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Tris(1-methyl-4,5-diphenylimidazol-2-yl)methanol (L) has been synthesized and characterised. It crystallises as
L-0.51,2-Cl,C,H, from 1,2-Cl,C,H,,~light petroleum and its crystal structure has been determined. This compound
reacts with Cu(NO,),+-3H,0 to yield [{CuL(NO,)},][NO,], which has also been crystallographically characterised.
Each [{CuL(NO,)},]*" is located on a crystallographic inversion centre; the N,O, co-ordination sphere has a
geometry intermediate between square pyramidal and trigonal bipyramidal, with a slight bias towards the former.
The Cu(1)-O(1)-Cu(1*) bridging angle is small at 95.1(2)° and the Cu - - - Cu separation of 3.011(1) A is typical
of a coplanar-type di-p-oxo-copper (i) dimer. Magnetic susceptibility (300-4 K) measurements indicated that the
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dimeric complex has a spin-triplet ground state, i.e. the two copper (i) ions are ferromagnetically coupled.
Variable-temperature (300-4 K) EPR spectroscopy confirmed an S = 1 ground state described by the spin-
Hamiltonian parameters g, = 2.09, g,, = 2.08, g,, = 2.24, |D| = 0.35 cm™* and |E| = 0.049 cm™* at room
temperature. The magnitude of the zero-field splitting parameter |D| and the value of 2J decrease with decreasing

temperature.

The structural and magnetic properties of humerous dinuclear
Cu",0,-type complexes have been studied in order to ascertain
the factors that influence the magnitude and type (ferro- or
anti-ferromagnetic) of spin-spin exchange interactions. Many
trends and relationships have been empirically deduced and
theoretically interpreted.™? Key features identified include: (i)
the magnitude of the Cu-O-Cu bridging angle in di-u-OH
bridged copper(u) complexes;® (i) the electron density on the
bridging oxygen atoms in corresponding di-p-OR systems; * (iii)
the degree of tetrahedrality of the ligand stereochemistry about
the metal atoms in four-co-ordinate copper(ir) dimers;® (iv) the
extent of the fold of the two CuO, planes about the u-O « - - u-O
axis.®

As part of our investigations of the reactivity of copper with
various bi-/tri-imidazole compounds,”® the tri-imidazole ligand
tris(1-methyl-4,5-diphenylimidazol-2-yl)methanol was synthes-
ized. Its reaction with various copper(m) salts has resulted in the
formation of several interesting polynuclear copper(ir) species.
Herein, we report the synthesis and characterisation of the
pro-ligand L and its dinuclear copper(i) complex [{CuL-
(NO,)},IINOg),, including a study of its magnetic properties.

Experimental
Syntheses

Tris(1-methyl-4,5-diphenylimidazol-2-yl)methanol L. This is a
relatively simple two-step synthesis (Scheme 1) based on the
procedures developed by Breslow and co-workers®* and
Brown and Huguet.*> However, whereas these workers pro-
duced tris(imidazol-2-yl)methanol compounds with unsubsti-
tuted imidazoles or alkyl (methyl, isopropyl) substitution on the
4 and 5 positions of the imidazoles, we considered it desirable
to have the larger phenyl steric hindrance at these ring posi-
tions. The synthesis consisted of two reactions. First, imidazole
N* protection, replacing the NH proton of 4,5-diphenyl-
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Scheme 1 (i) NaH, Mel, thf, argon; (ii) LiBu", } OC(OE),, thf, argon

imidazole by methyl. Secondly, lithiation of the N-protected
imidazole at the C? position with n-butyllithium, followed by
reaction with one-third of an equivalent of diethyl carbonate to
form tris(1-methyl-4,5-diphenylimidazol-2-yl)methanol.

To a suspension of 4,5-diphenylimidazole (15.87 g, 0.072
mol) in dry, degassed tetrahydrofuran (thf) (100 cm®) under an
argon atmosphere was added NaH (80% dispersion in mineral
oil, 3.24 g, 0.11 mol) in 0.25 g portions over 30 min. After the
final addition the mixture was stirred for 30 min. Methyl iodide
(4.9 cm?®, 0.079 mol) was added over 10 min during which time
an exothermic reaction occurred. The sodium imidazolate dis-
solved, followed by the precipitation of a dense white solid
(Nal). The mixture was stirred at room temperature for 2 h
before the excess of NaH was quenched by careful dropwise
addition of EtOH-PriOH (2:1, 30 cm®. The mixture was
poured into water (500 cm®), causing instant precipitation of
product, and stirred vigorously for 10 min before the solid was
filtered off and air dried. The crude product was dissolved in
CH,Cl, (200 cm® and dried over anhydrous MgSO,. The
MgSO, was removed and washed with CH,CI, (2 x 30 cm®).
The filtrate and washings were combined and toluene (50 cm®)
added to the solution. The CH,CI, component was removed
under reduced pressure and the resultant yellow toluene solu-
tion allowed to cool to room temperature, resulting in the rapid
precipitation of a microcrystalline white solid (1-methyl-4,5-
diphenylimidazole) which was filtered off, washed with toluene
(20 cm?), Et,0 (30 cm?®) and dried in vacuo. Yield: 13.2 g (78%),
m.p. 163-165 °C. '"H NMR (200 MHz, CDCl,): § 3.5 (s, 3 H,
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CH;) and 7.1-7.6 (m, 11 H, aryl H) (Found: C, 81.8; H, 6.0; N,
12.0. Calc. for C;¢H4N,: C, 82.0; H, 6.0; N, 12.0%). Chemical
ionisation mass spectrum: m/z 235 (Calc.: M*, C,gH,,N,: 234).
A suspension of 1-methyl-4,5-diphenylimidazole (5.0 g, 0.021
mol) in dry, degassed thf (80 cm?®) was stirred for 5 min under an
argon atmosphere until the solid had dissolved. The colourless
solution was cooled to —78 °C and LiBu" (1.6 mol dm™ in
hexane, 13.3 cm?, 0.021 mol) added dropwise over 10 min. The
mixture was stirred for 1 h at —78 °C to give a red-brown solu-
tion. After addition of dry, degassed diethyl carbonate (0.83
cm?®, 0.0069 mol) the solution was allowed to warm to room
temperature over 2 h and stirred for 90 min, during which time
it changed to an intense red. The reaction was quenched by
addition of water (2 x 20 cm®) causing an instant change to
pale yellow. The thf component was removed under reduced
pressure yielding a sticky yellow solid in the residual water. The
aqueous layer was removed by decantation and the yellow solid
dissolved in CH,CI, (100 cm® and dried over anhydrous
MgSO,. The MgSO, was removed and washed with two por-
tions of CH,CI, (20 cm®). The filtrate and washings were com-
bined and reduced to a volume of 30 cm® under reduced pres-
sure. Absolute EtOH (25 cm® was added and the solvent
allowed to evaporate over several days causing the precipitation
of a pale yellow solid. Recrystallisation from absolute EtOH-
CH,CI, (1:3) yielded a white crystalline solid which was filtered
off, washed with absolute EtOH (10 cm?®), Et,0 (20 cm®) and
dried in vacuo. Yield: 3.9 g (78%), m.p. 222-224 °C. '"H NMR
(300 MHz, CDCl,): 8 3.5 (s, 9 H, CH;), 6.7 (s, 1 H, OH) and
7.1-7.7 (m, 36 H, aryl H) (Found: C, 80.5; H, 5.6; N, 11.4. Calc.
for C,sH,,NgO: C, 80.8; H, 5.5; N, 11.5%). Fast atom bombard-
ment mass spectrum: m/z 730 (Calc.: M*, C,4H,,N¢O: 728).

[{CuL(NO,)},][NOg],. The salt Cu(NO,),-3H,0 (0.063 g,
2.48 x 107* mol) was added to a solution of L (0.20 g, 2.75 x
107* mol) in CH,CI, (30 cm®-absolute EtOH (20 cm®) and
stirred for 10 min at room temperature to give a green solution.
Toluene (20 cm®) was added and the CH,Cl,—absolute EtOH
was evaporated under reduced pressure causing the precipit-
ation of a pale green microcrystalline solid which was filtered off,
washed with toluene (5 cm®), Et,0 (5 cm®) and dried in vacuo.
Yield: 0.19 g (84%) (Found: C, 64.2; H, 4.7; Cu, 6.6; N, 12.2.
Calc. for C,H,CuNgO;: C, 64.2; H, 4.4; Cu, 6.9; N, 12.2%).
FAB mass spectrum: m/z (proposed fragment) 918 {[Cu,L-
(NO,)I'}, 854 ([Cu,L]Y), 792 ([CuL]?) and 712 ([L — Me]").

Physical measurements

The NMR spectra were recorded using a Varian Gemini 200
spectrometer or a Bruker AC300 spectrometer, chemical ionis-
ation mass spectra using an IC Kratos MC 25 instrument, FAB
spectra using a Kratos Concept 1S spectrometer, EPR spectra
at X- (ca. 9.5) K- (ca. 24.2) and Q-band (ca. 34.2 GHz) frequen-
cies on a Bruker ESP300E spectrometer. X-Band measurements
from 300 to 100 K utilised a Bruker ER4116DM resonator with
a BVT2000 variable-temperature unit; an Oxford Instruments
ESR910 cryostat was used for temperatures below 100 K. An
ER6706KT and an ER5106QT resonator were used for K- and
Q-band measurements, respectively, with cooling via either an
ER4118VT (300-100 K) or an ER4118CF (100-4.2 K) cryo-
stat. Computer simulations of spectra were achieved via in-
house software.* The variable-temperature magnetic suscepti-
bility studies on [{CuL(NO,)},]INO,], were made using an
Oxford Instruments Faraday susceptibility balance, with an
electromagnet operating at 8000 G (0.8 T); the data were col-
lected from 4 to 300 K at 10 K intervals above 30 K and at
closer intervals at lower temperature, each data point being the
average of 36 measurements. A correction was made for the
measured diamagnetism of the Teflon sample container. The
molar susceptibility was corrected for the diamagnetic contri-
bution of the sample using Pascal constants.
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Crystallography

A summary of the key crystallographic information is given in
Table 1. All intensity data were corrected for Lorentz-polar-
isation, and absorption effects using the program DIFABS.*
During data collection for each crystal the intensities of three
representative reflections were measured every 150; for L-0.51,2-
CI,C,H, these declined by 5.4% and for [{CuL(NO,)},]INO;],*
4thf a reduction in intensity of 5.6% was observed; a linear
correction factor was applied to the sets of data to account for
these decays. The structure of L-0.5 1,2-CI,C,H,, was solved by
direct methods using the programs MITHRIL® and DIR-
DIF* and that of [{CuL(NO,)},]INO,],-4thf by Patterson
methods using the software SHELXS 86" and DIRDIF.* In
each case the function minimised during full-matrix, least-
squares refinement was Iw(|F,| — |F)? using standard neutral-
atom scattering factors and anomalous dispersion corrections.*®

L-0.51,2-ClL,C,H,. Crystals were grown by solvent layering in
a sealed Pasteur pipette, with a 1,2-Cl,C,H, solution of the
compound and light petroleum (b.p. 60-80 °C) as the counter
solvent. The colourless block shaped crystals were sensitive to
loss of solvent upon removal from the mother-liquor. Con-
sequently, the crystal used in the crystallographic investigation
was mounted in a glass capillary, together with some of its
mother-liquor. The non-hydrogen atoms of the molecule were
refined anisotropically. Half a molecule of the solvent, 1,2-
Cl,C,H,, was located by Fourier-difference techniques. Hydro-
gen atoms attached to carbon were included in the structure-
factor calculation in idealised positions (C—H 0.95 A) and
assigned isotropic thermal parameters 20% larger than the
equivalent B value of the atom to which they were bonded. The
H(1) atom bonded to O(1) was located by Fourier-difference
methods. The maximum and minimum peaks on the final
Fourier-difference map corresponded to 0.50 and —0.49 e A3,
respectively.

[{CUL(NO,)}LIINO,],-4thf. Crystals were grown by solvent
layering. A solution of the compound was prepared in CH,CI,
and then transferred to a Pasteur pipette (flame sealed at one
end). Five times the volume of thf was then carefully layered
onto the CH,CI, solution and the pipette completely sealed.
Over several days small green, block-like crystals formed. One
was mounted on a glass fibre. The asymmetric unit contained
half the formula weight of the compound (the other half being
generated by inversion through the centre of symmetry). Three
disordered fragments were also located; the first was assumed to
be a nitrate anion with six positions for oxygen, three at an
occupancy of 0.6, the other three at an occupancy of 0.4; the
other two fragments were considered to be thf (for one molecule
only four non-hydrogen atoms were located whilst for the other
five non-hydrogen atoms were found); however, it was not pos-
sible to ascertain which of these atoms were oxygen, and so all
were refined as carbon. The non-hydrogen atoms were refined
anisotropically, except for N(8) and the atoms of the two thf
fragments which were refined isotropically. Hydrogen atoms
were included in the structure-factor calculation in idealised
positions (C-H 0.95 A) and were assigned isotropic thermal
parameters that were 20% larger than the equivalent B value of
the atom to which they were bound. The hydrogen atoms of the
thf fragments were not included. The maximum and minimum
peaks on the final Fourier-difference map corresponded to 0.81
and —0.66 e A~°, respectively. The disorder and other un-
certainties noted above resulted in the final R and R’ values,
0.084 and 0.101, being larger than usual.

Atomic coordinates, thermal parameters, and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1997, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/391.
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Fig. 1 An ORTEP" view of the L molecule showing the atom
numbering scheme

Fig. 2 Schematic view of the structure of [{CuL(NO,)},]*

Results and Discussion
Crystal structures

L-0.51,2-Cl,C,H,. The crystal structure of L-0.5 1,2-CI,C,H,
consists of L (Fig. 1) and a molecule of 1,2-Cl,C,H, disordered
over two sites which are related by a centre of symmetry. The
molecular structure confirms that the synthesis has progressed
successfully, and that for any two of the imidazole rings of this
pro-ligand to bind to a single metal atom will require consider-
able reorientation of the relevant heterocyclic rings.

[{CUuL(NO,)},][NO,],-4thf. The structure consists of centro-
symmetric dimeric copper cations (Fig. 2). There are also two
non-bonded nitrate anions (>3.60 A from any Cu') per
[{CuL(NO,)},]** cation, and four non-bonded thf solvent mol-
ecules in the lattice. Each [{CuL(NO,)},]** cation contains two
copper(m) ions bound together by two bridging systems: the
carbinol oxygens in a di-pu-O(H)R fashion and two imidazoles of

Table 1 Crystal and refinement data* for the L-0.5 1,2-CIl,C,H, and

[{CUuL(NO,)}.][NO;],-4thf

L-0.51,2-Cl,C,H,

{CUuL(NO,)}.][NO;],:
4thf

Formula CsoH4,CINO Cs;HssCuNgO,
M 780.39 1059.66
a/A 14.229(2) 14.124(3)
b/A 14.283(4) 14.972(2)
clA 11.122(2) 13.026(2)
al° 103.53(2) 91.15(1)
pr° 93.89(1) 93.87(2)
v/° 81.17(2) 99.15(2)
U/A3 2170.3(9) 2711.9(8)
DJgcm™3 1.194 1.298
F(000) 822 1108
Crystal size/mm 0.25 x 0.25 x 0.40 0.10 x 0.10 x 0.10
wem™ 11.02 10.50
T/°C 22+1 30+1
200 120.2 120.3
Total reflections 6756 8441
Unique reflections 6453 8060
Structure solution Direct methods Patterson
No. data used in 3099 4486
refinement
Final R 0.071 0.084
Final R’ 0.079 0.101

* Details in common: triclinic, space group P1; Z = 2; Rigaku AFC5R
diffractometer; graphite-monochromated Cu-Ko radiation (A=
1.541 78 A); ®-20 scans; scan rate 8.0° min~! in o (two and three re-
scans); scan width 1.10 + 0.30 tan 0; w = 1/[c*(F,) + 0.0022|F 2.

Table 2 Dimensions (bond lengths in A, angles in °) of the copper(ir)
co-ordination sphere of [{CuL(NO,)},][NO,], with estimated standard
deviation (e.s.d.s) in parentheses

Cu(1)-0(1) 2.123(6) Cu(1)-N(@3) 2.158(7)
Cu(1)-0(1%) 1.955(5) Cu(1)-N(5) 2.052(7)
Cu(1)-0(2)(NO,)  1.934(6) Cu(1)-0(4)(NO,)  2.721(5)
O(1)-Cu(1)-0(1)  84.9(2) O(1)-Cu(1)-N()  83.3(2)
O(1)-Cu(1)-0(2)  90.6(2) 0(2-Cu(1)-N(3)  93.9(3)
O(1)-Cu(1)-N(3)  76.5(2) 0O(2)-Cu(1)-N(5)  99.3(3)
O(1)-Cu(1)-N(5)  148.3(2) N(@3)-Cu(1)-N(5)  132.0(3)
O(1)-Cu(1)-0(2)  174.8(3) Cu(1)-0(1)-Cu(1*) 95.1(2)
O(1)-Cu(1)-N(3)  87.6(2)

each L; one imidazole co-ordinates to one metal ion and the
other to the second metal ion. The alcohol oxygens are not
considered to be deprotonated according to the analytical data
(see above) which show two nitrates per Cu and a ratio
Cu:L:NO; of 1:1:2. The EPR spectra and magnetic proper-
ties of the compound (see below) are all clearly indicative of a
dimeric copper(ir) system. Thus, Cu", 2NO,~, plus neutral L
gives a balancing of charges, but we cannot exclude the possibil-
ity of the proton of the carbinol being located elsewhere, e.g. on
the unbound imidazole ring. However, there is no evidence for
such proton transfer and the structure of the carbinol oxygen
favours protonation with the bond angles about these atoms
[Cu(1)-O(1)-Cu(1*) 95.1(2), Cu(1)-O(1)-C(1) 115.5(5),
Cu(1*)-0(1)-C(1) 108.7(5)°, total=319.3°, average = 106.4°]
having values more compatible with sp® rather than sp? hybrid-
isation at the oxygen. The Cu(1), O(1), Cu(1*), O(1*) atoms are
crystallographically planar. In addition to the two p-O(H)R and
two imidazole groups, the Cu" is co-ordinated to a unidentate
nitrato group through oxygen O(2). Thus, each Cu'" ion has
an N,O, co-ordination sphere. The third imidazole of each tris-
(imidazole) ligand remains non-co-ordinated.

Tables 2 and 3 list bond lengths and interbond angles. The
structure of the [{CuL(NO,)},]** cation is greatly influenced by
the nature of L (see Fig. 2); the steric hindrance imposed by the
4-Ph groups restricts co-ordination at each Cu'" and the bridg-
ing of the two metal centres is via two pu-OH groups, one from
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each ligand. The nature of the five-co-ordinate geometry about
Cu" can be assessed using the structural index parameter
t=(p — a)/60, where B,0. are the two largest co-ordination
angles; t = 0 for square-pyramidal geometry and 1 for trigonal-
bipyramidal geometry.®* The value of t in [{CuL(NO,)},]*" is
0.442, indicating that the geometry is midway between trigonal
bipyramidal and square pyramidal but with a slight bias

towards the latter. With respect to a square-pyramidal geom-
etry, the O(1), O(1*), O(2) and N(5) atoms would be considered
as defining the basal plane; N(5) occupies a position considerably
out of the O(1), O(1*), O(2) plane, indicative of a distortion
towards a trigonal-bipyramidal geometry where N(5), N(3) and
O(1) define the equatorial plane and O(1*) and O(2) occupy
the axial positions.

Table 4 compares the Cu-O—Cu bond angles, the Cu—(u-O)
bond lengths, and the structural index parameters, t, for the
copper(m) centres of [{CuL(NO,)},]INO,], with those of a
number of related di-p-O copper(ir) dimers, where the metal
centres are five-co-ordinate. In such systems the bridging modes
are often described as being ‘parallel planar’ or ‘coplanar’ in

Table 3 Methanol bridge and imidazole ring bond lengths (&) and
angles (°) (with e.s.d.s) for the L ligand in [{CuL(NO,)},][NO;],

Methanol bridge

C(2)-C(1)-C(34) 111.8(5) c()-o() 1.435(6) relatiop to ideali_sed trigon_al-bipyr_amidal and square-
C(2)-C(1)-C(18) 110.1(5) Cc(1)-C(2) 1.515(8) pyramlt_jal geometries, respectlvely (Fig. 3). The Cu---Cu
C(18)-C(1)-C(34) 109.6(5) C(1)-C(18) 1.503(8) separation of 3.011(1) A in [{CuL(NO,)},J[NO,], compares
C(2)-C(1)-0(1) 108.6(5) C(1)-C(34) 1.512(8) favourably with those of previously reported coplanar CuO,Cu
C(18)-C(1)-0(1) 109.6(5) centres (ca. 3.0 A), whereas this distance is considerably shorter
C(34)-C(1)-0() 106.9(5) than the Cu - - - Cu separation of the parallel planar copper(ir)
Imidazole 1 dimfrs (byhat Ieahst ca;). OdS A). ThedCu . d Cu (sjepat\)ratio[? thus
implies that the bridging mode adopte y [{CuL-

C(2-N(1)-C(3 105.8(5 C(2)-N(1 1.364(7 . .
N((l))—CgS;—CE 4§ 106.5553 N((l))—CE3§ 1_3908 (NO,)},IINO,], is best described as coplanar.
C(3)-C(4)-N(2) 109.4(5) C(3)-C(4) 1.361(8) The level of geometric distortion away from square pyram-
C(4)-N(2)-C(2) 106.1(5) C(4)-N(2) 1.383(7) idal towards trigonal bipyramidal, as demonstrated by the
N(2)-C(2)-N(2) 112.2(5) N(2)-C(2) 1.305(7) structural index, T = 0.442 for [{CuL(NO;)},][NO;],, is the high-

. est observed in Table 4 for both copper(i) ions jointly, although
Imidazole 2 one of the metal ions of the [Cu,(N,O)(OH)][BF,],?? system is
ﬁ(é?)é\(ll(g;—gggg ig;g% (lil((lsi)a)g\(ll(gg igggg; more distorted towards trigonal bipyramidal with a t value of
C(19)-C(20)-N(4) 110:5(6) C(19)-C(20) 1:363(8) 0.502 (see above). TheoCufOfCu brldgl_ng angles of [{CuL-
C(20)-N(4)-C(18) 105.3(5) C(20)-N(2) 1.390(7) (NO,)}IINO,], [95.1(2)°] are the smallest in Table 4.
N(4)-C(18)-N(3) 111.9(6) N(4)-C(18) 1.310(7)

EPR Spectroscopy
Imidazole 3 The EPR spectrum of [{CuL(NO,)},][NO,], in CH,Cl,—toluene
3/52 312 A4V

5(342_’\'(5):(:(35) 106.8(5) C(341_N(5) 1.353(7) frozen solution at 77 K indicated that the dimer had dissociated

(5)-C(35)-C(36) 107.3(6) N(5)-C(35) 1.373(7) .
C(35)-C(36)-N(6) 108.5(5) C(35)-C(36) 1.355(8) to produce monomeric copper (i) centres (9¢.= 2.017,9,=2.272,
C(36)-N(6)-C(34) 106.0(5) C(36)-N(6) 1.395(7) A, =158 G). Therefore, all of the EPR studies were performed
N(6)-C(34)-N(5) 111.4(5) N(6)-C(34) 1.317(7) on undiluted solids.

Table 4  Structural comparison of [{CuL(NO,)},][NO,], with other dimeric copper (i) dimers with five-co-ordinate metal centres

Cu—(u-O)/A T
Comments on
System™* Cu-O-Cu° Cu---Cu/A 0Q) 0(2) Cu(1) Cu(2) structure
[{CuL(NO,)},]INO,], 95.1(2) 3.011(1) 2.123(6) 1.955(5) 0.442 0.442 Coplanar
[Cu(esal)NO,J,? 101.1(1) 3.008(1) 1.968(3) 1.926(3) 0.045 0.045 Coplanar
[(CuL®,][CIO,],* 98.2(6) 2.929 1.916(6) 1.958(6) 0.427 0.427 Coplanar
[Cu,L{OH)][CIO,],H,0% 100.0(3) 3.019(2) 1.958(6) 1.894(6) 0.087 0.052 Coplanar
104.3(3) 1.983(6) 1.930(6)
[Cu,L3(OH)(CIO,),]-2MeOH?*  96.9(4) 2.994(1) 2.001(6) 1.868(6) 0.197 0.197 Coplanar
106.5(5)
[Cu,L*OH)][CIO,L,? 99.19(6) 2.947 1.938(1) 1.920(1) 0.123 0.140 Coplanar
100.44(7) 1.933(1) 1.915(1)
[{Cu(p;y)z(dbcat)z};z] 2 100.5(1) 3.021(1) 1.964(2) 1.966(2) <0.1 <0.1 Coplanar
[{CuL%(CIO,)},] . 96.5(1) 2.911(2) 1.951(3) 1.950(3) 0.207 0.207 Coplanar
[{CuL*(dmso)},][CIO ], 96.1(2) 2.887(2) 1.927(4) 1.955(4) 0.277 0.277 Coplanar
[{CuL®(dmso)},][CIO,], 98.3(1) 2.966(1) 1.957(2) 1.964(1) 0.213 0.213 Coplanar
[{CuL’(CIO,)},]® 102.4(1) 2.995(1) 1.913(1) 1.929(1) 0.079 0.079 Coplanar
[Cu,L3(OH)][BF,],% 103.6(3) 3.053(4) 1.942(6) 2.002(8) 0.502 0.218 Unsymmetrical Cu(1)
101.9(4) 1.941(6) 1.927(8) and Cu(2) geometries
[Cu,L%(0,CMe),]-2H,0*° 98.1(3) 3.384(3) 1.960(8) 2.498(8) 0.040 0.040 Parallel planar
HCu(tsgly),(bipy)}, -2H,0%  100.0 3.317(1) 2.350(3) 1.968(2) 0.068 0.068 Parallel planar
[{CuL*(0,CMe)},]-2H,0% 101.3(4) 3.507(3) 1.973(10) 2.485(10) 0.005 0.023 Parallel planar
103.0(4)
[{CuL(0O,CMe)},]* 95.34(5) 3.305 1.955(1) 2.490(1) 0.054 0.054 Parallel planar

esal = N-Ethyl-2-hydroxybenzylideneaminate); tsgly = N-tosylglycinate monoanion (tosyl : 4-toluene-p-sulfonyl); bipy = 2,2'-bipyridine; dbcat = 3,5-
di-tert-butylbenzene-1,2-diolate;  L* = 4,6,6-trimethyl-3,7-diazanon-3-ene-1,9-diolate;  L? = 2-[N-(3-dimethylaminopropyl)formimidoyl]-6-[N-(2-
pyridylethyl)formimidoyl]-phenolate; L2 = 2,6-bis[4-(benzimidazol-2-yl)-2-thiabutyl]-4-methylphenolate; L*= 2,6-bis[N-(2-pyridylmethyl)formid-
oyl]-4-methylphenolate; L® = 2-(1,3,5,7-tetraazabicyclo[3.3.1]Jnonan-3-yl)ethanolate; L® = 2-{7-(methoxymethyl)-1,3,5,7-tetraazabicyclo[3.3.1Jnonan-
3-yl}ethanolate; L’ = 3-(1,3,5,7-tetraazabicyclo[3.3.1]nonan-3-yl)propanolate; L8 = 2,6-bis{bis[2-(pyrazol-1-yl)ethyllaminomethyl}-p-cresolate; L° =
N-methyl-N’-(5-methoxysalicylidene)propane-1,3-diaminate; L'° = 6-amino-1-(2'-hydroxyphenyl)-3-methyl-4-azahept-2-en-1-onate; L'* = 7-amino-
4-methyl-5-azahept-3-en-2-onate; py = pyridine; dmso = dimethyl sulfoxide.
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coplanar bridging (square pyramidal)
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Fig. 4 Q-Band EPR spectra of [{CuL(NO,)},][NO;], at (a) 300, (b)
160 K and (c) 4.2 K. The vertical lines are drawn to highlight the
decreasing spread of the |AMg| = 1 resonances with temperature which
shows that there is a decrease in the zero-field splitting
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Fig. 5 (@ X-, () K- and (c) Q-band EPR spectra of [{CuL-
(NO,)},]INO,], at 300 K (experimental, solid lines; simulated, dashed
lines)

Powdered [{CuL(NO,)},][NO,], was found to be EPR active
at all temperatures (300-4.2 K) and frequencies (X-, K- and Q-
band) studied. The spectra observed are consistnt with a spin-
triplet state with both the usual |[AMg|=1 and ‘half-field’
|AMg| = 2 transitions. A monomeric impurity was also observed
in all spectra which was less dominant at low temperatures. On
cooling from 300 to 4.2 K two trends were observed. First, the
total intensity of the triplet spectrum increased with decreasing
temperature down to 4.2 K; this is consistent with a ferro-
magnetically exchange-coupled system as required by the
magnetic susceptibility data, see below. Secondly, the spread of
the |[AMg| =1 resonances decreased with decrease in temper-
ature down to about 60 K (Fig. 4). Below this temperature the
spectra did not change, except for small variations in linewidth.
The room-temperature spectra at X-, K- and Q-band were
simulated successfully with the spin-Hamiltonian parameters
Oux = 2.09, gy, = 2.08, g,, = 2.24 (g,, = 2.14), |D| =0.35 cm™* and
|E| =0.049 cm™ with Lorentzian linewidths of 200-300 G,
where D and E are the zero-field splitting parameters. The
room-temperature X-, K- and Q-band EPR spectra and their
simulations are shown in Fig. 5. The ability to simulate the
major features in the EPR spectra at each of these frequencies
with the same set of g, |D| and |E| values confirms their reliabil-
ity. It should be noticed that there are certain features in the
experimental spectra that could not be reproduced in the simu-
lations [e.g. the low-field shoulder on the half-field transition at
Q-band, Fig. 5(c)]. The origin of these ‘extra’ features is
unclear, although the possibility of dimeric impurities cannot
be ruled out. The experimentally observed zero-field splitting,
D°, is the sum of the contributions from dipolar and aniso-
tropic exchange interactions, D% and D®", respectively. The
dipolar contribution can be estimated from the Cu - - - Cu dis-
tance.* The experimental Cu - - - Cu distances and g values give
DY = —0.11 cm™* at room temperature, a value much smaller
than the experimentally observed |D°| = 0.35 cm™. Thus, the
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Fig.7 (a) Plots of p (W) and y,,, (@) versus T for [{CuL(NO,)},][NO;],;
solid lines represent the best fits using equation (2) with g=2.28,
2J=+12cm™ 0 =—1 K and No =60 x 10° cm® mol™ (ug ~ 9.274 x
10723 T7Y). (b) The temperature variation of 2J calculated from equa-
tion (2) and the experimental y,, with g=2.14, Na.=60 x 107° cm?
mol*and 6=0

predominant contribution to the observed zero-field splitting is
the anisotropic exchange interaction which results from the
combined interactions of spin-orbit coupling and exchange in
the excited states.

The changes in the EPR spectra on cooling arise from a
decrease of the zero-field splitting, D. A plot of |D| (from simu-
lation of Q-band spectra) versus temperature reveals the
decrease of |D| down to ca. 60 K whereupon it levels out (Fig.
6). It is interesting that although |D| decreases from 0.35 cm™ at
300 K to 0.265 cm™ at <60 K, |E| remains within the narrow
range of 0.049 +0.002 cm™* and the g values are unchanged.
The change in |D| is reversible, i.e. on warming a sample from
4.2 to 300 K the original spectra were restored. The behaviour
of |D| and 2J (see below) implies that the exchange interaction
varies with temperature. Changes in |D| and 2J most likely
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result from small changes in structure with temperature,
although in the absence of structural data at more than one
temperature it is hard to be specific.

Variable-temperature magnetic susceptibility measurements

The variable-temperature magnetic susceptibility data in the
range 4-290 K for [{CuL(NO,)},l[INO;], [Fig. 7(a)] do not ex-
hibit a maximum suggesting that the interaction between the
two copper(11) ions of the cation is ferromagnetic. This exchange
interaction can be expressed by the exchange Hamiltonian (1),

H,, = —2J5,-§, (6N

where 2J is the single—triplet splitting; in this definition, a posi-
tive value of 2J represents a ferromagnetic interaction. The
value of 2J is usually determined by fitting variable-
temperature (300-4 K) susceptibility data for a polycrystalline
sample by use of the Bleaney-Bowers equation (2),* where y,,

xm = [9°B?N/3Kg(T — 0)][1 + L exp(—2J/ksT)] ' + Na (2)

is the molar susceptibility, T the temperature, 6 the Weiss tem-
perature, g the average g value, kg the Boltzmann constant, f
the Bohr magneton, and N the temperature-independent para-
magnetism. When the data in Fig. 7(a) were fitted using equa-
tion (2), by minimising the value of r in equation (3) and

r = X[y (exptl) — y(theory)[?/2[x (exptl)]? 3)

allowing g, 2J and 6 to vary, the magnetic parameters obtained
were g=2.28, 2J=+12 cm™* and 06=—1 K (Na was set at
60 x 107® cm® mol~* the accepted value per Cu"). The best-fit
value of g is inconsistent with the value of 2.14 obtained
experimentally (see above). An attempt to model the magnetic
data using the average g value of 2.14 determined from EPR
measurements, but allowing all other parameters in equation (2)
to vary, resulted in a much poorer fit between calculated and
observed susceptibilities. We observed that the g value from the
EPR spectra remained constant with temperature. By using the
experimental g,, value, fixing No. =60 x 107® cm® mol™* and
0 =0, values of 2J can be calculated from equation (2) using the
experimental susceptibilities. The result of this is shown in Fig.
7(b). The values of 2J are positive showing ferromagnetic coup-
ling. However, 2J varies from 200 cm™* at 290 K to 30 cm™* at
50 K in an almost linear manner. Below about 20 K the value of
2J decreases more sharply. Apart from the fall in 2J below ca.
20 K, the temperature variation in 2J is similar to that of the
zero-field splitting parameter, |D|, in the EPR spectra.

A major factor in determining the degree and type of spin
coupling in di-pu-O bridged copper(ir) dimers is the Cu—O-Cu
bridge angle. In the classic study of Hatfield and co-workers? it
was shown that for a series of bis(diamine)bis(u-hydroxo)-
copper() complexes the singlet-triplet splitting varied as a
linear function of the Cu—O-Cu bridging angle. All of these
complexes involved an essentially planar N,CuO,CuN,
moiety, with Cu-O distances of 1.92 +0.03 A and Cu-N dis-
tances of 2.00 £ 0.003 A, with co-ordinated water molecules or
counter ions in some cases. The Cu—O—-Cu bond angles (o) in
these compounds range from 95.6(1) to 104.1(2)° and the
singlet-triplet splitting varied linearly from +172 to —509 cm ™!,
the linear relationship being described by equation (4). This

2J = —74.53¢ + 7270 cm ™! (@)

linear relationship leads to 2J = 0 at Cu—O-Cu 97.5°.% In a simi-
lar study using a series of tetrameric copper(i) complexes with
bridging N,N-dialkylated aminoalcohol ligands, where the tetra-
mers behave as two non-interacting dimeric units,* a linear re-
lationship (5) was established with 2J = 0 at 95.7°. Substitution
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2)=—82.1¢p + 7857 cm™* (5)

of the Cu—-O-Cu bridging angle of [{CuL(NO;)},][NOg], [¢=
95.1(2)°] into equations (4) and (5) leads to 2J values of +182
+ 45 and +49 + 49 cm™?, respectively. The value 2J =200 cm™*
at 290 K, a temperature close to that at which the structure was
determined, is within the range obtained from equation (4).

Previous observations have shown that the nature of the
bridging oxygen atoms in CuO,Cu dimers can lead to signifi-
cant deviations of 2J from those predicted by equation (4). For
example, Hay et al.? concluded that an increase in electron dens-
ity at the bridging atom leads to a decrease in the antiferro-
magnetic interaction. The tertiary alcohol bridges in [{CuL-
(NO,)},]INO;], are considered more closely to resemble the
hydroxy bridges in the compounds used to derive equation (4)
than the N,N-dialkylated aminoalcohols used to derive the
relationship (5), consistent with the 2J value obtained.

The ground-state magnetic orbitals in idealised trigonal-
bipyramidal and square-based pyramidal geometries are d,
and d,._., respectively® The intermediate co-ordination
geometry of the two copper(i) ions in [{CuL(NO,)},][NO;],
leads to a low molecular symmetry of C;, under which both the
d; and d,._. orbitals transform as A,,, thus allowing orbital
mixing. This scrambling of the d-orbital functions precludes a
discussion of the mechanism of the ferromagnetic exchange in
simple orbital pictures.
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