described in more
detail below. MSDA calculations were performed using the program
THMA11,[22] embedded into the PLATON suite of crystallographic soft-
ware.[53]

CCDC-216810 (2¥2C5H12), CCDC-216811 (3), CCDC-216812 (5), and
CCDC-216809 (6) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.can.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax: (+44)1223-
336033; or deposit@ccdc.cam.ac.uk).

The asymmetric unit of 2¥2C5H12 contains half a molecule of the complex
with Cu(1) lying on a crystallographic inversion center, and one molecule
of pentane lying on a general position. The tert-butyl substituent C(40)±
C(42) is disordered over two orientations labeled ’A’ and ’B’ with a
0.70:0.30 occupancy ratio, while the pentane molecule is disordered over
two equally occupied orientations. All disordered C�C distances in the
model were restrained to 1.53(2) ä, and nonbonded 1,3-C¥¥¥C distances
within a given disorder orientation to 2.50(2) ä. All non-H atoms with
occupancy >0.5 were refined anisotropically, while all H atoms were
placed in calculated positions and refined by using a riding model, except
that the torsions of the methyl groups in the minor orientation of the dis-
ordered tert-butyl moiety were not allowed to refine.

The asymmetric unit of 3 contains half a molecule of the complex with
Cu(1) lying on a crystallographic inversion center. High thermal parame-
ters on the non-H atoms and a large number of residual Fourier peaks
during initial refinement demonstrated that the whole half-molecule is
disordered over two equally occupied orientations, referred to as ’A’ and
’B’. Every atom in the refinement apart from Cu(1) (which is crystallo-
graphically ordered on its special position) and O(5)±O(7) was thus re-
fined in two half-occupied sites, using the following refined restraints:
N�N=1.34(2), N=C=1.34(2), N�C=1.35(2), C=C=1.37(2), pyrazole C-
C=1.39(2), tert-butyl C�C=1.52(2), tert-butyl 1,3-C¥¥¥C=2.48(2), N�O=

1.24(2), 1,3-O¥¥¥O=2.15(2) ä. No restraints were applied to the Cu�N or
Cu�O bonds. It is likely that O(5)±O(7) should also be disordered; con-
sistent with this, there are three residual electron density peaks of 1.3±
1.4 eä�3 in the vicinities of these atoms. However, they are not in an ap-
propriate place to be considered as alternative disorder sites it for O(5)±
O(7), and it proved impossible to refine distinct partial environments for
these O atoms. Hence, O(5)±O(7) were left as wholly occupied in the
final model. Similarly, high thermal parameters on some of the partial
tert-butyl groups suggest that these are also disordered, although this
could not be modeled. All non-H atoms with occupancy were refined ani-
sotropically except for the aforementioned disordered partial tert-butyl
environments C(13A)±C(16A), C(22B)±C(25B), C(40B)±C(43B), and

Table 5. Experimental details for the single-crystal structure determinations in this study.

2¥2C5H12 3 5 6

formula C94H174Br8Cu7N24O6 C84H150Cu7N32O30 C16H24CuN6S2 C37H58Cu2N12S2

Mr 2820.63 2533.14 428.07 862.15
crystal class, space group monoclinic, P21/c triclinic, P1≈ monoclinic, P21 orthorhombic, Pbca
a [ä] 12.3229(1) 14.2664(2) 5.8675(1) 12.5118(1)
b [ä] 15.9091(2) 16.5432(2) 10.1283(2) 17.3932(1)
c [ä] 32.0710(4) 16.5838(2) 17.3175(4) 41.7863(3)
a [8] ± 119.4961(6) ± ±
b [8] 97.4540(5) 97.7594(6) 91.7061(8) ±
g [8] ± 95.8939(5) ± ±
V [ä3] 6234.27(12) 3309.92(7) 1028.68(4) 9093.55(11)
Z 2 1 2 8
T [K] 100(2) 150(2) 150(2) 150(2)
m [mm�1] 3.789 1.176 2.278 1.066
1calcd, [Mgm�3] 1.503 1.271 1.510 1.259
measured reflections 47031 63845 9438 68921
independent reflections 14010 14714 4216 10351
Rint 0.056 0.065 0.046 0.098
R1,

[a] wR2
[b] 0.042, 0.095 0.068, 0.223 0.029, 0.078 0.047, 0.147

peak/hole [eä�3] 0.69/�0.51 1.45/�0.42 0.26/�0.25 0.65/�0.54
Flack parameter ± ± 0.477(8)[c] ±

[a] R1=�[ jFo j� jFc j ]/� jFo j . [b] wR2= [�w(F2
o�F2

c)
2/�wF4

o]
1/2. [c] This crystal was refined as a racemic twin.
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C(49B)±C(52B). All H atoms were placed in calculated positions and re-
fined by using a riding model.

Individual pyrazole ligands and nitrate ions in 3 were assigned to orienta-
tion ’A’ or ’B’ according to their distances from the relevant Cu atoms,
and/or so as to avoid unfavorable inter-ligand steric contacts within each
half-molecule. Whole molecules made up of two ’A’ or two ’B’ half-mole-
cules all show a number of unfavorable C¥¥¥C contacts between tert-butyl
groups on opposite sides of the molecule. No such contacts occur in a
molecule comprising one ’A’ and one ’B’ half-molecule. We therefore in-
terpret this disorder as showing that each molecule in the lattice compris-
es one ’A’ and one ’B’ half-molecule linked through Cu(1), and that the
molecule is disordered about the crystallographic inversion center. Con-
sistent with this, an attempt to refine the structure in P1 led to a badly
correlated model, in which the disorder was still present. Therefore, re-
finement in P1≈ is correct.

The asymmetric unit of 5 contains one complex molecule lying on a gen-
eral position. No disorder was detected during the refinement of this
structure, and no restrains were applied. All non-H atoms were refined
anisotropically, while all H atoms were placed in calculated positions and
refined using a riding model.

The asymmetric unit of 6 contains one complex molecule lying on a gen-
eral position. Four of the five tert-butyl groups in the molecule were
found to be disordered during refinement, and were modeled over orien-
tations labeled ’A’ and ’B’: C(8)±C(11) and C(26)±C(29), which were dis-
ordered in a 0.50:0.50 occupancy ratio; and C(38)±C(41) and C(50)±
C(53), which were modeled with an occupancy ratio of 0.60:0.40. All dis-
ordered C�C distances were restrained to 1.52(2) ä, and non-bonded
1,3-C¥¥¥C distances within a given disorder orientation to 2.48(2) ä. All
non-H atoms with occupancy=0.5 were refined anisotropically, while all
H atoms were placed in calculated positions and refined by using a riding
model.
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