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Tetranuclear grid-like copper(i) complexes with pyrazolate
bridges: syntheses, structures, magnetic and EPR spectroscopic
properties
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Reaction of 3-(2-pyridyl)pyrazole (HL') and 6-(3-pyrazolyl)-2,2’-bipyridine (HL?) with nickel() and zinc(m) salts
afforded the simple mononuclear pseudo-octahedral complexes [M(HL"),][PF,], and [M(HL?),][PF], respectively
(M = Ni or Zn) in which the ligands co-ordinate as neutral mononucleating chelates in the same manner as e.g.
2,2'-bipyridine or 2,2 : 6’ 2"-terpyridine respectively. However with Cu™ the complexes [Cu,(L")¢(s01v),][PF],

(solv = dmf or MeOH) and [Cu,(L?),(dmf),][PF], were isolated and crystallographically characterised, in all cases
containing four tetragonally elongated square-pyramidal copper(mr) ions which are linked by pyrazolate bridges
from the now deprotonated ligands L' and L? The approximate orthogonality of the different ligands within each
complex and the approximately square array of metal ions result in a grid-like structure. In [Cu,(L")s(solv),][PF],
there are successively two, one, two and one pyrazolate bridges between adjacent copper(ir) ions around the Cu,
square resulting in two clearly different magnetic coupling pathways; in [Cu,(L?),(dmf),][PF4], however, which

has approximate S, symmetry, each Cu - - - Cu edge has a single pyrazolate bridge and the coupling pathways

are all virtually equivalent. Prolonged drying of these compounds resulted in loss of the axial dmf ligands to

give [Cu,(L")(][PF4], and [Cu,(L?),][PF4],. Magnetic susceptibility studies on these showed the presence of two
antiferromagnetic exchange pathways for [Cu,(L')¢][PF4], with J > 172 cm ™! and J’ < 155 cm™! (strong correlation
between the parameters precludes a more precise determination), but only one antiferromagnetic exchange pathway
for [Cu,(L?),][PFg, with J = 63.5 cm ™!, consistent with the crystal structures of the dmf adducts. The EPR spectra
of [Cu,(LYg][PFg], and [Cu,(L*),][PF], at a variety of frequencies and temperatures can be well simulated as arising
from triplet species; however the spectrum of [Cu,(L")(][PF], also contains a feature which may be ascribed to the

expected thermally populated quintet state.

Introduction

Self-assembly processes involving carefully designed multi-
dentate ligands and metal ions with appropriate stereo-
electronic preferences can lead to the efficient and specific
formation of architecturally highly sophisticated polynuclear
complexes such as molecular helicates, grids, rings and boxes.!
Although in the first instances many of these structures arose
by chance, recently a systematic attempt has been made to
determine the relationship between the number, type and
spatial disposition of binding sites on the ligand, and the stereo-
electronic preferences of the metal ion, which would allow a
considerable degree of control to be exerted over the nature of
the structure.” The major interest so far in these types of co-
ordination complex has been in their remarkable structures and
the specific self-assembly processes which lead to them. How-
ever there is also considerable scope for the study of metal—
metal interactions in complexes where several metal ions are
assembled in a well defined spatial array linked by suitable
bridging ligands to mediate the interaction.® Electrochemical
properties* and magnetic® exchange interactions have been

extensively studied between pairs of metal ions in dinuclear
complexes, and the magnetic properties of one-dimensional
chain-like complexes® and high-nuclearity clusters® have
recently been of considerable interest for the development of
new magnetic materials.

In this paper we describe the syntheses, structural character-
isation, and magnetic and EPR spectroscopic properties of
some unusual grid-like” tetranuclear copper(ir) complexes pre-
pared from simple multidentate chelating ligands HL! and HL?
containing pyridyl and pyrazolyl donors which act as bridges
via deprotonated pyrazole groups. The assembly of these
structures is driven by the stereoelectronic requirement of
the copper(11) ion for an elongated tetragonal (as opposed to
regular octahedral) geometry. The preferences of Cu' and Ag'
for four-co-ordinate geometry, of most first-row transition-
metals for octahedral geometry, and of lanthanides for nine-
co-ordinate geometry have all been exploited in the assembly of
multinuclear complexes by self-assembly methods.' These new
complexes represent a rare example® of the exploitation of the
unusual structural preference of Cu™ to direct self-assembly
reactions and, to emphasise the point, complexes of the same
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ligands with other first-row transition metal ions, having much
simpler structures, are also described. The resultant grid-like
copper(l1) complexes contain arrays of four copper(i) ions
linked by pyrazolate bridges which are known to be effective
mediators of magnetic exchange interactions;*'* accordingly,
detailed magnetic susceptibility and EPR spectroscopic studies
on these complexes are also described. A preliminary com-
munication describing part of this work has been published.

Experimental
General details

3-(2-Pyridyl)pyrazole (HL")'? and 6-(3-pyrazolyl)-2,2’-bipyrid-
ine (HL?*)"® were prepared according to the published methods.
Fast-atom bombardment (FAB) mass spectra were recorded
on a VG-Autospec, using 3-nitrobenzyl alcohol as matrix, and
electrospray (ES) mass spectra on a VG-Quattro instrument.

Syntheses

[M(HL"Y),I[PF,], (M = Ni or Zn). A mixture of the appropri-
ate metal(11) acetate hydrate and HL' in a 3:1 molar ratio in
methanol was stirred to give a clear solution, from which a solid
precipitated on addition of aqueous NH,PF. The solids were
filtered off and dried in vacuo to give the desired products
in 60-80% yield. Recrystallisation of both complexes from
MeCN-diethyl ether afforded X-ray quality crystals.

Data for [Ni(HL!),]J[PFs,; ES MS [m/z (relative peak
intensity, assignment)] 638 [5, {Ni(HL"),(PF,)}*], 492 [15,
{Ni(HL"),(L")}*], 347 [100, {Ni(HL')(L')}*] and 247 [1%,
{Ni(L");}?*] {Found: C, 35.5; H, 3.0; N, 15.3. Required for
[Ni(HL'),][PF],-H,0: C, 35.9; H, 2.9; N, 15.7%}.

Data for [Zn(HL"),][PF],: FAB MS [m/z (relative peak inten-
sity, assignment)]: 580 [4, {Zn,(HL')(L"),F}], 560 [12, {Zn,-
(LY),}], 498 [6, {Zn(LY)(HLY),}] and 353 [100%, {Zn(HL!)-
(LY}] {Found: C, 35.5; H, 2.8; N, 15.5. Required for
[Zn(HLY;][PF,],-H,0: C, 35.6; H, 2.8; N, 15.6%}.

[Cu,(L")¢(dmf),][PF,],. A mixture of HL' and Cu(O,CCH,),
H,O0 in a 3:2 molar ratio in MeOH was stirred for a few min-
utes at room temperature to afford a dark green solution. Add-
ition of an excess of aqueous KPF, afforded a green precipitate
which was filtered off and dried in vacuo. The complex was
crystallised by slow diffusion of diethyl ether vapour into a
concentrated solution of the crude material in dmf. X-Ray
quality green crystals resulted in ca. 80% yield. FAB MS [m/z
(relative peak intensity, assignment)]: 1260 {1, Cu,(L"),}; 1135
{9, Cuy(LYHF}, 993 {11, Cu,(LY)sF}, 972 {9, Cu,(LY)s}, 847 {15,
Cu,(LY),F}, 828 {8, Cuy(L"),}, 784 {85, Cuy(LH,F}, 765 {100,
Cu,(LY,}, 684 {30, Cu,(LY);}, 640 {40, Cuy(L");F} and 621
{70%, Cuy(L");} and numerous smaller fragments (peak masses
quoted for ®*Cu; the isotopic patterns were consistent with the
given formulations) {Found: C, 42.1; H, 3.1; N, 18.1. Required
for [Cuy(LY)s(dmf),][PF4l,: C, 41.7; H, 3.2; N, 18.0%}. After
oven drying (70 °C) overnight the two dmf ligands were lost,
as shown by IR spectroscopy (see Results and discussion) and
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elemental analysis {Found: C, 41.2; H, 2.7; N, 18.0. Required
for [Cuy(LY)(][PF4l,: C, 40.7; H, 3.0; N, 17.8%}.

[Cu,(L")¢{(MeOH),l[PFl,. Crystals of this compound
appeared when the crude tetranuclear complex, prepared as
above, was crystallised from methanol by diffusion of ether
vapour into the solution. The FAB mass spectrum was essen-
tially identical to that of the dmf adduct above {Found: C,
40.4; H, 2.9; N, 16.7. Required for [Cu,(L"){(MeOH),][PF],: C,
40.7; H, 3.0; N, 17.1%}.

[M(HL?),][PF,], (M = Ni or Zn). A mixture of HL? (0.060 g,
0.27 mmol) and the appropriate metal(1) acetate hydrate (0.14
mmol) in methanol (10 cm®) was stirred at room temperature to
give a clear solution, from which a solid precipitated on addi-
tion of aqueous NH,PF,. The solids were filtered off, dried
and recrystallised from MeCN-ether to give microcrystalline
powders in 70-80% yield.

Data for [Ni(HL?),][PF4],: ES MS [m/z (relative peak inten-
sity, assignment)] 501 [100, {Ni(HL*(L?*}"], 279 [60,
{Ni(L»}*] and 251 [90%, {Ni(HL*),}**] {Found: C, 38.6; H,
2.3; N, 14.2. Required for [Ni(HL?),][PF,: C, 39.3; H, 2.5; N,
14.1%}.

Data for [Zn(HL?),][PF4],: ES MS [m/z (relative peak inten-
sity, assignment)] 508 [100, {Zn(HL*(L*»}*], 286 [35,
{Zn(L*»}*] and 254 [40%, {Zn(HL*,}**] {Found: C, 38.5;
H, 2.4; N, 13.7. Required for [Ni(HL*),][PF],: C, 39.0; H, 2.5;
N, 14.0%}.

[Cu,(L?(dmf)J[PFl,. A mixture of HL? (0.060 g, 0.27
mmol) and Cu(O,CCH;),-H,O (0.088 g, 0.44 mmol) in MeOH
(20 cm®) was stirred at room temperature until a clear blue-
green solution was obtained. Addition of aqueous NH,PF,
afforded a blue-green precipitate which was filtered off, washed
with water, and dried. Crystallisation from dmf-ether (as
above) afforded a crystalline precipitate of [Cu,(L?),(dmf),]-
[PFgl, in 50% yield. ES MS [m/z (relative peak intensity,
assignment)]: 714 [8, {Cu,(L?),(PFy),}*>*] and 284 [100%,
{Cu,L,*"] {Found: C, 36.6; H, 2.4; N, 13.2. Required for
[Cuy(L?),][PFls: C, 36.6; H, 2.1; N, 13.0% (i.e. the elemental
analysis on the vacuum-dried crystals is consistent with loss of
the co-ordinated dmf molecules, see Results and discussion)}.

X-Ray crystallographic studies

Suitable crystals were quickly transferred from the mother
liquor to a stream of cold N, on a Siemens SMART diffract-
ometer fitted with a CCD-type area detector. In all cases data
were collected at —100 °C using graphite-monochromatised
Mo-Ko radiation. A detailed experimental description of the
methods used for data collection and integration using the
SMART system has been published.' Table 1 contains a sum-
mary of the crystal parameters, data collection and refinement.
In all cases the structures were solved by conventional direct
methods and refined by the full-matrix least-squares method
on all F? data using the SHELXTL 5.03 package on a Silicon
Graphics Indy computer.' Non-hydrogen atoms were refined
with anisotropic thermal parameters; hydrogen atoms were
included in calculated positions and refined with isotropic
thermal parameters riding on those of the parent atom.

The complexes [M(HL");][PF4],>H,O (M = Ni or Zn; Fig. 1)
are isostructural and isomorphous, and have no imposed
symmetry. Both [Cu,(L")¢(dmf),][PF],-2dmf and [Cu,(L"),-
(MeOH),][PF¢],»MeOH (Figs. 2-4) are centrosymmetric, so the
asymmetric unit contains one half of the complex dication and
one independent solvent molecule (dmf or MeOH, respect-
ively); [Cu,(L*),(dmf),][PF4],-6dmf (Fig. 5) has no imposed
symmetry, so each asymmetric unit contains an entire complex
unit and six independent molecules of dmf.

CCDC reference number 186/1268.


http://dx.doi.org/10.1039/a807599i

Downloaded on 08 March 2013
Published on 01 January 1999 on http://pubs.rsc.org | doi:10.1039/A807599I

See http://www.rsc.org/suppdata/dt/1999/339/ for crystallo-
graphic files in .cif format.

Magnetic measurements

Magnetic  susceptibilities of [Cuy(L")s(dmf),][PF], and
[Cuy(L?),(dmf),][PF,], were measured using a Metronique
Ingéniérie MS-03 SQUID magnetometer in the temperature
range 1.2-250 K. Both complexes possess an S = 0 ground state;
the non-zero value of y7 at low temperature is due to the
temperature independent paramagnetism (TIP).

Magnetic data were interpreted by using the exchange spin
Hamiltonians in the forms (1) and (2) for [Cu,(L")s(dmf),][PF4],

Hy=J(8:8; + 81a82) + J'(SiuSy + 5680 (D

H,=J(S.S; + §;S, + S,5; + 5,8, =
JIS + S)(S5 + Sl =TS8 (2)

and [Cuy(L?),(dmf),][PF],, respectively. The eigenvalues for H,
were computed with the CLUMAG program '¢ while those for
H, were computed in the dimer scheme defining S, = (S; + S,),
Sg=(S; + S, and S;=S, + Sg. In both cases the computed
energies were used in the Van Vleck equation. The magnetic
susceptibility data for both complexes were fitted by the
theoretical equations by means of an iterative least-squares
minimisation routine, and the results of these fits are indicated
by the solid lines in Fig. 6.1 In both cases a contribution from a
paramagnetic impurity (p) was included in the calculated
susceptibility.

EPR spectroscopic measurements

The EPR spectra on powdered solids were recorded at ca. 9.5,
24.0 and 34.0 GHz using a Bruker ESP300-E spectrometer
between 295 and 4.2 K. Spectra of solutions in dmf were also
recorded at 110 K using the same instrumentation. The 90 GHz
spectra, in the temperature range 100 to 10 K, were recorded
on an induction mode spectrometer designed and developed at
the University of St Andrews.'® This spectrometer used an 8T
Oxford Instruments superconducting magnet. The source was
a frequency doubled Gunn diode, phase locked to an EIP
frequency counter. The EPR spectrum simulations were
performed on a Digital 200/4/233 Alpha Workstation using
programs described previously.'

Results and discussion
Complexes of HL!

Compound HL' is a simple bidentate chelating ligand which
also has the capacity, via deprotonation of the pyrazole NH
group, to act as a dinucleating bridging ligand. We have recently
observed both co-ordination modes in complexes with Fe™,
and have seen how deprotonation and consequent bridging
behaviour can afford high nuclearity complexes.?® Recently
oligomeric complexes of L' with Cu' and Ag' have also been
reported with the pyrazolate groups bridging.?! This prompted
us to investigate the co-ordination behaviour of HL! with other
transition metal cations.

Reaction of HL! with zinc(ir) or nickel(ir) salts affords the
simple tris-chelates [M(HL"),]**, here isolated as their hexa-
fluorophosphate salts; this behaviour is in accord with that of
various related pyridyl/pyrazole bidentate chelating ligands.?
The crystal structure of the complex cation [Zn(HL"),]J[PF4],
H,O is in Fig. 1; it is a simple mononuclear tris-chelate. Signifi-
cant bond lengths and angles are collected in Table 2. The
asymmetric bidentate ligands are arranged to give the sterically
more favourable mer configuration in the pseudo-octahedral
complex. One of the pyrazolyl NH groups [N(110)] is involved
in a hydrogen bonding interaction to a water molecule, with the
non-bonded O(1) - - - N(110) separation being 2.784 A.

View Article Online

Fig. 1 Structure of the complex cation of [Zn(HL");][PF],-H,O.

The nickel(i) complex [Ni(HL'),][PF], is isomorphous and
isostructural with the zinc() complex; its bond lengths and
angles are in Table 3. The electronic spectrum shows weak d—d
transitions at 530 and 820 nm (¢ = 54 and 34 dm® mol ! cm™!
respectively) in CH,Cl, whose position and intensity are
entirely consistent with the complex having essentially octa-
hedral geometry; for comparison, the two lower-energy d—d
transitions of [Ni(bipy),]*" are at 520 and 790 nm. The highest-
energy d—d transition of [Ni(HL");][PF], is hidden by the very
strong ligand-centred transition at 286 nm. Thus, with metal
ions that either have a stereoelectronic preference for octahedral
geometry (e.g. Ni"), or which have no particular aversion to it
(e.g. Zn™), HL! behaves as a simple bidentate chelating ligand
and remains protonated.

Since Cu™ has a marked stereoelectronic preference for
elongated tetragonal geometries, we thought it unlikely that
the same type of complex would form between HL! and Cu™.
Reaction of HL' with Cu(O,CCH,),-2H,0 (3:2) in methanol at
room temperature afforded a clear deep green solution from
which a blue-green solid precipitated on addition of NH,PFg;
this was crystallised from dmf-ether. FAB Mass spectrometry
showed the presence of numerous peaks corresponding to
polynuclear species [up to Cu,(L')s] and the elemental analysis
was consistent with the empirical formula [Cu,(L");(dmf)][PF].
This product was formed using other ligand:metal stoichio-
metries, but the yield was subsequently optimised by using the
required 3:2 ratio. The crystal structure (Fig. 2, Table 4) shows
that the complex is in fact [Cuy(L")g(dmf),][PF¢],-2dmf. There
are two approximately planar Cu,(u-L'), units, related by an
inversion centre, in which each [L']™ acts as a terdentate bridge
linking the two metal centres; these units are stacked parallel
and face-to-face (interplane separation 3.2-3.5 A), with add-
itional deprotonated ligands [L']” perpendicular to the two
Cu,(p-LY), planes forming linking ‘cross-pieces’ between the
Cu,(p-LY), units. Two of the metals [Cu(l) and Cu(1A)] have
additional dmf ligands attached, and therefore have a square-
pyramidal N,O environment in which the O ligands (dmf) are
axial; Cu(2) and Cu(2A) have square-pyramidal N environ-
ments in which one of the pyrazole donor atoms is in the axial
position. In every case the axial ligand is significantly further
from the metal [Cu(1)-O(51), 2.339(2); Cu(2)-N(411A),
2.198(2) A] than the four equatorial ligands (lengths in the
range 1.97-2.07 A), in keeping with the requirements of the
Jahn-Teller effect.

A significant feature of this complex is the ease with which
the axial dmf ligands are lost. An IR spectrum of the crystal-
line material shows strong peaks at 1670 and 1654 cm ™!, which
we assign to the carbonyl stretching vibrations of non-co-
ordinated (lattice) and co-ordinated dmf respectively, in agree-
ment with the crystal structure. For free dmf, v, can vary from
about 1655 to 1695 cm™! depending on the extent of hydrogen
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Table 1 Crystallographic data for the five crystal structures

[Zn(HL");][PF],-H,0

[Ni(HLl)s] [PFs]z'Hzo

[Cuy(LYe(dmb),][PFg],-2dmf

[Cuy(LY)e(MecOH),][PF],-2McOH

[Cu4(L2)4(dmf)4] [PFgl,-6dmf

Formula

M

System, space group
al

blA

clA

al®

Br

2"°

UIA?

Z
DJgcem™
w/mm™!
F(000)
Crystal size/mm

Reflections collected:

total, independent, R,

20 limits for data/®

Data, restraints, parameters
Final R1, wR2%®

Weighting factors®

Largest peak, hole/e A~

3

CpH,:F1,N,OP,Zn

Monoclinic, P2,/n

0.5%x0.4x0.1
14695, 5537, 0.0353

0.0603, 0.1699

+1.405, —0.689

“Structure was refined on F,? using all data; the value of Rl is given for comparison with older refinements based on F, with a typical threshold of F= 4a(F). ®* wR2 = [Ew(F,2 — F2Sw(F,2)*} where
wl=6*F?) + (aP)* + bP and P = [max(F,%, 0) + 2F)/3.

C,Hy3F1,NgNiOP,
802.16
Monoclinic, P2,/n
11.531(3)

12.642(3)
21.607(5)

96.26(2)
3130.8(13)
4

1.698

0.831

1608
0.2x0.1x0.1
19307, 7100, 0.0627

4-55

7100, 0, 442
0.0615, 0.1646
0.0685, 3.2831
+0.990, —0.509

CeoHeaCuyF(N,,0,P,
1701.43

Triclinic, P1
10.410(2)
13.282(3)
14.170(2)
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Table 2 Selected bond lengths (A) and angles (°) for [Zn(L'),][PF],*
H,0

Zn(1)-N(111) 2.129¢4)  Zn(1)-N(11) 2.160(4)
Zn(1)-N(311) 2.141(4)  Zn(1)-N(31) 2.192(4)
Zn(1)-N(11) 2.149¢4)  Zn(1)-N(21) 2.201(4)
N(11)-Zn(1)-N(311)  97.00(14) N(11)-Zn(1)-NG31)  96.9(2)
N(111)-Zn()-N(11)  76.50(14) NQ11)-Zn(1)-N(31) 95.73(14)
NGID)-Zn(1)-N(11) 169.52)  N(111)-Zn(1)-N(21)  91.38(14)
N(111)-Zn(1)-NQ211) 163.72(14) NG11)-Zn(1)-N(21)  92.08(14)
NGI11)-Zn(1)-NQ211)  92.76(14) N(11)-Zn(1)-NQ1)  96.28(14)
N(1)-Zn()-N@11)  95.50(14) NQI1)-Zn(1)-NQ21) 75.22(14)
N(111)-Zn(1)-N(31)  99.27(14) NG1)-Zn(1)-NQ1) 164.71(14)
NG11)-Zn(1)-N31)  75.8(2)

Table 3 Selected bond lengths (A) and angles (°) for [Ni(HL),][PF],*
H,O

Ni(1)-N(31) 2.056(4) Ni(1)-N(1) 2.101(4)
Ni(1)-N(51) 2.074(4) Ni(1)-N(61) 2.127(4)
Ni(1)-N(11) 2.080(4) Ni(1)-N(21) 2.128(4)
NGD-Ni(1)-N(51) ~ 95.66(14)  N(I1)-Ni(1)-N(61)  94.96(14)
NGD-Ni()-N(11) 167.53(14)  N@D-Ni(1)-N(61)  95.67(14)
NGID-Ni(1)-N(11) ~ 91.82(14)  N@I)-Ni(1)-N@21)  92.15(14)
NGI-Ni(1)-N@1)  7843(14)  N(SI)-Ni(1)-N@21)  92.50(14)
NGD-Ni(1)-N@1) 170.72(14)  N(ID)-Ni(1)-N(@21)  77.54(14)
N(I1)-Ni(1)-N@1)  95.28(14)  N@D-Ni(1)-N@21)  94.85(14)
NGI-Ni(1)-N(61)  96.36(14)  N(61)-Ni(1)-N(21) 167.60(14)
N(GD-Ni(1)-N(@61)  77.8(2)

Fig. 2 Structure of the complex cation of [Cuy(L")¢(dmf),][PFl,*
2dmf.

bonding to the carbonyl group;? the band generally moves to
lower energy on co-ordination to a metal ion.?* On grinding the
crystals and oven drying at about 70 °C, IR spectra taken at
regular intervals showed that the 1670 cm ! band disappears
first, followed more slowly by the 1654 cm™! band. After 24 h
oven drying there was no trace of any lattice or co-ordinated
dmf, and the elemental analysis of the dried material was con-
sistent with this. The fact that crystallisation of this from dmf-
ether afforded again crystals of [Cuy(L")g(dmf),][PF],-2dmf
confirms that loss of axial solvent molecules does not result
in decomposition of the cluster core. The sample used for
magnetic susceptibility measurements was dried in this way.
Crystallisation of the above complex from methanol also
resulted in a crystalline material, whose FAB mass spectrum
was essentially identical to that of the dmf solvate and whose
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Table 4 Selected bond lengths (A) and angles (°) for [Cuy(L")-
(dmf),][PF¢l,-2dmf

Cu(1)-N(410) 1.977(2) Cu(2)-N(211) 1.968(2)
Cu(1)-N(210) 1.980(2) Cu(2)-N(110) 1.996(2)
Cu(1)-N(111) 1.982(2) Cu(2)-N(31) 2.047(2)
Cu(1)-N(11) 2.064(2) Cu(2)-N(1) 2.073(2)
Cu(1)-O(51) 2.339(2)  Cu(2)-N(411A) 2.198(2)
N@410)-Cu(1)-N210)  91.57(9) NQ11)-Cu(2)-N(110)  96.60(9)
N@10)-Cu(1)-N(111) 170.61(9) N(211)-Cu(2)-NG31)  171.35(9)
N(Q210)-Cu(1)-N(111)  96.64(9) N(110)-Cu(2)-N(31) 90.31(9)
N@10)-Cu(1)-N(11)" 90.51(9) N(211)-Cu(2)-N(21) 80.72(9)
N(210)-Cu(1)-N(11)  168.85(9) N(110)-Cu(2)-N(21)  165.66(9)
N(111)-Cu(1)-N(11)  80.57(9) N(31)-Cu(2)-N(21) 91.31(9)

N@410)-Cu(1)-0(51)  89.00(9) N(211)-Cu(2)-N(411A) 105.84(9)

N(210)-Cu(1)-O(51)  98.09(9) N(110)-Cu(2)-N(411A) 96.37(9)
N(111)-Cu(1)-O(51)  94.35(9) N(31)-Cu(2)-N(411A)  78.44(9)
N(11)-Cu(1)-0(51)  92.90(9) N(21)-Cu(2)-N(411A)  97.92(9)

O

o

i
Fig. 3 Structure of the complex cation of [Cuy(L")y(MeOH),]J[PF,*
2MeOH.

elemental analysis also suggested a 3:2 ligand:metal ratio.
Crystal structure analysis (Fig. 3, Table 5) showed this complex
to be [Cuy(L"){(MeOH),][PF4],-2MeOH, essentially identical to
[Cuy(LYg(dmf),][PF],-2dmf but with the dmf molecules (both
co-ordinated and free in the lattice) replaced by methanol
molecules. The grid-like core of the structure is therefore suf-
ficiently robust not to be affected by changing the relatively
labile monodentate solvent ligands. The Cu - - - Cu separations
in the methanol solvate (3.939 and 3.984 A) are similar to those
observed in the dmf solvate above (3.963 and 4.080 A), so the
{Cu,(L"}*" core is not substantially affected by the change of
co-ordinating solvent. Fig. 4(a) emphasises the grid-like struc-
ture of the molecules. We assume that the axial solvent mole-
cules are also labile in this complex, but did not investigate this
further.

The dinuclear Cu,(p-L"), units of these complexes are remin-
iscent of the dinuclear complexes of the bridging ligand 3,5-
bis(2-pyridyl)pyrazole, which forms planar [M,L,]"" complexes
having two deprotonated pyrazolate bridges with various metal
ions.'® It is clear from comparison of the structures of the
copper(i) complexes of L' with those of the mononuclear
nickel(m1) and zinc(11) analogues that the assembly of the grid-
like architectures is driven principally by the stereoelectronic
preference of the copper(i1) ions for elongated tetragonal
geometry: to satisfy this requirement necessitates deprotonation
of the pyrazole rings and bridging behaviour of the ligand.
We note that the particular stereoelectronic preferences of the
copper(1) ion have also been exploited recently in directing the
assembly of double helicates in which the two ligand strands are
different.”

Complexes of HL?
We described the preparation of HL? recently, but used it as a
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Table 5 Selected bond lengths (A) and angles (°) for [Cuy(L")-
(MeOH),][PF,],2MeOH

View Article Online

Table 6 Selected bond lengths (A) and angles (°) for [Cuy(L?),-
(dmf),][PF],-6dmf

Cu(1)-N(31) 1.983(2)  Cu(2)-N(51) 1.982(2)
Cu(1)-N(52A) 1.999(2)  Cu(2)-N(32A) 1.982(2)

Cu(1)-N(21) 2072(2)  Cu(2)-N(12) 1.991(2)

Cu(1)-N(1) 2076(2)  Cu(2)-N(61) 2.072(2)

Cu(1)-N(11) 2.196(2)  Cu(2)-O(1) 2.349(2)

NGID-Cu(1)-N(52A)  97.239) N(51)-Cu(2)-N(32A)  97.34(9)
NG1)-Cu(1) N(21)  168.309) N(51)-Cu(2)-N(12)  168.89(9)
N(52A)-Cu(1)-N(21)  89.67(9) N(32A)-Cu(2)-N(12)  90.39(9)
NGI)-Cu(1) N@1)  80.49(9) N(51)-Cu(2)-N(@61)  80.60(9)
N(52A)-Cu(1)-N(@1) 170.1209) N(32A)-Cu(2)-N(61)  172.00(9)
NQI)-Cu(1) N@1)  91.11(9) N(12)-Cu(2)-N(@61)  90.65(9)
NGD-Cu(1)-N(11)  110.4009) N(51)-Cu(2)-O(1) 92.80(9)
N(52A)-Cu(1) N(11)  96.73(9) N(32A)-Cu(2)-O(1)  100.28(9)
NQ@D-Cu(1)-N(11)  77.96(8) N(12)-Cu(2)-O(1) 93.66(9)
N@1)-Cu(1) N(11)  93.06(8) N(61)-Cu(2)-O(1) 87.57(9)

(b)

Fig. 4 Edge-on views of the tetranuclear complex cations, emphasis-
ing the grid-like structure: (a) [Cuy(L"){(MeOH),]**; (b) [Cuy(L?),-
(dmf),J*".

precursor to a new hexadentate ligand and did not investigate
its co-ordination properties.”* By analogy with HL! it seemed
likely that HL? could behave as a simple terdentate chelating
ligand to just one metal centre, or alternatively could act as a
dinucleating bridging ligand via deprotonation of the pyrazole.

Reaction of HL? with nickel(ir) acetate or zinc(ir) acetate in
methanol, followed by treatment of the solution with NH,PFg,
afforded complexes whose mass spectra and elemental analyses
indicated that they were mononuclear complexes of formu-
lation [M(HL?),][PF,],. We could not get X-ray quality crystals
of them but they are likely to be unremarkable mononuclear
octahedral complexes, and will not be discussed further here. In
contrast, reaction with copper(1) acetate followed by precipit-
ation of the complex as its hexafluorophosphate salt afforded a
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Cu(1)-N(102) 1.948(5) Cu(3)-N(42) 1.952(5)
Cu(1)-N(21) 1.956(5) Cu(3)-N(111) 1.955(5)
Cu(1)-N(11) 2.002(5) Cu(3)-N(101) 2.009(5)
Cu(1)-N(31) 2.049(5) Cu(3)-N(121) 2.056(5)
Cu(1)-0(1) 2.243(4) Cu(3)-0(3) 2.230(4)
Cu(2)-N(72) 1.952(4) Cu(4)-N(12) 1.949(5)
Cu(2)-N(51) 1.953(5) Cu(4)-N(81) 1.961(5)
Cu(2)-N(41) 2.012(5) Cu(4)-N(71) 2.011(4)
Cu(2)-N(61) 2.049(5) Cu(4)-N(©91) 2.041(4)
Cu(2)-0(2) 2.270(4) Cu(4)-0(4) 2.226(4)
N(102)-Cu(1)-N(21) 168.4(2) N(42)-Cu(3)-N(111)  170.2(2)
N(102)-Cu(1)-N(11)  102.5(2) N(42)-Cu(3)-N(101)  105.2(2)
NQD-Cu(1)-N(11) 79.7(2) N(111)-Cu(3)}-N(101)  79.4(2)
N(102)-Cu(1)-N(31) ~ 96.0(2) N(@42)-Cu(3)-N(121)  94.3(2)
NQD-Cu(1)-N@31)  79.7(2) N(111)-Cu(3)}-N(121)  79.4(2)
N(11)-Cu(1)-N(31)  157.6(2) N(101)-Cu(3)-N(121)  156.4(2)
N(102)-Cu(1)-O(1)  92.1(2) N(42)-Cu(3)-0(3) 89.6(2)
N@21)-Cu(1)-0(1) 98.8(2) N(111)-Cu(3)-0(3) 98.1(2)
N(11)-Cu(1)-O(1) 99.1(2) N(101)-Cu(3)-0(3)  100.5(2)
N(31)-Cu(1)-0(1) 92.7(2) N(121)-Cu(3)-0(3) 92.8(2)
N(72)-Cu(2)-N(51)  171.6(2) N(12)-Cu(4)-N(81)  171.9(2)
N(72)-Cu(2)-N(41)  103.8(2) N(12)-Cu(4)-N(71)  103.6(2)
N(51)-Cu(2)-N@1)  79.4(2) N(81)-Cu(4)-N(71) 79.4(2)
N(72)-Cu(2)-N(61)  95.6(2) N(12)-Cu(4)-N(91) 96.5(2)
N(51)-Cu(2)-N(61)  79.7(2) N(81)-Cu(4)-N(91) 79.0(2)
N(@41)-Cu(2)-N(61)  156.8(2) N(71)-Cu(4)-N(©O1)  156.1(2)
N(72)-Cu(2)-0(2) 91.1(2) N(12)-Cu(4)-0(4) 88.7(2)
N(51)-Cu(2)-0(2) 96.1(2) N(81)-Cu(4)-0(4) 98.3(2)
N@1)-Cu(2)-0(2)  100.2(2) N(71)-Cu(4)-O(4) 100.4(2)
N(61)-Cu(2)-0(2) 92.0(2) N(91)-Cu(4)-0(4) 92.8(2)

N2}

Fig. 5 Structure of the complex cation of [Cu,(L?),(dmf),][PF],
6dmf.

blue-green solid which was crystallised from dmf-ether to give
dark green X-ray quality crystals in high yield. Electrospray
mass spectrometry indicated formation of a tetranuclear
complex in solution, with the peak at the highest m/z value
corresponding to {Cu,(L?),(PF,),}*". The elemental analysis
indicated the empirical formula [Cu(L*)][PF], i.e. a 1:1 metal:
ligand ratio. The crystal structure (Fig. 5, Table 6) revealed
the complex to be the tetramer [Cuy(L?),(dmf),]J[PF],-6dmf.
This has many structural similarities to [Cu,(L")(solv),][PF4],
(solv = dmf or MeOH) (above). The overall structure is that of
a 2 x 2 grid, with two pairs of parallel, stacked [L?" ligands
mutually perpendicular to each other. The stacking distances
between overlapping aromatic ligand fragments again are in
the range 3.2-3.5 A. Each metal ion is co-ordinated by the ter-
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Fig. 6 Plots of y vs. T for (a) [Cuy(L")][PF¢], and (b) [Cu,(L?),]-
[PF,ls. The circles are measured data; the line is the calculated fit based
on the parameters given in the text.

dentate pocket of one deprotonated ligand [L?]”, one pyrazole
donor atom which is acting as a bridge to a ligand attached to
another metal ion, and a dmf ligand. The result is an elongated
N,O square-pyramidal geometry with the dmf ligand in the
axial position; the axial bond lengths lie in the range 2.23—
2.27 A, in contrast to the equatorial ones which lie in the range
1.952.06 A. The four metal ions are crystallographically
independent but chemically very similar, and the complex has
approximate S, symmetry {cf. the S, axis of [Cu,(L")s(dmf),]-
[PF¢], implied by its inversion centre}. Fig. 4(b) shows an edge-
on view of the complex cation. The four copper(1) ions are not
now coplanar, but form a butterfly-like arrangement with the
metal ions around the Cu, ring alternately above and below
their mean plane. As with the copper(i) complexes of L',
it is clear that the formation of this structure is driven by the
stereoelectronic preference of copper(i) ions for an elongated
tetragonal geometry.

Again the dmf ligands are labile; the initially crystallised
material has a broad, strong carbonyl signal at 1656 cm ™! with a
high-energy shoulder just discernible, which we assign to co-
ordinated dmf and free (lattice) dmf molecules respectively, in
agreement with the crystal structure. On heating these com-
pletely disappear, and the elemental analysis of the resulting
material is consistent with the formulation [Cu,(L?),][PF],; this
is the material that was used for magnetic studies (below).

Magnetic susceptibility studies

The complexes [Cuy(LY)¢][PF4], and [Cu,(L*),]J[PF],, in which
the axial solvent ligands have been removed, were subjected
to magnetic susceptibility measurements in the temperature
range 1.2-250 K; plots of y vs. T are given in Fig. 6. The room
temperature value of y for [Cuy(L")][PFy], is much smaller
than expected for uncoupled spins, suggesting dominant anti-
ferromagnetic coupling within the cluster. This is confirmed by
the broad maximum in the susceptibility observed at ca. 170 K

View Article Online

(b)

Fig. 7 Excerpts from the crystal structures of (a) [Cuy(L"),-
(dmf),][PF], and (b) [Cuy(L?),(dmf),][PF],, emphasising the geometry
of the bridging groups.

[Fig. 6(a)]. At low temperature the compound is essentially
diamagnetic. The increase in y below 20 K is presumably due
to some paramagnetic impurity. A maximum is observed also in
the susceptibility of [Cu,(L?),][PF], at ca. 50 K, again suggest-
ing a dominant antiferromagnetic coupling, albeit weaker than
in [Cuy(LY)g][PFl,.

The best fit values derived from the susceptibility data for
[Cuy(L*),][PF4],are g = 2.35, p = 6.5%, J = 63.5cm™ "1 Although
the complex has no crystallographically imposed symmetry and
all four Cu- - - Cu couplings could therefore be slightly differ-
ent, the susceptibility data can be satisfactorily accounted for
by a single antiferromagnetic coupling constant of 63.5 cm™!
along each edge of the Cu, ring. The complex accordingly has
an S'=0 ground state. The (approximate) S, symmetry of the
complex means that the magnetic d(x*> — »?) orbital on each
metal is effectively at 90° to each of its neighbours, although
each pyrazolate bridge does span two magnetic orbitals. This
is illustrated in Fig. 7(b). At Cu(l) the plane of the magnetic
orbital is defined by the equatorial donor atoms N(102), N(11),
N(21) and N(31); ie. it is being viewed ‘edge-on’ in the Figure.
At Cu(3) the four equatorial donor atoms are N(101), N(42),
N(121) and N(111), i.e. in the plane of the paper. Thus the two
magnetic orbitals are spatially orthogonal to one another,

1 We note that the g values derived from the magnetic susceptibility
data do not agree well with those derived from EPR spectra, which are
far more reliable. This is quite common and arises because a g value
derived from magnetic susceptibility data acts as a sink for all of the
systematic errors in the curve fitting, and therefore has little signifi-
cance. For [Cu,(L")(][PF], the strong correlation between J and J’
inevitably causes problems with the fitting. In [Cu,(L?),][PF4], we have
assumed that all four coupling pathways are equivalent, despite the fact
that they are crystallographically slightly inequivalent. In addition it is
entirely possible that the co-ordinatively unsaturated copper(ir) centres
could pick up axial water ligands from the air, at the sites vacated by the
dmf ligands after drying: this would result in slight errors in the molec-
ular weights used and in the diamagnetic correction, both of which
would affect the derived g values (but not the J values).

J. Chem. Soc., Dalton Trans., 1999, 339-348 345


http://dx.doi.org/10.1039/a807599i

Downloaded on 08 March 2013
Published on 01 January 1999 on http://pubs.rsc.org | doi:10.1039/A807599I

although they are of the same symmetry species and can there-
fore mix, and they are both linked by atoms N(101) and N(102)
of the pyrazolate bridge. The result here is antiferromagnetic
exchange, although it is rather weak. This is in agreement with
the magnetic behaviour of a related tetranuclear copper(i)
complex which has the same symmetry properties, viz. a diazene
bridge linking mutually perpendicular magnetic orbitals in a
tetranuclear complex of S, symmetry: the antiferromagnetic
coupling constant in this case was even weaker, at 12.2 cm™'.26

Matters were slightly more complex in the fitting procedure
of the susceptibility of [Cu,(L")¢(dmf),][PF], because the two
parameters J and J' which are needed are strongly correlated.
The observed maximum at ca. 170 K suggests that there is at
least one antiferromagnetic exchange constant J of ca. 170
cm™!, but no direct information is available on the second one.
In fact sample calculations showed that acceptable fits can be
obtained, either with two similar values for J and J’, or with
J>170cm 'and J’ < 170 cm ™. The best fit values are g = 2.23,
p=59%, J=172 cm™!, J'= 155 cm '. We interpret these
values as a lower limit for J and as an upper limit for J’, and
assume that the larger value is associated with the double
pyrazolate bridge. The fact that both interactions are antiferro-
magnetic means that [Cu,(L")¢][PF¢], also has an S =0 ground
state in which the four unpaired electrons will alternate in
orientation around the Cu, ring. The stronger coupling
(J = 172 cm™") is within each doubly bridged {Cu,(L"),} plane,
i.e. between Cu(1) and Cu(2), and likewise between Cu(1A) and
Cu(2A). It is to be expected that a strong antiferromagnetic
coupling would occur in these cases as the magnetic d(x* — 3?)
orbitals are coplanar and overlap with the o orbitals of the
coplanar bridging pyrazolate fragments. This is a common type
of structure®'® and it is well understood how antiferromag-
netism arises in such cases.’

The weaker antiferromagnetic coupling of J' < 155 cm™! is
between the singly bridged pair Cu(1) and Cu(2A), and likewise
between Cu(2) and Cu(1A). The magnitude of this is less easy
to understand because (i) there is only one bridging pyrazolate
group, and (ii) it does not appear to interact with both magnetic
orbitals on the two metal centres that it bridges. The relevant
section of the crystal structure is shown in Fig. 7(a); whereas
one of the pyrazolate donors [N(41A)] overlaps with the
d(x* — 3% orbital of Cu(1A), the second [N(41B)] co-ordinates
to Cu(2) along its z axis, orthogonal to the magnetic orbital.
There are two possible answers to this problem. First, an addi-
tional coupling pathway exists via the pyridyl donor: the
d(x* — 3% orbital on Cu(2) interacts with the pyridyl donor
N(31) even though it does not interact with the pyrazolyl donor
N(41B). Thus there is an additional Cu(1A)—pyrazolyl(N41A)—
pyridyl(N31)-Cu(2) pathway which could provide a contribu-
tion to antiferromagnetic exchange. Secondly, the geometries
about the copper centres are slightly distorted from regular
square pyramidal. This provides a mechanism for some mixing
of the d(x*> — »?) and d(z?) orbitals, which are only orthogonal
in high symmetries, such that the ‘axial’ pyrazolate donor
N(41B) will interact with the unpaired electron on Cu(2) to
some extent. However we emphasise that the derived value of
J' is only an upper limit: because of the strong correlation
between J and J', the actual value could be considerably lower.

EPR spectroscopic studies

The EPR spectra of [Cu,(L')][PF], as a powder at room tem-
perature consist mainly of a broad feature in the “g = 2" region
at X-, K- and Q-band frequencies (Fig. 8). On cooling to 100 K
these spectra showed some resolution, particularly at the higher
frequencies. At 100 K a weak half-field feature was found in
the spectra at all three frequencies, which is most apparent in
Fig. 8(a) (X-band). Further cooling at K-band, and also spectra
below 100 K at W-band, resulted in an overall decrease in the
spectrum intensity accompanied by a relatively more rapid
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Fig. 8 Experimental spectra of a powder of [Cuy(L")¢(dmf),][PF], at

(a) X-band, (b) K-band and (c) Q-band. In each case the upper
spectrum is at 295 K and the lower is at 100 K.

Fig. 9 Experimental (lower line) and simulated (upper line) EPR
spectra of [Cu,(L")¢][PF4], as a powder at X-band and 100 K.

decrease in the feature marked * in the K-band spectrum at 100
K [Fig. 8(b)]. The main features in the spectra at 100 K at all
four frequencies were well simulated as a spin-triplet spectrum,
using the same set of spin-Hamiltonian parameters [g, = 2.220,
g,=2.060, g.=2.050, D=0.050 cm™', A (= E/D)=0.22]; see
Figs. 9 and 10 for two representative examples. The axis for g,
and the principal axis of the zero-field splitting (D,,) are
assumed to be coincident. We have been unable to simulate the
feature marked *, which we therefore tentatively attribute to the
expected quintet state (see below). The good simulations at four
different frequencies indicates that the parameters for the spin-
triplet state are reliable. In addition, the temperature variation
of the intensity of the spin-triplet spectrum confirms that this is
not the ground state, in agreement with the magnetic suscepti-
bility results.

For [Cu,(L?),][PF], the spectra at X-band are less well
resolved than those for [Cuy(L")(][PF4],. For this reason we
concentrated on the spectra at both Q- and W-band (90 GHz).
Representative spectra at both of these frequencies are in
Figs. 11 and 12. These spectra are well simulated assuming that
they arise from a spin-triplet state. At any given temperature
the spin-Hamiltonian parameters required for the simulations
at both frequencies are the same within experimental error (at
100 K, g,=2.033, g, =2.130, D =0.017 cm !, A =0). However,
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Fig. 10 Experimental (lower line) and simulated (upper line) EPR
spectra of [Cu,(L")¢][PF4], as a powder at K-band and 100 K.
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Fig. 11 Experimental (lower line) and simulated (upper line) EPR
spectra of [Cuy(L?),][PF4], under the following conditions: (a) powder
spectrum, Q-band, 100 K; (b) powder spectrum, W-band, 100 K.

there appears to be a small increase in D as the temperature
decreases (0.017 cm™! at 100 K to 0.030 cm ™! at 10 K). These
spectra are axial, with the rather unusual situation that g; < g,.
It is noticeable that the g, value is very similar to that of the
smallest g value of [Cuy(L")¢][PF4],, whereas the g, value is
approximately the average of the other two g values for
[Cuy(LYg][PF4],. This is understandable given the approximate
S, symmetry of the complex. If the principal axes of Cu(1) are
taken to be along the metal-ligand bonds (assuming idealised
symmetry with 90° bond angles), then we have Cu(1)-N(21),
Cu(1)-N(31) and Cu(1)-O(1) as the axes. The first of these axes
is co-parallel with the equivalent axis on the other three metal
centres, but the other two axes are rotated by 90° on moving
from one metal centre to the next and therefore interchange.
It therefore is reasonable that in a coupled system the g value
corresponding to the Cu(1)-N(21) axis at each site is unique,
whereas the other two would be averaged and therefore equiva-
lent. This accounts for the appearance of an axial spectrum and
for the magnitudes of the g values. Similar g values, but associ-
ated with a much larger zero field splitting, were previously
observed for a tetranuclear triazolato bridged copper(i) com-
plex.?® The present values seem to be closer to the dipolar
contribution.

View Article Online
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Fig. 12 Experimental (lower line) and simulated (upper line) EPR
spectra of [Cuy(L?),][PF4], under the following conditions: (a) powder
spectrum, Q-band, 20 K; (b) powder spectrum, W-band, 25 K.

The most surprising feature of the spectra of both complexes
is that they are dominated by a triplet state; there is no
unambiguous evidence of the expected quintet state which,
given the values of J, we would expect to be thermally popu-
lated except at extremely low temperatures. However, there is
the feature marked * in the spectra of [Cuy(L")(][PF], (Figs. 8
and 10) which is unaccounted for by the simulations. This
feature is not due to solid-state effects since it is present in the
frozen solution spectra at 100 K; also, it is not due to mono-
meric impurities since its intensity decreases with decreasing
temperature, the reverse of what would be expected from a
monomeric centre. The temperature variation of the relative
intensity of this feature suggests that it could belong to a spin
state which is at a higher energy than the spin-triplet state, i.e.
it could be from the expected spin quintet. This situation is
analogous to that reported by Chaudhuri et al.*” wherein they
inferred the presence of a spin-quintet state from an analysis
of the linewidth and intensity variation with temperature of
the X-band powder spectrum of [Cu,L,(Im),][C1O,],-2H,0,
where L = 1,4,7-triazacyclononane and Im = the imidazolate
anion.

Conclusion

The mixed pyridine-pyrazole ligands HL' and HL? form simple
mononuclear octahedral complexes with Nif and Zn"™ in which
the pyrazole remains protonated. With Cu™ however the
requirement for an axially elongated geometry precludes this
co-ordination mode, with the result that L' and L? act as
anionic bridging ligands via deprotonation of the pyrazolate
groups to give tetranuclear grid-like complexes in which
adjacent copper(11) ions are linked by one or two pyrazolate
bridges in various geometries. Variable-temperature magnetic
susceptibility studies on these complexes show that (i) there is
antiferromagnetic exchange between each pair of adjacent
copper(1) ions in every case resulting in S = 0 ground states; (ii)
the magnitude of the antiferromagnetic exchange depends on
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both the number of pyrazolate bridges and the relative orien-
tations of the magnetic orbitals on the copper(i) ions con-
cerned. The EPR spectroscopic measurements at a variety of
frequencies and temperatures give spectra characteristic of
triplet species, with (in one case) a feature ascribable to the
thermally populated quintet state also being apparent.
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