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The self-assembly of supramolecular copper “tennis balls” that possess unusual magnetic properties using a small
pyridyl amide ligand is described. Copper(II) complexes of N-(2-pyridylmethyl)acetamide (HL) were synthesized in
methanol. In the absence of base, the mononuclear complex [Cu(HL)2](ClO4)2 (1) was prepared. The structure of
1, determined by X-ray crystallography, contains a copper(II) ion surrounded by bidentate HL ligands coordinated
via the pyridyl N atom and the carbonyl O atom in a trans, square planar arrangement. Reactions carried out in
the presence of triethylamine resulted in cluster complexes [Cu8L8(OH)4](ClO4)4 and [Cu8L8(OH)4](CF3SO3)4 [2(ClO4)4

and 2(OTf)4, respectively]. The cationic portions of 2(ClO4)4 and 2(OTf)4 are isostructural, containing eight copper(II)
ions, eight deprotonated ligands (L-), and four µ3-hydroxide ligands. The top and bottom halves of the cluster are
related by a pseudo-S4 symmetry operation and are held together by bridging L- ligands. Solutions of 2(ClO4)4 and
2(OTf)4, which were shown to contain the full [Cu8L8(OH)4]4+ fragment by electrospray mass spectrometry and
conductance experiments, are EPR silent. Magnetic susceptibility measurements for 2(ClO4)4 as a function of
temperature and magnetic field showed the Cu ions all to exhibit magnetic moments in the range expected for the
d9 configuration. At low temperatures, the magnetization was reduced due to predominantly antiferromagnetic
interactions between ions. Analysis showed that partially frustrated interactions among the four Cu ions making up
each half of the cluster gave good agreement with the data once a large molecular anisotropy was taken into
account, with Jc ) 106 cm-1, D ) 27 cm-1, and g ) 2.17.

Introduction

Multinuclear metal clusters are ubiquitous to many areas
of chemistry and biochemistry, including main group and
organometallic chemistry,1 lanthanide chemistry,2 and bio-
inorganic chemistry.3 Particular interest in polynuclear copper
complexes has been sparked in recent years by the charac-
terization of several unusual metalloenzymes that contain
copper clusters, including particulate methane monooxyge-
nase (pMMO)4 and nitrous oxide reductase (N2OR).5 Al-

though the structure of the copper cluster in pMMO has yet
to be established due to difficulties in purifying the membrane-
bound enzyme, the structure of the so-called CuZ active site
of N2OR was recently elucidated as aµ4-sulfide bridged
tetranuclear copper cluster.6 N2OR catalyzes the two-electron
reduction of nitrous oxide to dinitrogen in the terminal step
of the denitrification pathway found in anaerobic soil
bacteria.7 Recently, Solomon and co-workers have probed
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the spectroscopic properties of CuZ and have suggested that
the active form is in the fully reduced 4CuI state.8 The
unresolved mechanism and the paucity of synthetic analogues
of this unique copper sulfide cluster has led us and others to
pursue the goal of modeling the CuZ site.9

Another source of interest into copper clusters resides in
the inherent magnetic complexity that is possible in these
complexes. Numerous examples of magnetic exchange in
oxo- and hydroxo-bridged copper(II) binuclear and poly-
nuclear complexes have been reported.10 For the family of
hydroxo-bridged binuclear copper(II) complexes, the sin-
glet-triplet energy gap,J, is linearly dependent on the Cu-
O-Cu bond angle,θ, having a singlet ground state whenθ
> 97.5° and a triplet ground state whenθ < 97.5°.11 The
relationship between Cu-OH-Cu bond angle and the degree
and type of magnetic exchange is more complex in hydroxide-
bridged multinuclear copper complexes.12,13 In addition to
hydroxide-bridged copper clusters, many examples of multi-
nuclear copper clusters have been reported over the years,
including tetranuclear and octanuclear copper complexes that
do not contain hydroxide bridges.13,14

Multinuclear copper clusters comprise a small subset of
the larger family of metal-based supramolecular assemblies.
The self-assembly of supramolecular structures formed via

ligand-metal coordinate bonds continues to attract consider-
able attention.15 Of particular relevance to this work are the
many supramolecular complexes that utilize ligands which
contain a pyridyl group or groups. For example, Stang and
co-workers have used ligands with directionally oriented
pyridyl groups as building blocks with platinum to prepare
supramolecular squares and prisms.16 Supramolecular archi-
tectures were created by Lehn and co-workers using poly-
pyridyl, terpyridine-type ligands, and Pb(II) ions.17 Finally,
a large number of coordination polymers have been synthe-
sized with pyridyl-containing ligands such as nicotinate,18

mixed pyridyl/pyrimidyl ligands,19 or bipyridine and bipyr-
idine-like ligands.20

Using the deceptively simple-looking ligandN-(2-pyridyl-
methyl)acetamide, HL, we have discovered the self-assembly
of some remarkable supramolecular copper(II) “tennis balls”.
A key to the unusual chemistry of HL is its versatility
regarding the manner in which it coordinates to copper(II)
ions. Complexes formed with HL as is, in its neutral form,
are simple mononuclear species. However, when the amide
nitrogen is deprotonated, the anionic amidate ligand, L-,
forms highly symmetrical octanuclear copper(II) hydroxide
clusters with approximateS4 symmetry, the same symmetry
present in a tennis ball. Here we report the syntheses of
copper(II) complexes of HL and L-, including the self-
assembly, structures, and magnetic characterization of two
isostructural copper(II) hydroxide clusters that contain eight
copper(II) ions in a highly symmetrical arrangement.

Experimental Section

General.All reagents were purchased from commercial sources
and used without further purification. Solvents were dried and
purified under nitrogen using standard methods and were distilled
immediately before use.1H NMR spectra were measured on a
Varian 300 MHz spectrometer using solvent as an internal standard.
Elemental analyses were carried out by Atlantic Microlabs, Nor-
cross, GA. Mass spectra were recorded on a Q-TOF quadrupole
time-of flight mass spectrometer (Micromass, Manchester, U.K.)
equipped with a Z-spray electrospray ionization (ESI) source.
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Electronic absorption spectra were measured on a Shimadzu
UV2401PC UV-vis spectrophotometer. IR spectra were recorded
on a NEXUS 470 FTIR spectrometer using the KBr pellet
technique. Conductance measurements were made using a YSI
model 31A conductivity bridge as previously described.21 X-band
EPR spectra were recorded on a Bruker EMX spectrometer at 100
K as frozen solutions at∼9.5 GHz.

CAUTION: Perchlorate salts of metal complexes with organic
ligands are potentially explosiVe. Although no problems were
encountered in this work, only small amounts of material should
be prepared and handled with caution.

N-(2-Pyridylmethyl)acetamide (HL). The synthesis of HL was
carried out via a modified procedure based upon a published
method.22 2-(Aminomethyl)pyridine (1.08 g, 10 mmol) and acetic
anhydride (4.32 g, 42.3 mmol) were dissolved in 3 mL of pyridine
and stirred at room temperature for 24 h, after which 4 mL of water
was added with stirring for another 1 h. Solvent was removed under
vacuum, leaving a brown liquid. The crude product was distilled
at reduced pressure to produce a colorless liquid that solidified upon
cooling, 1.05 g (70% yield).1H NMR (300 MHz, CDCl3): δ )
2.04 (s, 3H); 4.54 (d, 2H); 6.95 (br s, 1H); 7.2 (m, 2H); 7.63 (t,
1H); 8.50 (d, 1H) ppm.

[Cu(HL) 2](ClO4)2 (1). A methanol solution of ligand HL (0.150
g, 1 mmol) was slowly added to a methanol solution of Cu(ClO4)2‚
6H2O (0.185 g, 0.5 mmol) with constant stirring at room temper-
ature. The solution was stirred for 1 h, whereupon a blue precipitate
formed. The precipitate was collected by filtration, washed with
methanol, and dried under vacuum, 0.171 g (70% yield). Anal.
Calcd for C16H20Cl2CuN4O10: C, 34.13; H, 3.55; N, 9.95. Found:
C, 34.19; H, 3.51; N, 9.89. ESI-MS (CH3CN): m/z ) 462.0 [M-
ClO4]+. UV-vis [H2O, λmax, nm (ε, M-1 cm-1)]: 745 (20). FTIR
(KBr): 1259, 1238, 3333, 3125, 3081, 1609, 1490, 1445, 1376,
1366, 1318, 1167, 1082, 1039, 969, 837, 778, 759, 657, 636, 621,
579, 531, 511, 438 cm-1.

[Cu8L8(OH)4](ClO4)4 [2(ClO4)4]. A methanol solution of HL
(0.150 g, 1 mmol) and triethylamine (0.408 g, 4 mmol) was added
to a methanol solution of Cu(ClO4)2‚6H2O (0.370 g, 1 mmol). The
solution was stirred at room temperature for 1 h, whereupon a blue
precipitate formed. The precipitate was collected by filtration,
washed with methanol, and dried under vacuum, 0.135 g (50%
yield). Anal. Calcd for C64H84Cl4Cu8N16O28: C, 35.46; H, 3.53;
N, 10.34. Found: C, 35.12; H, 3.57; N, 10.38. ESI-MS (CH3CN):
m/z ) 2066.6 [M - ClO4]+; 441.0 [Cu2L2(OH)]+. UV-vis
[CH3CN, λmax, nm (ε, mol-1 cm-1)]: 304 (5200), 638 (410). FTIR
(KBr): 3437, 1612, 1581, 1561, 1487, 1427, 1354, 1283, 1221,
1160, 1088, 1027, 903, 769, 721, 667, 623, 588 cm-1.

[Cu8L8(OH)4](CF3SO3)4 [2(OTf)4]. A methanol solution of HL
(0.150 g, 1 mmol) and triethylamine (0.408 g, 4 mmol) was added
to a methanol solution of Cu(CF3SO3)2 (0.361 g, 1 mmol). The
solution was stirred at room temperature for 1 h, whereupon a blue
precipitate formed. The precipitate was collected by filtration,
washed with methanol, and dried under vacuum, 0.120 g (45%
yield). Anal. Calcd for2(OTf)4‚CH3CN, C70H79Cu8F12N17O24S4: C,
34.93; H, 3.31; N, 9.89. Found: C, 34.99; H, 3.30; N, 9.98. ESI-
MS (CH3CN): m/z) 2214.9 [M- CF3SO3]+; 441.0 [Cu2L2(OH)]+.
UV-vis [CH3CN, λmax, nm (ε, mol-1 cm-1)]: 301 (6000), 653
(570). FTIR (KBr, cm-1): 3115, 1611, 1579, 1562, 1488, 1429,
1359, 1272, 1222, 1153, 1119, 1101, 1055, 1030, 905, 767, 721,
668, 638, 573, 517.

X-ray Crystal Structure Determination. Single crystals of1,
2(ClO4)4, and2(OTf)4 suitable for X-ray analysis were grown by
slowly diffusing diethyl ether into acetonitrile solutions of the
complexes. The data for1, 2(ClO4)4, and2(OTf)4 were collected
on a Bruker Apex diffractometer with graphite-monochromated Mo
KR (λ ) 0.71073 Å) radiation. The structures were solved by direct
methods using the SHELXTL system,23 and refined by full-matrix
least-squares onF2 using all reflections. Crystal data for1,
2(ClO4)4‚6CH3CN, and2(OTf)4‚2CH3CN are summarized in Table
1. Selected bond lengths and angles are summarized for1 in the
caption of Figure 1, and selected average bond lengths and angles
for for 2(ClO4)4 and2(OTf)4 are summarized in Table 2.

The four ClO4 ions and the six CH3CN solvent molecules are
slightly disordered in the structure of2(ClO4)4‚6CH3CN. The
disorder in the perchlorate anion containing Cl3 is resolved for the
two components of the oxygen atoms. However, for the other
perchlorate ions and the solvent molecules, it was not possible to
resolve the disorder in separate components due to the close
proximity of these components. Hence, relatively large thermal
ellipsoids for the oxygen atoms, compared to the Cl atom to which
they are bonded, are reasonable.

Magnetization and Magnetic Susceptibility. DC magnetic
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Figure 1. Thermal ellipsoid representation of the X-ray crystal structure
of [Cu(HL)2](ClO4)2 (1); thermal ellipsoids are drawn at the 50% level.
Perchlorate anions and all H atoms except for the amide H atoms are omitted
for clarity. Selected bond distances (Å) and angles (deg): Cu1-O1,
1.9560(13); Cu1-N1, 1.9981(15); O1-Cu1-O1A, 180.000(1); N1-Cu-
N1A, 180.00(7); O1-Cu-N1, 94.88(6); O1-Cu1-N1A, 85.12(6).

Table 1. Crystallographic Data for1, 2(ClO4)4, and2(OTf)4

1 2(ClO4)4‚6CH3CN 2(OTf)4‚2CH3CN

formula C16H20Cl2-
CuN4O10

C76H94Cl4-
Cu8N22O28

C72H82Cu8F12-
N18O24S4

fw 562.80 2413.85 2448.12
temp (K) 100(2) 120(1) 100(1)
space group P1h P1h P43

a (Å) 7.7771(12) 15.385(6) 15.1881(9)
b (Å) 8.1565(13) 16.236(6) 15.1881(9)
c (Å) 8.9099(14) 23.227(9) 38.671(5)
R (deg) 74.492(2) 71.041(6) 90
â (deg) 73.952(2) 75.739(6) 90
γ (deg) 76.299(2) 63.633(6) 90
Z 1 2 4
V (Å3) 515.22(14) 4881(3) 8920.5(13)
Fcalcd(g/cm3) 1.814 1.643 1.823
µ (mm-1) 1.385 1.902 2.072
R1 [I > 2σ(I)] 0.0255 0.0479 0.0190
wR2 [I > 2σ(I)] 0.0675 0.1142 0.0499
GOF onF2 1.068 0.947 1.046
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of 2(ClO4)4 (44.39 mg) with a Quantum Design MPSP-XL SQUID
magnetometer operating in the temperature range 2-300 K. The
sample was held in a polyethylene bag during measurements, with
the small bag diamagnetic contribution removed from the data by
subtracting. DC susceptibility measurements were performed in a
fixed field of 1000 Oe. The magnetization data corresponding to
the zero-field-cooled (ZFC) regime were taken on heating after
sample cooling at zero applied field, while magnetization in the
field-cooled (FC) regime was measured as a function of decreasing
temperature in the applied field. Magnetization versus applied field
was also measured at 2 K in fields up to 70 kOe.

Results and Discussion

With the goal of generating complexes that model the
unprecedented CuZ center from nitrous oxide reductase, we
set out to synthesize new copper clusters. We have adopted
a stepwise approach to the ultimate goal of creating a Cu4S
cluster that mimics the structure and reactivity of CuZ. The
first step of this approach is to synthesize copper clusters
into which sulfide anions will be inserted. Our strategy for
the self-assembly of the copper clusters takes advantage of
the anionic, bridging ligand,N-(2-pyridylmethyl)acetamidate
(L-). This ligand is derived from the amide,N-(2-pyridyl-
methyl)acetamide (HL), which was studied in the 1970s as
a potential inducer of erythroid differentiation in Friend
leukemia cells.22 Surprisingly, to our knowledge no coordi-
nation chemistry with HL or L- has been reported since this
initial report. The deprotonated ligand acts as a template for
the self-assembly of the copper hydroxide clusters due to
its dual role as a chelating ligand to one metal ion through
the pyridyl and amidate N ligand atoms, and coordination
to a second metal ion via the carbonyl O atom. Furthermore,
this carbonyl O atom can coordinate to a second metal ion

in either a syn or anti sense, enabling the self-assembly of
supramolecular clusters.

Copper complexes of HL and L- were synthesized in
methanol by treatment of a copper(II) salt with either HL
alone, or with HL and a base. The importance of the base to
deprotonate the amide nitrogen on HL was demonstrated by
the production of the mononuclear square planar complex,
[Cu(HL)2](ClO4)2 (1), when HL was combined with
Cu(ClO4)2‚6H2O in methanol in the absence of triethylamine.
The structure of1, determined by X-ray diffraction, consists
of square planar copper ions coordinated symmetrically by
two HL ligands via the pyridyl N atom and the carbonyl O
atom (Figure 1), and long axial interactions with perchlorate
O atoms at a distance of 2.8098(15) Å. The protons on the
amide N atoms, which do not coordinate to Cu in1, are
hydrogen-bonded to the nearby perchlorate anions. The
seven-membered rings formed by the chelating HL ligands
are puckered slightly out of the N2O2 plane and serve to
orient the amide NH groups away from the copper ion.

The bidentate N-O coordination mode is precluded when
the ligand is deprotonated because the strongly coordinating
amidate N ligand atom forms a chelate with the pyridyl
group. When ligand L- chelates to one metal through the
pyridyl and amidate N atoms, it becomes impossible for the
carbonyl O atom to form a bond to the same metal. The
cluster complexes were synthesized from either cupric
perchlorate hexahydrate or cupric triflate by combining the
copper salt with HL and triethylamine in methanol. The
complexes were formulated as [Cu8L8(OH)4]X4 (2X4, X )
ClO4, OTf), on the basis of elemental analysis, mass
spectroscopy, and X-ray crystallography. The hydroxide ions
are incorporated into the structures presumably from water
in the starting material and/or solvent in the case of cupric
perchlorate hexahydrate, or from the solvent in the case of
cupric triflate. X-ray crystal structures revealed that the
cationic cluster portions of2(ClO4)4 and2(OTf)4 are isos-
tructural. A thermal ellipsoid representation of2(ClO4)4 is
shown in Figure 2, and selected average bond lengths and
angles for both2(ClO4)4 and2(OTf)4 are listed in Table 2.

The highly symmetrical clusters are composed of four
binuclear units of [Cu2L2(OH)]+ (Figure 3a). Each binuclear
unit contains two L- ligands, one hydroxide ligand, and two
copper(II) ions designated as CuA and CuB in Figure 3. The
OH ligand bridges between CuA and CuB with Cu-O-Cu
angles ranging from 119° to 130°. These relatively large
angles contribute to CuA‚‚‚CuB distances ranging from 3.33
to 3.46 Å. Many examples of hydroxide-bridged multinuclear
copper complexes have been reported, particularly with
respect to the relationship between the Cu-OH-Cu bond
angle and the degree and type of magnetic exchange.12,13

Hydrogen bonds (illustrated as dashed lines in Figures 2 and
3) between the hydroxide ligand and the carbonyl O atom
further stabilize the binuclear pieces of the cluster.

Table 2. Selected Average Bond Lengths (Å) and Angles (deg) for
2(ClO4)4 and2(OTf)4

2(ClO4)4 2(OTf)4

CuA-N(amide) 1.996(9) 1.973(4)
CuA-N(py) 2.010(5) 1.984(5)
CuA-O(amide) 1.95(1) 1.929(3)
CuA-OH 1.91(1) 1.881(2)
CuB-N(amide) 1.996(5) 1.973(4)
CuB-N(py) 2.00(1) 1.986(2)
CuB-O(amide) 2.04(2) 2.011(9)
CuB-OH(eq) 1.92(1) 1.906(4)
CuB-OH(ax) 2.35(5) 2.39(1)
N(py)-CuA-OH 170(4) 168(2)
N(amide)-CuA-O(amide) 168(2) 170(1)
N(amide)-CuA-N(py) 83.1(3) 83.6(2)
N(amide)-CuA-OH 95.9(4) 95.4(2)
N(py)-CuA-O(amide) 89.2(4) 89.2(3)
O(amide)-CuA-OH 92(1) 93.2(3)
N(py)-CuB-OH(eq) 171(2) 170.9(6)
N(amide)-CuB-O(amide) 151(6) 153(1)
N(amide)-CuB-N(py) 83.4(3) 83.4(1)
N(amide)-CuB-OH(eq) 97.6(9) 97.6(5)
N(py)-CuB-O(amide) 91.7(4) 92.2(4)
O(amide)-CuB-OH(eq) 91.5(5) 90.9(4)
OH(eq)-CuB-OH(ax) 79(2) 78.2(4)
N(py)-CuB-OH(ax) 92(2) 92.8(7)
N(amide)-CuB-OH(ax) 108(6) 107(2)
O(amide)-CuB-OH(ax) 100(2) 100(1)
CuA-OH-CuB 124(4) 127.7(4)
CuA-OH-CuB′ 113(6) 108.8(5)
CuB-OH-CuB′ 96(1) 97.9(3)
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The L- ligands coordinate to the copper ions via two
slightly different modes. Half of the ligands (represented in
yellow, Figure 3) coordinate to CuB via N atoms from the
pyridyl ring and the amidate group, and via the carbonyl
oxygen to CuA in a syn sense. The ligands binding in the
syn sense, together with the bridging hydroxides, connect
CuA and CuB to form the binuclear unit. The other half of
the ligands (purple, Figure 3) coordinate to CuA via the N

atoms, and to a symmetry-related CuB′ on the other side of
the cluster via the carbonyl O atom in an anti sense. The
two different bridging modes for ligand L- allow for the
self-assembly of the octanuclear clusters. Additional struc-
tural stability in the binuclear units is provided by hydrogen
bonding between the hydroxide H atom and the carbonyl
oxygen of the ligand binding in the anti conformation (see
Figure 3a).

The rest of the cluster is related to the binuclear fragment
through a noncrystallographicS4 symmetry axis that runs
through the center of the octanuclear cation. TheC2

symmetry axis relates the two binuclear fragments in the
tetranuclear fragment shown in Figure 3b. The hydroxide
ligands connect the binuclear pieces through the CuB atoms.
The µ3-OH groups thus bridge between CuA and CuB in
the binuclear fragments, and between CuB and CuB′ in the
tetranuclear fragments. The CuB‚‚‚CuB′ distances are the
closest copper-copper contacts in the structure, ranging
between 3.19 and 3.30 Å. The average CuB-OH-CuB′
angles for2(ClO4)4 and 2(OTf)4 are 96(1)° and 97.9(3)°,
respectively. These angles are very close to the singlet/triplet
crossover angle for aθ value of 97.5° observed in oxo-
bridged copper dimers.11 However, the relationship between
θ andJ is more complex in hydroxo-bridged multinuclear
copper complexes,12,13and our magnetic studies on2(ClO4)4

revealed no correlation to the oxo-bridged examples (vide
infra).

The coordination environments around CuA and CuB are
square planar and square pyramidal, respectively. Both CuA
and CuB are coordinated in their equatorial planes by the
chelating pair of N atoms from the pyridyl and amidate
groups on one ligand, a carbonyl O atom trans to the amidate
N atom from a separate ligand, and a hydroxide ligand trans
to the pyridyl N atom. In addition, CuB has an axial
hydroxide ligand. The axial CuB-OH bond lengths are
longer than the equatorial bond lengths for CuA-OH and
CuB-OH (see Figure 3 caption) because of the expected
Jahn-Teller distortions for d9 copper(II).

The full octanuclear cluster is made up of two tetranuclear
clusters related to each other via the pseudo-S4 symmetry
operation. The cluster shares the same symmetry that a tennis
ball possesses, and the ligands on the top and bottom of the
cluster can be viewed as the seams of the tennis ball. The
two tetranuclear fragments are connected through the ligands
binding in the anti conformation that bridges between the
CuA and CuB atoms on either side of the cluster (Figure
3c). The distance between the copper ions in the top and
bottom halves of the cluster is about 5.2 Å (Figure 3d).

Both2(ClO4)4 and2(OTf)4 are soluble in acetonitrile, and
although the predominant species in the electrospray mass
spectra of acetonitrile solutions of2(X)4 is the binuclear
fragment [Cu2(OH)L2]+ with m/z ) 441, both show the
presence of the full cluster, [2(X)3]+, at m/z ) 2066.6 and
m/z ) 2214.9 for [2(ClO4)3]+ and [2(OTf)3]+, respectively
(Figure S1). The calculated isotope patterns for [2(ClO4)3]+

and [2(OTf)3]+ match very closely the experimental isotope
patterns observed (Figure S1 inset, Supporting Information).
This clearly identifies the full eight-copper cluster as a

Figure 2. Representation of the X-ray crystal structure of [Cu8L8(OH)4]-
(ClO4)4, 2(ClO4)4; thermal ellipsoids are drawn at the 50% level. The
perchlorate anions, solvent molecules, and all H atoms (except the hydroxide
H atoms H9-H12) are omitted for clarity. Selected average bond distances
and angles are summarized for2(ClO4)4 and2(OTf)4 in Table 2.

Figure 3. Ball and stick representations of2(ClO4)4, with copper (green),
hydroxide oxygen (red), syn-binding ligand (yellow), and anti-binding ligand
(purple). (a) Binuclear [Cu2L2(OH)]+ fragment, CuA-OH ) 1.89-1.92
Å, CuB-OH ) 1.91-1.94 Å, CuA-OH-CuB ) 119-130°, CuA‚‚‚CuB
) 3.33-3.46 Å. (b) Tetranuclear [Cu4L4(OH)2]2+ fragment, CuB′-OH )
2.29-2.40 Å, CuB-OH-CuB′ ) 95-98°, CuA-OH-CuB′ ) 107-122°,
CuB‚‚‚CuB′ ) 3.19-3.30 Å, CuA‚‚‚CuB′ ) 3.43-3.78 Å. (c) Full view
and (d) the core of octanuclear [Cu8L8(OH)4]4+ cluster.
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component of the solution but does not directly show that
the smaller fragments are present in solution. To address this
question, we measured the conductances of solutions of1
and2(ClO4)4. The slope of the Onsager plot for1 is similar
to other 1:2 electrolytes with pyridyl-containing ligands,21

while the slope for2(ClO4)4 is greater, supporting the
presence of a 1:3 or 1:4 electrolyte. A 1:3 electrolyte implies
the 3+ cation [Cu6L6(OH)3]3+ and appears to be an unlikely
explanation on the basis of the symmetrical structure of
2(ClO4)4 and the absence of the [Cu6L6(OH)3]3+ species in
the ESI-MS. A more reasonable explanation is that the full
octanuclear cluster is present in solution and is in equilibrium
with the tetracopper cluster, [Cu4L4(OH)2]2+. The presence
of both the full octanuclear cluster and the tetranuclear cluster
in solution would give rise to a conductance between a 1:2
electrolyte and a 1:4 electrolyte. Furthermore, the1H NMR
spectra of2(ClO4)4 and2(OTf)4 exhibit two methyl proton
signals in an approximate ratio of 4:1. This result cor-
roborates the notion that in solution the full octanuclear
cluster is in equilibrium with the tetranuclear cluster and
suggests an octanuclear-to-tetranuclear ratio of 2:1.

Frozen solutions of2(ClO4)4 and2(OTf)4 are EPR-silent
at 120 K, implying either diamagnetism or an integer spin
system. Room temperature1H NMR spectra of2(ClO4)4 and
2(OTf)4 support the latter, having distinct paramagnetic shifts
and broadening of the ligand proton signals. To further
investigate the magnetic properties of2(ClO4)4, variable
temperature magnetic susceptibility studies were conducted
over the temperature range 2-300 K. The magnetization (M)
was measured for a powder sample of2(ClO4)4 in an applied
field of 1000 Oe (Figure 4). In these measurements, no
difference was observed between field-cooled and zero-field-
cooled measurements, indicating no magnetic ordering or
single-molecule magnetic behavior in this temperature range.
A fit above 30 K to a Curie-Weiss law,ømH ) [C/(T - θ)
- øD], with øD a T-independent diamagnetic term, is shown
by the lower curve in Figure 4. This fit yieldsθ ) -16 K
andneff ) 2.02, using forC the Curie constant

where the factor of 8 accounts for the number of Cu atoms
per molecule. The effective Bohr magneton numberneff )
2.02 exceeds the spin-only value 1.73 expected for Cu in
the d9 configuration; however, the excess (corresponding to
g ) 2.34) can be attributed to incomplete orbital quenching,
and this falls at the upper end of range typically observed
for Cu compounds.24 The negative Weiss temperature
indicates the Cu atoms to have magnetic interactions with a
predominantly antiferromagnetic sign.

In Figure 5 is plotted the productømT versus temperature,
with an evaluation in terms ofneff given for comparison on
the right axis. It is clear that the effective moment is reduced
at low temperatures, but not to zero as would be the case if
the ground state were a nonmagnetic singlet. Rather, the
reduction inneff is by a factor very close to 4, as can be
seen from the low-temperature limit of Figure 5 (the
diamagnetic term makesneff appear too small at high
temperatures).

For further information about the magnetic interactions,
the magnetization was measured in fields up to 70 kOe, at
a fixed temperature of 2 K (Figure 6). Comparing these data
to a Brillouin function showed that a curve corresponding
to magnetic quantum numberJ ) 1 appeared closest to the
data, with aJ ) 1 fit (dotted curve in Figure 6) giving a
saturation moment 2.72 per molecule, in units ofµB. Since
the susceptibility is proportional tonneff

2 ) ng2J(J + 1),
assumingn independent moments per molecule in the ground
state (the factor 8 in eq 1), while the saturation moment per
molecule isngJ, n andg can be obtained independently from

(24) Orchard, A. F.Magnetochemistry; Oxford University Press: Oxford,
2003.

Figure 4. Magnetic susceptibility vs temperature for2(ClO4)4, measured
in an applied fieldH ) 1000 Oe. The fitting curves are described in the
text.

Figure 5. ømT product for2(ClO4)4, measured in an applied field of 1000
Oe. The theoretical curves are described in the text.

Figure 6. Magnetization measured vs applied field, atT ) 2 K. At right
is the moment calculated per four-Cu cluster (two clusters per molecule).

C ) 8
NAneff

2 µB
2

3kB
, (1)
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the two measurements. From the 2 K value in Figure 5, we
obtainnneff

2 ) 2.0, which forJ ) 1 yields an unphysically
small low-temperature value,g ) 0.37. (WithJ ) 1/2, g )
0.49 is obtained this way.) Thus, although the Brillouin
function agrees reasonably well in Figure 6, the data appear
not to support a ground-state magnetic configuration consist-
ing of isotropic multiplets.

The configuration of the [Cu8L8(OH)4](ClO4)4 molecule
is such that Cu atoms within the tetranuclear fragments are
connected via the two bridging oxygens, with bond lengths
(Table 2) indicating relatively strong connections between
these atoms. Connections between the tetranuclear fragments
are more indirect, with four bonds separating Cu atoms
between subunits, and longer bond lengths along these
pathways. Thus, we assume the tetranuclear fragment makes
up the basic magnetic unit for this system. We have modeled
this unit according to the scheme of Figure 7, whereJa, Jb,
and Jc represent three distinct superexchange interactions,
maintaining the 2-fold rotational symmetry of the molecule
(see Figure 3b). Each of these interactions is mediated by a
single oxygen bridge, while along the long axis of the cluster,
we assume no coupling between Cu atoms labeled 2 and 4
(i.e., CuA and CuA′). This “butterfly” 4-spin configuration
is similar to that of several Mn,25-27 Fe,28 V and Cr,29 and
Cu compounds.30

Assuming that the exchange interactions are isotropic, the
Hamiltonian for this system can be written

where the last term represents the Zeeman interaction, with
STz the operator corresponding to thez component of the
total spin. (ST is not a conserved quantity for the case where
Ja * Jb.) The term containingD allows for an overall
molecular anisotropy. For the caseJa ) Jb ) Jab, the state
energies can be solved directly, and these are shown in Table

3, where forD * 0 the energies are given in increasing order
according toSTz ) 0, STz ) (1, andSTz ) (2 in the third
column of the table. Examining the caseD ) 0, for Jab < 0
and withJc < 0 or with Jab r |Jc|, the “ferromagnetic”ST

) 2 state is the ground state. Alternatively, withJc positive,
the ground state consists of four degenerate states, anST )
1 triplet and anST ) 0 singlet, for the following range of
Jab: -Jc < Jab < (Jc/2). In this situation,Jc dominates,
forming a singlet between spins 1 and 3 (i.e., CuB and CuB′),
while the remaining two spins are frustrated in the classic
sense,31 since despite the interactionJab these spins cannot
find a preferred orientation, hence the degenerate ground
state. For other combinations ofJab andJc, the ground state
is a nonmagnetic singlet. The present case, having antifer-
romagnetic interactions and a reduced-moment magnetic
ground state, matches most closely the frustrated degenerate
configuration.

For D ) 0, the response of the system is isotropic, and in
this case the magnetization can be solved analytically, using
the van Vleck equation,25 although we have solved the
general case by direct numerical diagonalization of the
Hamiltonian. The curves labeled“D ) 0” in Figures 4-6
correspond to the isotropic situation withJc ) 61 K (42
cm-1) andJab ) 0. For this calculation,g ) 2.22 provided
good agreement at high temperatures; however, at low
temperatures the effective moment, due to the degenerate
triplet and singlet states, remains too large.

It is possible that magnetic interactions between four-Cu
units may also be important, via the pathway Cu2-N4-
C-O2-Cu7, and the three equivalent pathways correspond-
ing to the pseudo-S4 symmetry of the molecule. However,
by the symmetry these interactions can be seen not to remove
the frustration, and hence not to lift the degeneracy of the
ground state. Alternatively, calculations forD ) 0 but with
Ja * Jb showed that the ground-state singlet state becomes
stabilized with respect to the triplet state, but with no change
in the triplet-stateg-factor. This yields an upward-curving
M versusH graph, in disagreement with the data of Figure
6. Anisotropic exchange interactions can modify theg-factor
for individual states by mixing states for differentST,32 and
we made extensive trials for a model in which the exchange
parametersJa, Jb, andJc were replaced by uniaxial tensors,
all three having the same principal axes. Considerable
reduction in ground-levelg-factor could be obtained this way;
however, the agreement forM versusH remained poor.

Much better agreement was obtained by the introduction
of the molecular asymmetry parameterD of eq 2.25 In this

(25) Vincent, J. B.; Christmas, C.; Chang, H.-R.; Li, Q.; Boyd, P. D. W.;
Huffman, J. C.; Hendrickson, D. N.; Christou, G.J. Am. Chem. Soc.
1989, 111, 2086-2097.

(26) Libby, E.; McCusker, J. K.; Schmitt, E. A.; Folting, K.; Hendrickson,
D. N.; Christou, G.Inorg. Chem.1991, 30, 3486-3495.

(27) Basler, R.; Chaboussant, G.; Canada-Vilata, C.; Christou, G.; Mutka,
H.; Janssen, S.; Altorfer, F.; Gudel, H.-U.Polyhedron2003, 22, 2471-
2479.

(28) McCusker, J. K.; Vincent, J. B.; Schmitt, E. A.; Mino, M. L.; Shin,
K.; Coggin, D. K.; Hagen, P. M.; Huffman, J. C.; Christou, G.;
Hendrickson, D. N.J. Am. Chem. Soc.1991, 113, 3012-3021.

(29) Castro, S. L.; Sun, Z.; Grant, C. M.; Bollinger, J. C.; Hendrickson, D.
N.; Christou, G.J. Am. Chem. Soc.1998, 120, 2365-2375.

(30) Maspoch, D.; Ruiz-Molina, D.; Wurst, K.; Rovira, C.; Veciana, J.
Chem. Commun.2002, 2958-2959.

(31) Toulouse, G.Commun. Phys. (London)1977, 2, 115-119.
(32) Kahn, O.Molecular Magnetism; Wiley-VCH: New York, 1993.

Figure 7. Model for the four-Cu cluster, with two bridging oxygen (b)
joining four coppers (O). Three distinct exchange interactions are labeled.

H ) Ja(S1‚S2 + S3‚S4) + Jb(S1‚S4 + S2‚S3) + Jc(S1‚S3) +

DSTz
2 + gµBHSTz (2)

Table 3. Energies for the System of Equation 2 for the CaseJa ) Jb )
Jab and withH ) 0

total spin energy,D ) 0 energies forD * 0

ST ) 0 E ) -(3/4)Jc noD-dependence
ST ) 0 E ) (1/4)Jc - 2Jab noD-dependence
ST ) 1 E ) -(3/4)Jc E ) -(3/4)Jc, -(3/4)Jc + D
ST ) 1 E ) (1/4)Jc - Jab E ) (1/4)Jc - Jab, (1/4)Jc - Jab + D
ST ) 1 E ) (1/4)Jc E ) (1/4)Jc, (1/4)Jc + D
ST ) 2 E ) (1/4)Jc + Jab E ) (1/4)Jc + Jab, (1/4)Jc + Jab + D,

(1/4)Jc + Jab + 4D
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case, with the field not aligned with thez direction, the
Hamiltonian must be solved numerically. We found that, with
Jab ) 0, good agreement was obtained usingJc ) 153 K
(106 cm-1), D ) -39 K (27 cm-1), andg ) 2.17, giving
the red curves in Figures 4-6. In this calculation, we used
the approximation that the magnetization powder average
was given by the average of the values obtained with the
field along the three principal axes, rather than a true powder
integral. This will give some discrepancy at the highest fields;
for example for a Mn 4-spin cluster, the true powder average
was found to be about 10% lower than the principal-axis
average in the high-field limit.25 Investigation of situations
with Ja * Jb showed that good agreement with both theM-T
andM-H data could be obtained over a range ofJa andJb

< 30 K (curves not shown).
For low fields in this model, the calculated effective

moment remains somewhat higher than the observations as
T goes to zero (Figure 5). The low-T magnetization is
dominated by theSTz ) (1 doublet (or its equivalent for
different sample orientations), split from the lowest triplet
state due to the action of theD term. Theg-factor of this
doublet cannot be further lowered in this model, and so the
small remaining discrepancy presumably indicates that a
more complicated anisotropy should also be included, such
as the tensor exchange interactions already described.
However, we have not attempted to explore the entire phase
space for this extended model. We believe that the isotropic
model already described captures the most significant aspects
of the magnetic behavior of this system, namely a frustrated
magnetic system dominated by the antiferromagnetic interac-
tions of spins 1 and 3 (CuB and CuB′), and a large molecular
anisotropy. The anisotropy observed in the present case,D
) -39 K, is large, for example 7-14 times larger than that
observed in Mn clusters having the comparable butterfly
geometry.25,27However, note that the relatively largeg-factor
identified here indicates a relatively large spin-orbit coupling
in this case, which helps to explain the large observed
anisotropy. For further comparison note that magnetic
interactions of the Dzyalonshinskii-Moriya type33 also rely
upon spin-orbit coupling and have typical magnitude
J(g - 2)/g, which is 26 K (18 cm-1) in our case using the

observed Curie-Weissg value andJ ) 106 cm-1 already
identified, while recent observations in copper benzoate34

gave a magnitude of 20 K (14 cm-1) for such interactions.
In summary, we have synthesized highly symmetrical

copper hydroxide tennis ball clusters from simple polyfunc-
tional ligands and copper salts. The coordination chemistry
of the ligand is highly dependent on the amide proton, giving
rise to monomeric1 with the neutral HL, while producing
the octanuclear clusters2(ClO4)4 and2(OTf)4 when HL is
deprotonated. The magnetic properties of the clusters are
dominated by a frustrated magnetic system with antiferro-
magnetic interactions between the spins on CuB and CuB′
and a large molecular anisotropy. There is some structural
similarity between the tetranuclear fragment illustrated in
Figure 3b and the four-copper cluster in CuZ. The obvious
potential of the clusters as preformed scaffolds for Cu4S
models of CuZ has focused our current efforts on2(ClO4)4

and2(OTf)4 as starting materials toward this end.
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