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The ditopic ligand 3 has been synthesized. In its
deprotonated form, it reacts with copper(ll) ions to form a
tetranuclear complex 1 of the [2 x 2] Cu'ly grid type, the
structure of which has been confirmed by X-ray

crystallography. Magnetic studies of complex 1 indicate a
very weak antiferromagnetic coupling between the
phenoxo-bridged Cu' ions.

Self-assembly of suitably designed ligands with tran-
sition-metal ions allows the creation of inorganic architec-
tures with well-defined structures in a spontaneous but di-
rected manner.l1 One of the aims of supramolecular chem-
istry is the formation of assemblies that may possess inter-
esting physical properties.

Previously, we have reported the self-assembly of metal
complexes of rack-? and grid-typel3! geometries, where the
metal ions are bridged by pyrimidine rings. The metallic
centers in these arrays are located at appropriate distances
(6.16—6.50 A) such as to allow electronic interaction, which
is manifested in the physical properties of the complexes
such as redox potentials, > optical,™ and magneticl! fea-
tures. In order to enhance the coupling between the metal-
ion centers compared to that provided by a pyrimidine
group, and to obtain inorganic architectures exhibiting new
properties, we have explored the use of ligands that intro-
duce oxygen bridges between the coordination binding sites.

Oxo-bridged binuclear copper(Il) complexes have been
extensively studied as a result of the magnetic properties
arising from ferromagnetic or antiferromagnetic spin-coup-
ling between the copper ions,[® which depend strongly on
the geometry of the Cu—O—Cu bridge (Cu—Cu distances
and bridge angles). While a linear correlation of the mag-
netic exchange parameter J with bridge angle ® is well-
established for dihydroxo-bridged copper(I) complexes
with square-pyramidal d,»_,? electronic ground states, this
might not be the case for monohydroxo-bridged complexes
with a different electronic ground state (i.e. trigonal-bipyr-
amidal, d.?).[l The antiferromagnetic coupling observed for
most monohydroxo-bridged complexes is larger than that
found for di-p-hydroxocopper(Il) complexes and normally
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occurs through a super-exchange mechanism, with the
hydroxo bridge acting as the primary pathway for ex-
change.® Most hydroxo-bridged copper(Il) complexes are
pentacoordinated and typically exhibit square-pyramidal or
trigonal-bipyramidal geometries. Here, we report the syn-
thesis, structural details, and magnetic properties of 1,
[LCu]4(CF5S05)4, a tetrametallic copper(Il) complex of the
[2 X 2] grid type, where the copper atoms adopt a distorted
bipyramidal geometry and are bridged by the phenolate
oxygen atom of the ionized form L~ of ligand 3. Recently,
an Mn?* complex of the [2 X 2] grid type with a ligand
similar to 3, but where the metal centers are bridged by
non-conjugated alkoxide-type oxygen atoms, has been re-
ported. !

Results and Discussion

Ligand 3 was prepared by condensation of two equiva-
lents of 2-pyridinecarboxaldehyde with one equivalent of
2,6-diamino-4-zert-butylphenol in methanol solution in the
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Scheme 1. Synthesis of ligand 3, LH: i) HNO3, HOAc, —15°C to room temp. — ii) Pd/C, HyNHCO,. — iii) 4-A molecular sieves
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Scheme 2. Formation of the tetranuclear copper(Il) complex 1: i) NaOMe, MeOH, room temp. — ii) Cu(CF;S03),; NH,4PF¢

presence of 4-A molecular sieves. The latter was obtained
by dinitration of 4-tert-butylphenol!'® to give 2 and sub-
sequent reduction of the nitro groups to amino groups!!!
(Scheme 1). Reaction of ligand 3 with one equivalent of
sodium methoxide in anhydrous methanol at ambient tem-
perature led to the immediate formation of a deep-red col-
our, characteristic of the ligand anion L™, which consists
of two tridentate coordination subunits. One equivalent of
copper triflate was then added, resulting in a colour change
to purple, indicating complex formation (Scheme 2). After
3 h, the copper complex was precipitated by adding a satu-
rated methanolic solution of ammonium hexafluorophos-
phate, isolated by centrifugation, purified by recrystalliza-
tion from acetonitrile/diethyl ether, and characterized by its
spectral and analytical properties. Its structure was con-
firmed by X-ray crystallography.

Crystal Structure of Complex 1

Single crystals of complex 1 were obtained by slow vapor
diffusion of diethyl ether into an acetonitrile solution of the
complex. Crystal structure determination by X-ray diffrac-
tion analysis (Figure 1) revealed that the complex consists
of a metallic core composed of four copper(Il) atoms, four
ligands placed in an orthogonal orientation defining a dis-
torted square, and four counteranions (PF4~) delocalized
in the unit cell, along with two CH;CN solvent molecules.
The arrangement of the metal ions shows approximate Cy4
symmetry and is of the [2 X 2] grid type, analogous to the
recently described Coy grids.[’!

Each copper atom has a distorted bipyramidal geometry
and is bound to two pyridine nitrogen atoms, two imine
nitrogen atoms, and two phenoxo oxygen atoms belonging
to two orthogonal ligands. The Cu—O distances in the com-
plex correspond to those in other Cu—O(phenolate) com-
plexes, amounting to 2.29 A for the phenolate in the apical
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position and 1.98 A for the phenolate in the equatorial posi-
tion. Cu—N bond lengths are between 2.06 and 1.96 A for
the equatorial nitrogen atoms and 2.38 A for the apical ni-
trogen atoms (Table 1). The tetranuclear center is charac-
terized by metal—metal separations of 4.04 A for the p-
phenoxo-bridged copper atoms Cu(1)—Cu(2) and of 5.35 A
for Cu(l)—Cu(3), and a bridge angle Cu—O-Cu of
140.58°.

The metal—metal separations and the oxygen bridge an-
gle are larger than those typically found in bridged bimet-
allic copper(I1) complexes.[®! However, there are other cases

where longer distances of 4.09 and 4.13 A have been report-
ed.[7c,7d]

Electronic Absorption Spectrum of Complex 1

The electronic absorption spectrum of complex 1 in
acetonitrile solution shows two maxima centered at 224 nm
(e = 5.6 X 10* M 'em™!) and 328 nm (¢ = 6.1 X 10*
M~ 'em™!), corresponding to ligand-centered (LC) m-m*
transitions. An absorption band in the visible region at 521
nm (¢ = 4.7 X 10* M~ 'em ™) can be ascribed to a metal—Ii-
gand charge-transfer transition (MLCT). The strong inten-
sity of this MLCT band suggests a good overlap between
the phenolate and the metal orbitals. It is known that
charge-transfer transitions of phenolate—Cu'! groups are
more intense when the phenolate oxygen orbital overlaps
with the copper d,>_,* orbital. "]

Magnetic Studies

Figure 2 depicts the temperature dependence of the sus-
ceptibility of 1 plotted as 7T (Figure 2a) and the field de-
pendence of the magnetic moment at 7' = 2 K (Figure 2b).
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Figure 1. X-ray structure of the [2 X 2] Cu'ly grid-type complex
1: (top) side view, (center) top view, (bottom) top view in space-
filling representation

The data can be characterized by the following three fea-
tures:

1. % T decreases slightly with decreasing temperature. The
effective moment per copper ion is determined to be ey =
1.913 at 250 K and p.; = 1.786 at 30 K, corresponding to
g = 2.21 and g = 2.06, respectively. However, this decrease
in ¥ T cannot simply be ascribed to a temperature-indepen-
dent paramagnetic contribution p, as the decrease is not
linear, as can be seen in Figure 2a. Furthermore, the value
of 1y would have to be of the order of 1073 cm® mol™!, a
value which is far beyond the scope of experimental uncer-
tainty.
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Table 1. Selected bond lengths [A] and angles [°] from the X-ray
structure of the grid complex 1; the numbering of the atoms corre-
sponds to that given in Figure 3

Cu—N(2) 1.9650 O—-Cu—N(1) 160.54
Cu—-0 1.9872 N@)#1—-Cu—N(1) 101.94
Cu—NQ@3)#1 2.0390 N(2)—Cu—O0#1 118.33
Cu—N(1) 2.0600 O—Cu—O#1 93.36
Cu—O#1 2.2973 N@3)#1—-Cu—O#1 76.71
Cu—N(@)#1 2.3890 N(1)—Cu—O#1 87.21
O—Cu#2 2.2973 N(Q2)—Cu—N#)#1 90.01
N(3)—Cu#2 2.0390 O—Cu—N(4)#1 94.92
N(4)—Cu#2 2.3890 N@B)#1—-Cu—N(4)#l1 75.00
N(2)—Cu—-0 82.68
N(1)—Cu—N(4)#1 93.81
N(2)—Cu—N(3)#1 164.96
O#1—-Cu—N()#1 151.28
O—-Cu—N(3)#I 97.11
Cu—O—Cu#2 140.58
N(2)—Cu—N(1) 79.96
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Figure 2. (a) Temperature dependence of the susceptibility of 1
plotted as % T and (b) field dependence of the magnetic moment at
T = 2 K; the solid lines represent the curves calculated for the
hamiltonian (Equation 1) with parameters J = —0.4 cm™! and

g =207

2. Below ca. 10 K, the onset of a sharp decrease of 7'
can be seen (Figure 2a), indicating a weak antiferromag-
netic coupling of the copper ions. In order to obtain an
estimate of the coupling strength, we fitted the data below
25 K to the susceptibility given by the spin hamiltonian:

H= _J(SI‘SZ + Sz'S3 + S3‘S4 + S4'Sl) + uBgB'S (1)

The parameters were determined to be J = —0.4 cm™!

and g = 2.07. The calculated susceptibility is drawn as a
solid line in Figure 2a.

3. The magnetic moment at 7 = 2 K exhibits a strong
field dependence, resulting in unusually low values of the
magnetic moment at high fields (Figure 2b). This can
clearly be seen if the data are compared to the curve calcu-
lated for the hamiltonian (Equation 1) using the above par-
ameters. However, the field dependence is paramagnetic-
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like, indicating that the magnetic coupling of the copper
ions is at best of the order of —0.1 to —1 cm™!.

As yet, we have been unable to provide a satisfactory in-
terpretation of the magnetic data that would explain both
the slight decrease of 7" and the unusually strong magnetic
field dependence. Nevertheless, although these two peculi-
arities of the data obviously necessitate further investi-
gation, it can be unambiguously concluded that the ex-
change coupling in 1 is very weak.

Considering the coupling strengths, monohydroxo-
bridged copper(I) dimers may be roughly divided into two
classes. The systems belonging to the first class exhibit
strong antiferromagnetic coupling of the order of several
—100 cm™!. This can be attributed to the arrangement of
the square-pyramidal coordination spheres of the copper
ions, which leads to d,>_,» ground states with the orbital
lobes directed towards each other, thereby providing a good
o-type exchange pathway.l’28%12:131 Dimers of the second
class are characterized by very weak ferro- or antiferromag-
netic couplings of just a few cm ™!, In these systems, several
coordination geometries are realized, e.g. two square pyra-
mids with the bridging oxygen atom in the apical posi-
tion,[’! two trigonal bipyramids with the oxygen atom in
the equatorial planes, '3 or a combination of a square pyra-
mid and a trigonal bipyramid with the oxygen atom in the
equatorial planes,!'?! which lead to negligible overlap and
thus to weak coupling.

In the [2 X 2] grid 1 a new situation is seen, which leads
to negligible exchange coupling. The coordination geo-
metries of the copper ions can be described as distorted
bipyramidal, with the equatorial planes lying perpendicular
to the plane of the grid. The ground state of the copper
ions is thus d,»_,2, with the lobes directed towards Ny, N,,
N3 and the equatorial phenoxy oxygen atom (Figure 3).
However, in view of the approximate C, symmetry of the
grid, the bipyramids of neighboring copper ions are rotated
by 90°, such that the overlap of the orbitals is negligible
(Figure 3). This accounts for the almost zero exchange
coupling found for the present Cu'y grid complex 1. On
this basis, we predict that exchange coupling in the anal-
ogous nickel grid should be quite strong, as in this case
both d,»_,> and d.> would be occupied and thus a d,> > —
d.> exchange path would exist.

Conclusions

A [2 X 2] Cu'ly grid-type complex 1 has been synthesized
and characterized. The crystal structure data reveal a com-
plex of C, symmetry, where the copper centers adopt a dis-
torted bipyramidal geometry. Cu—N bond lengths and Cu-
—O—Cu bridge angles are typical for complexes of this
type, which usually exhibit antiferromagnetic spin coupling.
However, in the present case, magnetic measurements indi-
cate only a very weak antiferromagnetic coupling of the
copper ions due to insufficient overlap of the orbitals, which
can be rationalized by considering the crystal structure of
this grid complex.
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Figure 3. Schematic representation of the orientation of the ma-
gnetic d,»_ 7 orbitals in the [2 X 2] grid 1 (top) and X-ray structure
of the metallic core of complex 1 and the N,O heteroatoms coordi-
nated to the Cu'! ions (bottom)

Experimental Section

Unless otherwise noted, '"H-NMR spectra were recorded in CDCly
solution with respect to the residual solvent peak at 200 MHz with
a Bruker AC 200 spectrometer. — Melting points were obtained
with a digital Thomas Hoover (Electrotherma) apparatus and are
uncorrected. — Infrared absorption spectra were recorded with a
Perkin-Elmer 1600 series FT-IR spectrometer and electronic absor-
tion spectra with a Cary 219 spectrometer in acetonitrile; A, in
nm and € in M~! cm~!. — Fast-atom bombardment (FAB) mass
spectrometry was performed with a ZAB-HF VG spectrometer
with m-nitrobenzyl alcohol as the matrix; electronic impact (EI)
was performed with a Fisons Instruments VG trio 2000 spec-
trometer, and electrospray (ES) mass spectrometry with a ZAB-
HF VG spectrometer. All spectroscopic studies were performed in
spectroscopic-grade solvents. All other solvents were reagent grade
and were used without further purification.

Magnetic Measurements: Magnetic moments of powdered samples
of complex 1 were measured with a commercial SQUID magnet-
ometer (Quantum Design). Measurements were made over the tem-
perature range 2—250 K at a maximum field of 5.5 T. Susceptibility
was determined on the basis of measurements made at fields of 10
KG. The powder samples were fixed with apiezon grease on a plas-
tic straw. The background signal of the plastic straw was found to
be below the resolution of the magnetometer. The signal of the
grease was measured independently and the data were corrected
accordingly. The data were also corrected for a diamagnetic contri-
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bution of —1.5 X 1073 cm® mol~!, taking into account the contri-
bution of the ligands, which was estimated using Pascal’s constants
and the TIP of the copper(Il) ions. The weight of the powder
sample used was typically 1.2 mg. The magnetization of the hamil-
tonian (Equation 1) was calculated in the following way. The well-
known formula for the susceptibility of the hamiltonian —XJ;S;S;
+ ppgB-S'¥ can be easily generalized to

2 Qx(S) sinh[(2S + 1)y]S Bs (Sy) expl-BE(S)]
s

m=Nppg
i 2 Q(S) sinh[(2S + 1)y] exp[-BE(S)]
s

for the magnetization at arbitrary magnetic field. Here y = gugB/
(kgT), Bg(Sy) is the Brillouin function,!'>! B = 1/(kgT), Q(S) de-
notes the degeneracy of the states E(S), and other symbols have
their usual meanings. For the hamiltonian (Equation 1), the ener-
gies E(S) and degeneracies Q(S) can be easily calculated using
Kambe's vector coupling model.[!>1¢ The final result for the mag-
netization is

sinh(3/2y) By (y) (x + 2x2) + sinh(5/12y) B, (2y)2x3

m=Nupg -
sinh(1/2y) (1 + x?) + sinh(3/2y) (x + 2x?) + sinh(5/2y) 2x3

with x = exp(BJ).

4-tert-Butyl-2,6-dinitrophenol (2): A solution of 4-tert-butylphenol
(0.1797 mol, 27 g) in glacial acetic acid (60 mL) was added drop-
wise with constant stirring to a mixture of nitric acid 65% (40 mL)
and glacial acetic acid (75 mL) cooled to —15°C. After the ad-
dition, the mixture was allowed to slowly warm to room tempera-
ture over a period of 30 min and then poured onto crushed ice.
The resulting yellow solid was filtered off, redissolved in chloro-
form, and this solution was washed several times with water. The
organic phase was dried (Na,SO,4) and the solvent was removed
under reduced pressure. The residue was chromatographed on silica
gel, eluting with ethyl acetate/hexane (1:6), to give 2 as a yellow
solid (30 g, 70% yield); m.p. 96—97°C (ref.!% 95°C). — IR (KBr):
V = 3448, 3173, 2961, 1640, 1533, 1368, 1309, 1266, 922, 729, 651
cm~!. — "THNMR: & = 8.32 (s, 2 H, Ar), 1.37 (s, 9 H, rBu). — 13C
NMR: § = 147.2, 143.0, 137.2, 34.7, 30.8. — MS (EI); m/z (%):
239.9 (40) [M*], 224.9 (100) [M* — Me]. — C;oH,N,05 (240.22):
caled. C 50.00, H 5.04, N 11.66; found C 50.18, H 5.09, N 11.79.

Ligand LH 3: To 4-tert-butyl-2,6-dinitrophenol (2, 4.2 mmol, 1.0
g) in ethyl acetate (10 mL) and dry methanol (20 mL), 5% Pd/C
(0.4 g) and 9 equiv. of anhydrous ammonium formate (37.5 mmol,
2.36 g) were added. The resulting mixture was stirred at room tem-
perature under argon for 15 min, according to the standard litera-
ture procedure.'l The catalyst was then removed by filtration
through a Celite pad and washed with dry methanol. The combined
filtrate and washings were concentrated to dryness, the resulting
residue was triturated with water (10 mL), and extracted with
chloroform (3 X 50 mL). The combined organic extracts were dried
(Na,SO,) and the solvent was removed under reduced pressure to
leave a dark solid (670 mg). This solid was redissolved in dry THF
(10 mL), two equivalents of 2-pyridinecarboxaldehyde (7.4 mmol,
0.7 mL) were added, and the resulting mixture was stirred in the
presence of 4-A molecular sieves for 7 h. The solvent was then
removed and the residual oil was triturated with hexane to give 3
as a brownish-yellow solid, which was filtered off and washed with
further hexane. Ligand 3 (1.01 g, 81% yield, m.p. 103—105°C) was
used without further purification for the complexation studies. —
IR (KBr): v = 3354, 2954, 1629, 1586, 1467, 1435, 1362, 1288,
1247, 989, 778, 550, 406 cm~!. — 'H NMR: § = 8.87 (s, 2 H, CH=
N), 8.72 (d, 2 H, J = 4.3 Hz, Ar), 8.28 (d, 2 H, J = 8.0 Hz, Ar),
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7.89 (dt, 2 H, J = 7.7, 1.4 Hz, Ar), 7.39 (ddd, 2 H, J = 7.4, 4.9,
1.0 Hz, Ar), 7.28 (s, 2 H, Ar), 1.35 (s, 9 H, -Bu). — '*C NMR:
5 = 159.5, 154.3, 149.5, 143.5, 136.9, 136.6, 136.1, 125.1, 121.6,
115.2, 34.4, 31.3. — MS (FAB): m/z (%) = 359.1 (100) [M™* + 1].
— HRMS (Cx,H,;3N,0): caled. 359.1867; found 359.1872. — UV/
Vis: domay (8 X 10%) = 226 (0.13), 282 (0.12), 500 nm (0.05).

(LCu)4(PFg)4 1: To ligand LH 3 (0.2789 mmol, 100 mg) in anhy-
drous methanol (15 mL), 1 equiv. of NaOMe (0.2789 mmol, 15
mg) was added at room temperature. To the deep-red solution ob-
tained, 1 equiv. of Cu(CF3S053), (0.2789 mmol, 100 mg) was added,
resulting in a color change to purple. The mixture was stirred for
3 h and then filtered through cotton. Addition of a saturated meth-
anolic solution of ammonium hexafluorophosphate led to the pre-
cipitation of a solid, which was collected by centrifugation and
recrystallized from acetonitrile/diethyl ether to give complex 1 as a
deep-purple solid (158 mg, 80% yield); m.p. 240°C (calcination). —
IR (KBr): v = 3142, 1598, 1484, 1400, 1281, 1248, 838, 559 cm 1.
— MS (ES); m/z: 21193 [M — PFg], 987 [M — 2 PF¢. —
CggHgyCuyFouN c04P, (2263.78): caled. C 46.69, H 3.74, N 9.90;
found C 46.68, H 3.82, N 9.73. — UV/Vis: Apay (€ X 10%) = 224
(5.6), 328 (6.1), 521 nm (4.7).

Crystal Structure Determination: Crystal data for CggHgsCuy-
F2uN1604P4(MeCN),, M, = 2592.18, tetragonal, space group
I4(1)/a (no. 88), a = b = 26.325(4), ¢ = 16.980(3) A V= 11767(3)
A3, Z =4, D, =1.463 Mgm 3, F(000) = 5296, T = 200 K, crystal
dimensions 0.3 X 0.2 X 0.2 mm, purple; 28039 reflections, of which
5952 were unique (R;, = 0.0457), were recorded with an Enraf—
Nonius CAD4 diffractometer. Final R indices: R; = 0.0451, wR, =
0.1195; (all data) R; = 0.0554, wR, = 0.1260 for 463 parameters.
Goodness of fit on F? = 1.020. Largest diff. peak and hole 0.750
and —0.599 A3, Crystallographic data for complex 1 have been
deposited at the Cambridge Crystallographic Data Centre (CCDC)
as supplementary publication CCDC-112945. Copies of the
data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, U.K. [Fax: (internat.)
+ 44-1223/336033; E-mail: deposit@ccdc.cam.ac.uk].
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