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ABSTRACT: A novel series of heteroleptic copper(Il) compounds of
formulas {[Cu,(u-H,0)(u-pz),(pu-bpm)(ClO,)(H,0)]ClO,2H,0}, (1),
{[Cuy(u-H,0) (u-3-Mepz), (u-bpm) ](ClO,),2H,0}, (2), and {[Cu,(u-
OH) (u-3,5-Me,pz) (u-bpm) (H-3,5-Me,pz),](ClO,),}, (3) [bpm = 2,2'-
bipyrimidine, Hpz = pyrazole, H-3-Mepz = 3-methylpyrazole, and H-3,5-
Me,pz = 3,5-dimethylpyrazole] have been synthesized and structurally
characterized by X-ray diffraction methods. The crystal structures of 1 and
2 consist of copper(Il) chains with regular alternating bpm and
bis(pyrazolate)(aqua) bridges, whereas that of 3 is made up of copper(II)
chains with regular alternating bpm and (pyrazolate)(hydroxo) bridges. The copper centers are six- (1) or five-coordinate (2) in
axially elongated, octahedral (1) or square-pyramidal (2) environments in 1 and 2, whereas they are five-coordinate in distorted
trigonal-bipyramidal surroundings in 3. The values of the copper—copper separations across the bpm/pyrazolate bridges are
5.5442(7)/3.3131(6) (1), 5.538(1)/3.235(1) (2), and 5.7673(7)/3.3220(6) A (3). The magnetic properties of 1—3 have been
investigated in the temperature range of 25—300 K. The analysis of their magnetic susceptibility data through the isotropic
Hamiltonian for an alternating antiferromagnetic copper(II) chain model [H = —JY._;_,/» (S3Ssi—1 + @S5+Sy:s1), with a = J'/]
and S; = S¢, = 1/2] reveals the presence of a strong to moderate antiferromagnetic coupling through the bis(pyrazolate)(aqua)
[-] =217 (1) and 215 em™ (2)] and (pyrazolate)(hydroxo) bridges [—] = 153 cm™" (3)], respectively, whereas a strong to
weak antiferromagnetic coupling occurs through the bis-bidentate bpm [—]" = 211 (1), 213 (2), and 44 cm™" (3)]. A simple
orbital analysis of the magnetic exchange interaction within the bpm- and pyrazolate-bridged dicopper(II) fragments of 1—3
visualizes the o-type pathways involving the (dx*—y*) (1 and 2) or d(z*) (3) magnetic orbitals on each metal ion, which account
for the variation of the magnetic properties in these three novel examples of one-dimensional copper(II) compounds with regular
alternating intrachain antiferromagnetic interactions.

B INTRODUCTION hysteresis effects in 1D compounds, which are not associated

Magnetic chain compounds were actively investigated in the with a 3D magnetic order but to a slow magnetic relaxation, has

field of molecular magnetism as models for one-dimensional
spin arrays, from both experimental and theoretical points of
views." A simple reason for this interest is that they offer the
possibility to solve exactly some relevant physical problems in
one dimension (1D) that are too complex to be solved in three

provided an experimental confirmation of Glaubers’ prediction
and opened exciting new perspectives of storing information in
low-dimensional magnetic materials.*

In the zoo of magnetic chain compounds, homometallic
(either uniform or alternating) antiferromagnetic chains are

dimensions (3D), opening thus a new chapter of low- relatively common systems with current interest in spin
dimensional magnetism in the wide discipline of low-dimen- dynamics and quantum critical phenomena.* In that respect,
sional physics.” Because of the possibility to achieve a long- an important difference in the quantum description of
range magnetic ordering through interchain interactions, they

were also studied having in mind the design and synthesis of Received: March 13, 2014

molecular-based magnets.> The recent finding of magnetic Published: May 14, 2014
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homometallic uniform antiferromagnetic chains resides on the
value of the spin, half-integer (fermions) or integer (bosons).
Therefore, there exists an energy gap between the ground
singlet spin state and the first excited (triplet) spin state in
integer spin 1D systems.la This quantum effect known as
Haldane’s conjecture was experimentally observed in uniform S
= 1 Ni" antiferromagnetic chains.” On the contrary, half-integer
spin 1D systems, such as uniform § 1/2 Cu'
antiferromagnetic chains, possess a gapless excitation spectrum
with a ground singlet spin state infinitely close to the first
excited states.'* An important magnetic quantum phenomenon
related to this point is the spin-Peierls transition that occurs
when a uniform antiferromagnetic chain becomes an alternating
one because of the coupling between the vibrations (phonons)
of the lattice and the exchange energy.'* Dimerization of spins
leads to a modification of the excitation spectrum in the
resulting alternating S = 1/2 Cu!! antiferromagnetic chains,®
which have recently emerged as models for the study of the
quantum entanglement phenomenon.7

In this context, homometallic 1D systems containing
different bridging moieties deserve particular attention because
alternating magnetic couplings differing in sign and/or
magnitude can occur, depending on the nature of the bridging
ligands.® In that respect, copper(Il) chains with two alternating
intrachain antiferromagnetic interactions (J and J’ < 0) are well-
known, whereas those with alternating antiferro- and
ferromagnetic interactions of different sign (J < 0 and J' > 0)
are still fairly uncommon.” During the last two decades, our
research group has been particularly interested in the
magnetochemistry of copper(II) chain compounds, both
uniform and alternating ones, with a variety of bridging
ligands.'"™>® For instance, we reported the first examples of
regular alternating antiferro/ferromagnetic interactions in
copper(Il) chains across 2,2'-bipyrimidine (bpm) and hydroxo
bridges.wa’d This pioneering work has been recently extended
to analogous alternating antiferromagnetic copper(II) chains
with bpm and fluoride bridges.10f In both cases, the bpm
molecule adopts a bis-bidentate coordination mode, and it
mediates antiferromagnetic exchange interactions between the
unpaired electrons of the Cu" ions, while either ferro- or
antiferromagnetic exchange couplings occur across the double
hydroxo and fluoride bridges, respectively.loa’d’f

Inspired by these results, we have turned our attention to
pyrazolate (pz) as an additional bridging ligand in order to
explore the possibility to get antiferromagnetic copper(1l)
chains with regular alternating bpm and pz bridges. In fact,
earlier studies on homoleptic pyrazolate coordination polymers
with first row transition-metal ions demonstrated that the anion
of pyrazole often adopts the N,N’-bridging coordination to
metal ions, this pathway having a remarkable ability to mediate
strong antiferromagnetic exchange interactions between para-
magnetic centers.”**® The interest in these low-dimensional
magnetic materials stems from the expectation that they
provide unique examples of uniform copper(I) chains with
strong antiferromagnetic interactions across the pyrazolate
bridges.”** By varying the substituents on the pyrazolate ring, it
has been possible to examine systematically how the structures
and magnetic properties of the isolated compounds are
influenced by the steric and electronic factors.”*>

The present work concerns the syntheses and general
physical characterization, X-ray structures, and magnetic studies
of a novel series of heteroleptic copper(Il) compounds with
bpm and the pz anion or its 3-methyl-(3-Mepz) and 3,5-
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dimethyl-substituted (3,5-Me,pz) derivatives as bridging
ligands (Chart 1). Our goal is to investigate the influence of

Chart 1. Chemical Structures of Bipyrimidine- and
Polymethyl-Substituted Pyrazolates Used as Bridging

Ligands
N N=—
2 { :> vj/\}x
<;N \N / }\I—N@
bpm pz(X=Y =H)

3-Mepz (X = H; Y = Me)
3,5-Meypz (X =Y = Me)

the steric and/or electronic effects of the ligand on the
structural and magnetic properties of this unique family of
mixed bpm and polymethyl-substituted pyrazolate copper(Il)
compounds, namely, {[Cu,(u-H,0)(u-pz),(p-bpm)(ClO,)-
(H,0)]ClO,2H,0}, (1), {[Cuy(u-H,0)(u-3-Mepz),(u-
bpm)](ClO,),-2H,0}, (2), and {[Cu,(u-OH)(u-3,5-Me,pz)-
(u-bpm)(H-3,5-Me,pz),](ClO,),}, (3). Compounds 1-3 are
three novel examples of alternating bpm- and pz-, 3-Mepz-, or
3,5-Me,pz-bridged copper(1l) chains with exogenous water or
hydroxide as additional bridges. Although a large number of
bipyrimidine- and pyrazolate-bridged dinuclear copper(II)
complexes have been reported in the literature and magneto-
structural correlations for them are well-established,?*=® no
examples of alternating copper(II) chains bearing both types of
bridges have been reported so far. Therefore, the nature and
magnitude of the distinct intrachain magnetic couplings for 1—
3 are discussed in the light of their different exchange pathways
and compared with those reported for the related bpm->° and
mono->" or bis(pyrazolate)-bridged®”’*** dicopper(I) com-
plexes.

B EXPERIMENTAL SECTION

Materials and Methods. 2,2'-Bipyrimidine, pyrazole, 3-methyl-
pyrazole, 3,5-dimethylpyrazole, copper(I) perchlorate hexahydrate,
and the organic base triethylamine were purchased from commercial
sources and used as received. The elemental (C, H, N) and electron
microscopy (Cu, Cl) analyses were performed by the Servicio
Interdepartamental de la Universidad de Valencia. Infrared spectra
were recorded on a Bruker IFSS5 spectrometer as KBr pellets.

Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive. We worked at the mmol scale, and the starting
perchlorate salt was an aquo complex. The diluted solutions were handled
with care and evaporated slowly at room temperature in an open hood.

Preparation of the Compounds. {[Cu,(u-H,0)(u-pz),(u-bpm)-
(CIO)(H,0)ICIO,-2H,03, (1), {[Cu,(u-H,0)(u-3-Mepz),(u-bpm)]-
(CI04)y2H,01, (2), and {[Cuy(u-OH)(u-3,5-Me;pz)(u-bpm)(H-3,5-
Me,pz),](ClO,),}, (3). A similar synthetic procedure was used for the
preparation of all three complexes. Bpm (0.074 g, 1/2 mmol)
dissolved in a minimum amount of water (10 mL) was slowly added to
an aqueous solution (15 mL) of copper(Il) perchlorate hexahydrate
(0.370 g, 1 mmol). The addition of Hpz (1) (0.068 g, 1 mmol), H-3-
Mepz (2) (0.082 g, 1 mmol), or H-3,5-Me,pz (3) (0.096 g, 1 mmol)
caused a color change from green to blue. The blue color of each
solution was enhanced when an aqueous solution (20 mL) of
triethylamine (0.101 g, 1 mmol) was poured into the solution under
continuous stirring. The resulting solutions were filtered off to remove
any small solid particle and allowed to evaporate at room temperature
in a hood. X-ray quality dark green polyhedral crystals of 1 and 2 were
grown from their corresponding solutions after a few days, which were
collected by filtration, washed with a small amount of cold water, and
dried on filter paper. Suitable X-ray crystals of 3 as green
parallelepipeds were grown from its solution after several days,
together with a minor amount of blue crystals of a monomeric
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Table 1. Summary of Crystal Data for 1-3

1
formula C4H,CLCu,NgO,
M, 690.36
crystal system orthorhombic
space group P2,2,2,

a/A 12.5983(9)
b/A 13.4940(13)
/A 15.2415(14)
p/deg 90

V/A3 2591.1(4)
Z 4

D./g cm™ 1.770

T/K 296(2)
F(000) 1392
u(Mo—Ka)/mm™! 1.770
reflns. collected 34 666
reflns. indep. (Ry,) 5290 (0.0306)
reflns. obs. [I > 26(I)] 5013

R [I>26(1)] (all)
wR,P [I > 26(I)] (all)
goodness-of-fit on F*
abs. struct. param.

AP raxmin/eAT

0.0388 (0.0423)
0.1166 (0.1192)
1.052

0.23(2)

0.762 and —0.597

2 3
C16HyCLCu,Ng Oy Cy3H30CLCu,N, 0Oy
700.40 788.55
orthorhombic orthorhombic
Fdd2 Pbca
26.3979(18) 18.4099(17)
27.717(3) 15.6527(14)
15.3681(18) 22.408(2)

90 90

11244(2) 6457.1(10)
16 8

1.655 1.547

296(2) 296(2)

5664 3216

1.768 1.547

44191 134748

5019 (0.0740) 5910 (0.0426)
4284 4581

0.0595 (0.0700)
0.1715 (0.1819)
1.121

0.40(3)

1.103 and —0.464

0.0436 (0.0603)
0.1124 (0.1233)
1.046

0.689 and —0.530

“R, = N(IE| = IF)/YIF PwR, = {3 [w(F.2 — F2)?)/ Y [w(F ¥} and w = 1/[6*(F,2) + (mP)? + nP] with P = (F,2 + 2F2)/3, m = 0.0955 (1),
0.1314 (2), and 0.0557 (3), and n = 0.4008 (1), 2.6843 (2), and 11.0309 (3).

Table 2. Selected Interatomic Bond Lengths (A) and Angles (deg) for 17

Cu(1)-N(1) 2.068(3)
Cu(1)-N(3) 2.077(3)
Cu(1)-N(5) 1.956(3)
Cu(1)-N(7) 1.956(3)
Cu(1)-0(1w) 2.445(3)
Cu(1)-0(2w) 2.476(5)
N(1)—Cu(1)-N(3) 80.00(12)
N(1)—Cu(1)-N(5) 93.38(13)
N(1)—Cu(1)-N(7) 173.97(14)
N(1)—Cu(1)—-0(1w) 89.86(12)
N(1)—Cu(1)-0(2w) 86.84(18)
N(3)—Cu(1)-N(5) 173.29(13)
N(3)—Cu(1)-N(7) 94.48(13)
N(3)—Cu(1)-0(1w) 91.88(13)
N(3)—Cu(1)-0(2w) 85.967(19)
N(5)—Cu(1)-N(7) 92.19(14)
N(5)—Cu(1)-0(1w) 89.19(13)
N(5)—Cu(1)-0(2w) 92.91(19)
N(7)—Cu(1)-0(1w) 87.90(12)
N(7)—Cu(1)-0(2w) 95.20(19)
O(1w)—Cu(1)—0(2w) 176.18(18)
Cu(1)—0(1w)—Cu(2) 88.54(10)

Cu(2)-N(6) 1.963(3)
Cu(2)—-N(8) 1.967(3)
Cu(2)—N(2a) 2.089(3)
Cu(2)-N(4a) 2.058(3)
Cu(2)—-0(1w) 2.299(3)
Cu(2)-0(1) 2.65(1)
N(6)—Cu(2)-N(8) 91.69(13)
N(6)—Cu(2)-N(2a) 170.27(12)
N(6)—Cu(2)—N(4a) 93.41(13)
N(6)—Cu(2)—-0(1w) 91.62(12)
N(6)—Cu(2)-0(1) 83.2(3)
N(8)—Cu(2)—N(2a) 94.40(13)
N(8)—Cu(2)—N(4a) 173.45(12)
N(8)—Cu(2)—0(1w) 90.88(13)
N(8)—Cu(2)-0(1) 91.4(4)
N(2a)—Cu(2)—N(4a) 80.02(12)
N(2a)—Cu(2)—0(1w) 95.87(12)
N(2a)—Cu(2)-0(1) 89.1(3)
N(4a)—Cu(2)—0(1w) 93.03(13)
N(4a)—Cu(2)—-0(1) 85.1(3)
O(1w)—Cu(2)-0(1) 174.3(4)

“Symmetry operation used to generate equivalent atoms: (a) = —x + 3/2, —y + 2, z — 1/2.

impurity (data reported elsewhere), which were separated by hand and
air-dried. Yield ca. 62% (1), 58% (2), and 31% (3). Anal. Calcd for
Cu,C1,H,0NgO,Cl, (1): C, 24.36; H, 2.92; N, 16.23. Found: C,
24.26; H, 3,01; N, 16.11%. Anal. Calcd for Cu,C,sH,,NzO;,Cl, (2):
C, 27.44; H, 3.17; N, 16.00. Found: C, 26.88; H, 3,36; N, 15.62%.
Anal. Caled for Cu,CysHyoN,,0,Cl, (3): C, 34.90; H, 3.83; N, 17.79.
Found: C, 35.02; H, 3.84; N, 17.77%. Electron microscopy analyses:
1:1 Cu:Cl molar ratio for 1-3. IR (cm™): 3447s (O—H from water),
1593s (C=N from bis-bidentate bpm),IOb 1500m (C=N from bis-
monodentate pyrazolate),”* and 1084vs (Cl—O from perchlorate) for
1; 3396s (O—H from water), 1593s (C=N from bis-bidentate
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bpm),'® 1505m (C=N from bis-monodentate pyrazolate),””* and
1098vs (Cl-O from perchlorate) for 2; 3600m (O—H from
hydroxide),” 3236m (N—H from monodentate pyrazole),””* 1593s
(C=N from bis-bidentate bpm),’® 1534m (C=N from mono-
dentate pyrazole),””* 1500m (C=N from bis-monodentate pyrazola-
te),”” and 1120vs (Cl—O from perchlorate) for 3.

Magnetic Measurements. Variable-temperature magnetic sus-
ceptibility measurements under applied dc fields of 1 T (100 < T <
300 K) and 1000 G (25 < T < 100 K) were carried out on powdered
samples of 1—3 with a SQUID magnetometer. Diamagnetic
corrections for the constituent atoms were made by using the Pascal’s

dx.doi.org/10.1021/ic500544n | Inorg. Chem. 2014, 53, 57595771
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Table 3. Selected Interatomic Bond Lengths (A) and Angles (deg) for 27

Cu(1)-N(1) 2.113(6) Cu(2)-N(8) 1.938(6)
Cu(1)-N(3) 2.034(7) Cu(2)—N(6) 1.995(6)
Cu(1)—-N(S) 1.951(6) Cu(2)—-N(2a) 2.111(6)
Cu(1)-N(7) 1.987(6) Cu(2)—N(4a) 2.044(6)
Cu(1)—0(1w) 2.293(5) Cu(2)—0(1w) 2.303(6)
N(1)—Cu(1)-N(3) 80.0(2) N(8)—Cu(2)-N(6) 91.6(3)
N(1)—Cu(1)-N(s) 93.9(3) N(6)—Cu(2)—N(2a) 171.3(2)
N(1)—Cu(1)-N(7) 170.9(2) N(6)—Cu(2)—N(4a) 94.2(3)
N(1)—Cu(1)-0(1w) 95.3(2) N(6)—Cu(2)—0(1w) 92.0(2)
N(3)—Cu(1)-N(5) 172.5(3) N(8)—Cu(2)—N(2a) 94.2(2)
N(3)—Cu(1)-N(7) 94.5(2) N(8)—Cu(2)—N(4a) 172.0(2)
N(3)—Cu(1)—0(1w) 93.4(2) N(8)—Cu(2)—0O(1w) 90.9(2)
N(5)—Cu(1)-N(7) 91.0(3) N(2a)—Cu(2)—O(1w) 94.4(2)
N(5)—Cu(1)—0(1w) 91.5(2) N(4a)—Cu(2)—N(2a) 79.5(2)
N(7)—Cu(1)—0(1w) 92.2(2) N(4a)—Cu(2)—0(1w) 94.5(2)
Cu(1)—0(1w)—Cu(2) 89.5(2)
“Symmetry operation used to generate equivalent atoms: (a) = —x, —y — 3/2, z + 1/2.
Table 4. Selected Interatomic Bond Lengths (A) and Angles (deg) for 37

Cu(1)-N(1) 2.056(3) Cu(2)-N(2a) 2.227(3)
Cu(1)-N(3) 2.309(3) Cu(2)—N(4a) 2.063(3)
Cu(1)—-N(5) 1.957(3) Cu(2)—-N(6) 1.958(3)
Cu(1)-N(7) 2.031(3) Cu(2)-N(9) 2.077(3)
Cu(1)-0(9) 1.904(3) Cu(2)-0(9) 1.914(3)
N(1)—Cu(1)-N(3) 75.7(1) N(2a)—Cu(2)—N(4a) 76.8(1)
N(1)—Cu(1)-N(5) 166.5(1) N(2a)—Cu(2)-N(6) 91.0(1)
N(1)—Cu(1)-N(7) 89.7(1) N(2a)—Cu(2)-N(9) 112.7(1)
N(1)—Cu(1)—0(9) 93.5(1) N(2a)—Cu(2)—0(9) 124.0(1)
N(3)—Cu(1)-N(5) 90.9(1) N(4a)—Cu(2)—N(6) 166.0(1)
N(3)—Cu(1)—-N(7) 114.3(1) N(4a)—Cu(2)-N(9) 93.5(1)
N(3)—Cu(1)—0(9) 109.6(1) N(4a)—Cu(2)—0(9) 93.0(1)
N(5)—Cu(1)-N(7) 97.5(1) N(6)—Cu(2)-N(9) 97.6(1)
N(5)—Cu(1)—0(9) 89.3(1) N(6)—Cu(2)—0(9) 88.2(1)
N(7)—Cu(1)—0(9) 135.4(1) N(9)—Cu(2)-0(9) 122.9(1)
Cu(1)—0(9)—Cu(2) 120.9(1)

“Symmetry operation used to generate equivalent atoms: (a) = —x + 3/2, y + 1/2, z.

constants. The experimental data were also corrected for the
temperature-independent paramagnetism of the metal center [120 X
107® cm® mol™ per two copper(1l) ions] and the sample holder (a
plastic bag).

X-ray Crystallographic Analysis. X-ray diffraction data for 1-3
were collected with a Bruker-Nonius X8APEXII CCD area detector
diffractometer using graphite-monochromated Mo—Ka radiation (1 =
0.71073 A). The data were processed through the SAINT? reduction
and SADABS®' absorption software. A summary of the crystallo-
graphic data and structure refinement for 1—3 is given in Table 1. The
structures of 1—3 were solved by direct methods using SHELXS, and
they were refined against F* on all data by full-matrix least-squares with
SHELXL-97% through established methods.*® All non-hydrogen
atoms except the oxygen atoms of the water molecules of
crystallization in 1 [O(3w) and O(4w)] and 2 [O(2w) and O(3w)]
were refined anisotropically. The hydrogen atoms of the bridging
water molecule in 1 and 2 [O(1w)], as well as that of the bridging
hydroxo group in 3 [O(9)], were located on a AF map and refined
with restrains. The hydrogen atoms on the terminal water molecule in
1 [O(2w)] and those belonging to the water molecules of
crystallization in 1 and 2 were not defined. The hydrogen atoms of
the pyrazolate and bpm molecules were set in calculated positions and
refined by using a riding model. All the perchlorate anions in 1—3 were
found disordered, and they were modeled over two sites. The relative
occupancies of the two atomic sets were refined freely within
SHELXL, while constraining the sum of the occupancies to unity.*> All
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disorders were refined using similarity restraints on 1,2- and 1,3-
distances and rigid-bond restraints.>® Similar anisotropic displacement
parameters (ADP)* were also applied in some cases. The final full-
matrix least-squares refinements on F?, minimizing the function Y w(l
E,l — IEJ)% reached convergence with the values of the discrepancy
indices given in Table 1. Selected bond distances and interbond angles
for 1-3 are listed in Tables 2—4. Graphical manipulations were
performed with either the XP utility of the SHELXTL system or the
Diamond program.** CCDC reference numbers 987579—987581 (1—
3). See the Supporting Information for crystallographic data in CIF
format.

B RESULTS AND DISCUSSION

Synthesis. The cationic copper(Il) chains of general
formulas {[Cu,(u-H,0)(p-L),(u-bpm)(C1O,),-
(H,0), 1%}, [L = pz (1) and 3-Mepz (2) with m = 1
(1) and 0 (2)] and {[Cu,(u-OH)(u-L) (u-bpm)(HL),]*},, [L
= 3,5-Me,pz (3)] were synthesized by the reaction of
copper(Il) perchlorate/HL/bpm (2:2:1 molar ratio) in water
using the stoichiometric amount of triethylamine that is needed
to deprotonate the pyrazole ligands. However, the pyrazole
moieties in 3 are present as both bridging pyrazolate and
terminal pyrazole ligands, while a counterbalancing hydroxide
anion is present as an additional exogenous bridging ligand.

dx.doi.org/10.1021/ic500544n | Inorg. Chem. 2014, 53, 57595771
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Figure 1. Perspective views of a fragment of the wavelike cationic {[Cu,(¢-H,0)(u-pz),(u-bpm)(ClO,)(H,0)]*}, and {[Cu,(u-H,0)(u-3-

Mepz),(u-bpm)]**}, chain motifs in 1 (a) and 2 (b), respectively.

Compounds 1—3 were isolated as their perchlorate salts in the
form of green crystals with good to moderate yields [62% (1),
58% (2), and 31% (3)] after a few days under slow evaporation
at room temperature.

The formation of 1 and 2 upon changing pz by 3-Mepz
indicates that the steric constraints of the methyl group are
small, if not negligible. Conversely, the occurrence of different
protonation degrees for the dimethyl-substituted pyrazole/
pyrazolate moieties in 3, when compared to the situation found
for 1 and 2, would be likely explained by the electron-donating
character of the methyl group that enhances the basicity of the
pyrazolate donor group, disfavoring thus its deprotonation. The
chemical identity of 1-3 was established by elemental and
electron microscopy analyses and infrared spectroscopy (see
the Experimental Section), and it was further confirmed by
single-crystal X-ray diffraction.

Description of the Structures. {[Cu,(u-H,O)(u-pz),(u-
bpm)(ClO,)(H,0)]CI0,2H,0}, (1) and {[Cu,(u-H,0)(u-3-
Mepz),(u-bpm)J(CIO,),2H,0}, (2). The crystal structures of
1 and 2 consist of wavelike cationic copper(I) chains of the
general formula {[Cu,(#-H,0)(p-L),(u-bpm)(ClO,),,-
(H,0),, %™ [L = pz (1) and 3-Mepz (2) with m = 1
(1) and 0 (2)], featuring regular alternating bpm (1 and 2) and
triple bis(pyrazolate)(aqua) or bis(3-methylpyrazolate)(aqua)
(2) bridges, together with uncoordinated and/or weakly
coordinated perchlorate anions, and crystallization water
molecules. The values of the copper—copper distances across

the bpm/L [L pz (1) and 3-Mepz (2)] bridges are
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5.5442(7)/3.3131(6) (1) and 5.538(1)/3.235(1) A (2). A
view of a fragment of these two chains is shown in Figure 1.

The two crystallographically independent copper(1l) ions in
1 [Cu(1) and Cu(2)] have an axially elongated octahedral
geometry, whereas the corresponding ones in 2 can be
described as square-pyramidal with values of the trigonality
parameter (7) of 0.03 at Cu(1) and 0.01 at Cu(2) [z =0 and 1
for square-pyramidal and trigonal-bipyramidal surroundings,
respectively]®® (Figures 2 and 3). The equatorial/basal planes
of the CuN, 0, (1) and CuN,O (2) coordination environments
are built up by four imine nitrogen atoms from the
bis(bidentate) bpm and the two bis(monodentate) pz (1)
and 3-Mepz (2) ligands. The oxygen atom of the bridging water
molecule occupies one axial position of the copper(1I) ions in 1
or the apical position in 2. The coordination sphere of Cu(1)
and Cu(2) in 1 is completed by either a water molecule
[Cu(1)—0(2w) 2.476(5) A] or a weakly coordinated
perchlorate oxygen atom [Cu(2)—O(1) = 2.65(1) A]. It
seems reasonable to assume that these differences in the
coordination geometry of the metal atoms in 1 and 2 (i.e., six-
vs five-coordination) are somehow due to the steric hindrance
of the methyl substituent on the 3-Mepz ligands in 2.

The equatorial Cu—Ny,,, bond distances [Cu—N
2.058(3)—2.089(3) A (1) and 2.033(7)—2.114(6) A (2)] are
greater than the Cu—N,, ones [Cu—N = 1.956(3)—1.967(3) A
(1) and 1.937(6)—1.996(6) A (2)], both being shorter than the
axial/apical Cu—O,, and/or Cu—Ope,chiorare Pond distances in 1
and 2 (see Tables 2 and 3), as expected for a Jahn—Teller
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Figure 2. Comparative views of the two alternating bridging moieties
in 1, showing the atom numbering: (a) bis(u-pyrazolate)(u-aqua)-
dicopper(II) and (b) (u-bipyrimidine)dicopper(I) units. Only the
major disorder set is represented for the weakly coordinated
perchlorate group, for clarity. Thermal ellipsoids are drawn at the
30% probability level. Symmetry operations used to generate
equivalent atoms: (a) = —x + 3/2, —y + 2,z — 1/2; (b) = —x + 3/
2, =y +2,z+1/2
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Figure 3. Comparative views of the two alternating bridging moieties
in 2, showing the atom numbering: (a) bis(u-3-methylpyrazolate)(u-
aqua)dicopper(II) and (b) (u-bipyrimidine)dicopper(Il) units. Ther-
mal ellipsoids are drawn at the 30% probability level. Symmetry
operations used to generate equivalent atoms: (a) = —x, —y — 3/2,z +
1/2; (b) = —x, =y — 3/2,z — 1/2.
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distorted octahedral or square-pyramidal d° Cu" ion. The
Cu(1) atom in 1 lays basically on the equatorial plane, whereas
Cu(2) is slightly shifted toward the bridging water molecule
[mean displacements (hy) being —0.012(1) and 0.098(2) A,
respectively]. Both metal atoms in 2 are slightly shifted toward
the bridging water molecule by ca. 0.10(1) A.

The mean planes of the pz (1) and 3-Mepz (2) ligands
within the [Cqu(ﬂ‘Hzo)(ﬂ‘PZ)z] (1) and [Cu",(u-H,0) (u-3-
Mepz),] (2) fragments are neither coplanar with each other
nor coplanar with the equatorial/basal planes of the copper(Il)
ions (Figures 2a and 3a). The values of the dihedral angle
between the mean basal planes at the copper atoms and the
mean planes of the pyrazolate groups () are in the ranges
53.8(2)—58.7(2)° (1) and 56.9(3)—60.4(3)° (2), whereas the
values of the dihedral angle between the mean pyrazolate
planes (0) are 80.3(2)° (1) and 89.5(3)° (2). This situation
leads to an overall bent conformation of the resulting six-
membered metallacyclic core at the dicopper(1I)bis-
(pyrazolate) (aqua)-bridging unit in 1 and 2, as previously
found for the similar triply bis(pyrazolate)(halide)-bridged
dinuclear copper(II) complexes of formulas PPh,[Cu,(u-
Cl) (u-pz),{H,B(pz),},]:0.5Me,CO and  AsPh,[Cu,(u-Br)(u-
pz),{H,B(pz),},]-Me,CO [PPh," = tetraphenylphosphonium,
AsPh,* = tetraphenylarsonium, and H,B(pz),” = dihydrobis(1-
pyrazolyl)borate].>* The values of the dihedral angle between
the mean equatorial/basal planes at the copper(II) ions (¢) are
84.7(1)° (1) and 85.6(2)° (2). The putative role of the
exogenous bridging ligand in the occurrence of this unique bent
conformation of the [Cu",(u-H,0)(u-pz),] (1) and [Cu",(u-
H,0)(u-3-Mepz),] (2) fragments is unclear, because the same
conformation is also common to a related series of doubly
bis(pyrazolate)-bridged dinuclear copper(II) complexes with
no additional supporting bridge of general formulas
[Cu,L,L',](NO,),:nH,0O [L = pyrazolate (pz), 4-methylpyr-
azolate (4-Mepz), 4—chloropyrazolate (4-Clpz), and 4-bromo-
pyrazolate (4-Brpz); L' = 2,2’ blgyrldlne (bpy) and 1,10-
phenanthroline (phen); in= 0-2].

As far as the [Cu'l(u- bpm) fragment in 1 and 2 is
concerned, the atoms filling the equatorial/basal positions at
the copper(II) ions are basically coplanar as the bpm ligand
itself (Figures 2b and 3b). The values of the dihedral angle
between the former and the latter planes (') are in the ranges
of 5.1(2)—8.5(2)° (1) and 9.0(3)—12.3(3)° (2), whereas those
of the dihedral angle between the former planes across the bpm
bridge (¢') are 3.6(2)° (1) and 4.2(3)° (2). This situation
leads to an overall planar conformation of the (u-bpm)-
dicopper(II) entity in 1 and 2.

Neighboring chains in the crystal lattice of 1 and 2 define
intersected supramolecular layers orthogonal to the crystallo-
graphic ab plane by means of an intricate network of hydrogen
bonds involving the coordinated and uncoordinated water
molecules [O,—H:--O,, distances of ca. 2.7(1)—2.8(1) A; see
Tables S1 and S2, Supporting Information], as well as the
perchlorate counteranions (Figure S1, Supporting Informa-
tion). Although the general structural scaffold is kept when
going from 1 to 2 (Figure Sla,c), it is interesting to note that
adjacent chains are oriented with respect to each other in such a
way to form an angle of ca. 77° in 1, but much closer to 90° in
2 (ca. 87°) (Figure S1b,d). Anion—z-type interactions between
the perchlorate anions and the bpm aromatic system
[Operchiorate™ Ting centroid distances in the ranges of ca.
32(1)-3.4(1) A (1) and 3.1(1)-3.5(1) A (2)] are also
observed in both cases (Figure S2, Supporting Information),
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Figure 4. Perspective view of the zigzag cationic {[Cu,(u-OH)(u-3,5-Me,pz)(u-bpm)(H-3,5-Me,pz),]*}, chain motif in 3 growing along the

crystallographic ¢ axis.

and they are determinant for the generation of the supra-
molecular layered network in 2, but not in 1.

{ICu(-OH)(u-3,5-Mepz) (u-bpm)(H-3,5-Mepz),](CIO,),J,
(3). The crystal structure of 3 is made up by zigzag cationic
copper(Il) chains of the formula {[Cu,(u-OH)(u-3,5-Me,pz)-
(u-bpm)(H-3,5-Me,pz),]**},, featuring regular alternating bpm
and double (3,5-dimethylpyrazolate)(hydroxo) bridges. Mono-
dentate H-3,5-Me,pz pyrazole groups fill up the coordination
sphere at each copper(Il) ion, the electroneutrality being
achieved by perchlorate counteranions. The two alternating
bridging skeletons put adjacent copper(Il) ions at intrachain
distances of 5.7673(7) A [across the bis-bidentate bpm] and
3.3220(6) A [through the (3,5-Me,pz)(hydroxo) bridge],
values that are very close to those found in 1 and 2. A
fragment of the chain in 3 is shown in Figure 4.

The two crystallographically independent copper(Il) ions
[Cu(1) and Cu(2)] in 3 are both five-coordinate with a CuN,O
chromophore being built by one oxygen atom from the u-
hydroxo bridge and four nitrogen atoms, two from the bis-
chelating bpm, one from the bridging 3,5-Me,pz group, and the
remaining one from the neutral monodentate H-3,5-Me,pz
molecule (Figure 5). The values of 7 are 0.52 and 0.70 for
Cu(1) and Cu(2), respectively, indicating that the geometry
around Cu(1) is intermediate between square-pyramidal and
trigonal-bipyramidal, whereas that around Cu(2) can be
considered in a distorted trigonal-bipyramidal environment.
The coexistence in 3 of the H-3,5-Me,pz molecule and its
deprotonated 3,5-Me,pz form as ligands is most likely due to
the enhanced basicity of the 3,5-Me,pz anion because of the
electron-donating character of the methyl substituents (see
Discussion above).

The trigonal axis around each copper(Il) ion within the
[Cu",(u-OH)(u-3,5-Me,pz)] fragment of 3 [N(1)—Cu(1)—
N(S) and N(4a)—Cu(2)—N(6)] lies in the mean plane of the
bridging 3,5-Me,pz group (Figure Sa), the trigonal mean plane
at each copper center forming dihedral angles with the mean
plane of the pyrazolate ring of ca. 70° [Cu(l)] and 99°
[Cu(2)]. The value of the Cu—N—N—Cu torsion angle () at
the pyrazolate bridge is 26.5(3)°, while the Cu—O-Cu
interbond angle (@) with the hydroxide supporting bridge is
120.9(1)°. This last value compares well with those found in
the related (pyrazolate)(hydroxo)-bridged dinuclear copper(II)

5765

AN Do N(2a)
-
A %( e |
(7) N5} N(6) (4 )
d Ni@) : N0}
JL o Ni@) —
—
N @ o
b Nigb) 09
Oy ™)
N(2) U ﬁ
N(Sb)@~

0(9b) NI

Figure S. Comparative views of the two alternating bridging moieties
in 3, showing the atom numbering: (a) (u-3,5-Me,pyrazolate)(u-
hydroxo)dicopper(II) and (b) (u-bipyrimidine)dicopper(I) units.
Thermal ellipsoids are drawn at the 30% probability level. Symmetry
operations used to generate equivalent atoms: (a) = —x + 3/2,y + 1/2,
z;(b)=—x+3/2,y—1/2,z

complexes (a = 117.5—123.9°).79"" These structural features
lead to an overall quasi-planar conformation of the resulting
five-membered metallacyclic core at the (u-pyrazolate)(u-
hydroxo)dicopper(II) unit in 3, a situation which contrasts
with the bent conformation of the six-membered metallacyclic
core at the bis(u-pyrazolate)(y-aqua) entity in 1 and 2.
Looking at the (u-bpm)dicopper(1l) fragment in 3, the trigonal
axes of the copper(Il) ions are basically parallel, the trigonal
planes of the metal centers forming a dihedral angle of ca. 8.6°
(Figure Sb).

The structural differences between 1/2 and 3 are indeed
noteworthy. First, there is the aspect of the 1D motif, wavelike
(1/2) versus zigzag (3). Second, in the lack of free water
molecules for 3, the interchain interactions are dominated by
N_H”'Operchlorate' and O_H"'Operchlorate'type hydrogen bonds
involving the terminally bound H-3,5-Me,pz ligands, the
bridging hydroxo group, and the perchlorate counteranions
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[N(8)—H(8B)--O(5a) = 2.857(5) A, N(10)—H(10D)--O(1b)
= 2.850(5) A, O(9)—H(9)--0(4) = 3.240(9) A, and O(9)—
H(9)--0(8) = 3.096(8) A; symmetry code: (a) = —x + 3/2, y
—1/2, z; (b) = —x + 3/2, y + 1/2, z] (Figure S3, Supporting
Information). Weak anion—z-type interactions involving these
hydrogen-bonded perchlorate groups and the bpm aromatic
system are also observed, as in 1 and 2 [OjpechioraceTiNg
centroid distances in the range of ca. 3.2(1)-3.5(1) Al
However, the copper(Il) chains in 3 are well-separated from
each other in the plane perpendicular to the propagation
direction (Figure S3b), in contrast to what occurs in 1/2 where
adjacent chains are connected into intersected supramolecular
layers by means of noncovalent interactions in the two
perpendicular directions to that of the chain growing.
Magnetic Properties. The magnetic properties of 1-3 in
the form of both yy and yT vs T plots [y being the molar
magnetic susceptibility per dicopper(Il) unit] are shown in
Figure 6. At room temperature, the values of yT are 0.45 (1
and 2) and 0.67 cm® mol™ K (3) (Figure 6b). They are well
below that expected for two magnetically isolated copper(Il)
ions [yuT = (2NB*g/3k)Sc(Sca + 1) = 0.83 cm® mol ™" K with
Sce = 1/2 and g = 2.1]. Upon cooling, the values of yyT
decrease continuously from room temperature and those of yy
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Figure 6. Temperature dependence of y, (a) and yuT (b) for 1 (O),
2 (O), and 3 (A). The solid red lines are the best-fit curves through
the alternating copper(II) chain model, whereas the dotted and dashed
blue lines correspond to the uniform copper(1l) chain and dinuclear
copper(II) models, respectively (see text).
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exhibit more or less rounded maxima around 200 K (1 and 2)
and 140 K (3) (Figure 6a). These features are typical of an
overall antiferromagnetic behavior.

Having in mind the regular alternating character of the
copper(I) chains in 1—3, their magnetic data were analyzed
through the isotropic spin Hamiltonian for an alternating
antiferromagnetic copper(Il) chain model given by eq 1 (with
a=]/]and S; = Sc, = 1/2)

H=-] Z (SpirSpimy + aSZi'SZi+l)

i=1-n/2
+ gfH Z S,
i=1—n/2 (1)

where J and J' (J' = alJl) are the magnetic coupling constants
between the neighboring copper(Il) ions within the chain and g
is the average Landé factor of the copper(Il) ions. The results
of the least-squares fit of the magnetic data through the
expressions derived by Hatfield for the cases 0 < @ < 0.4 3)
and 04 < @« < 1 (1 and 2) (eqs 2.1-2.7 and 3.1-3.7
respectively, where x = [Jl/2kT with ] < 0 and J' < 0)* are listed
in Table S.

Xy = (2NB’¢*/kT)(A + Bx + Cx°)

/(1 + Dx + Ex* + Fx°) (2.1)
A =025 (2.2)
B = —0.12587 + 0.22752a (23)
C = 0.019111 — 0.13307a + 0.50967a* — 1.3167a°
+ 1.0081a* (2.4)
D = 0.10772 + 1.4192a (2:3)
E = —0.0028521 — 0.42346a + 2.1953a” — 0.82412a°
(2.6)
F = 0.37754 — 0.067022a + 6.9805a” — 21.678a’
+ 15.838a* (2.7)
#y = (2NB*g*/kT)(A + Bx + Cx”)
/(1 + Dx + Ex* 4+ Fx°) (3.1)
A =025 (32)
B = —0.13695 + 0.26387a (33)
C = 0.017025 — 0.12668a + 0.49113a* — 1.1977a°
+ 0.87257a" (3.4)
D = 0.070509 + 1.3042 (3.3)
E = —0.0035767 — 0.40837a + 3.4862a° — 0.73888a°
(3.6)
F = 0.36184 — 0.065528a + 6.65875a° — 20.945a°
+ 15.425a* (3.7)

The theoretical curves for 1—-3 (solid lines in Figure 6a,b)
closely match the experimental data in the temperature range
for which the Hatfield expressions are valid [i.e., for T > IJl/4k
~ 80 K (1 and 2) and 60 K (3)].%° In particular, they reproduce
perfectly well the rounded maxima of y,; around 200 K for 1
and 2 (Figure 6a). As a matter of fact, the calculated —] values
obtained from the fit of the magnetic susceptibility data of 1

dx.doi.org/10.1021/ic500544n | Inorg. Chem. 2014, 53, 57595771



Inorganic Chemistry

Table S. Least-Squares Best-Fit Magnetic Parameters for 1—
3

compound  J%/em™'  J'%/em! a® & R (x 10°)
1 —-217 =211 0.97 2.129 0.3
(<216) 1 (2.129) (0.5)
2 -215§ -213 0.99 2.126 0.4
(—214) 1 (2.126) (0.4)
3 —153 —44 0.30 2.198 0.5
(—166) 0 (1.794) (3.1)

“Intrachain magnetic coupling parameters in the spin Hamiltonian for
an alternating copper(II) chain model (eq 1 with @ = J'/J). The
corresponding values for the uniform copper(II) chain and dinuclear
copper(II) models (eq 1 with @ = 1 and 0) are given in parentheses.
b Average Landé factor of the Cu" ions. “Agreement factor defined as R

= 20D ey = CDeical®/ ZL0mT)exp)™

and 2 through the Hatfield expressions agree rather well with
those estimated from the temperature of the maxima through
the exg)ression kTpe/IJl = 0.641 for a uniform copper(II)
chain,®” as expected because of the calculated a values close to
unity using the alternating copper(II) chain model described
above [a = 097 (1) and 0.99 (2)]. Indeed, the magnetic
properties of 1 and 2 can be also reproduced by considering a
uniform copper(II) chain model (eq 1 with @ = 1) (see Table
S). Therefore, the least-squares fits of the magnetic
susceptibility data of 1 and 2 through the appropriate
expression developed by Bonner and Fisher (eq 4, where x =
IJ1/2kT with J < 0)*” deviate only slightly from those obtained
through the Hatfield expression (dotted lines in Figure 6).

Xy = NB*/KT)(0.25 + 0.074975x + 0.075235x%)

/(1 + 0.9931x + 0.172135x> + 0.757825x°)  (4)

On the other hand, attempts to fit the magnetic susceptibility
data of 3 through the well-known Bleaney—Bowers expression
(eq 5)°® for a dinuclear copper(Il) model (eq 1 with a = 0)
failed (see Table S) and the best-fit theoretical curve largely
deviate from that obtained through the Hatfield expression
(dashed line in Figure 6). This is as expected given the
calculated a value largely different from zero for 3 using the
alternating copper(1I) chain model described above (@ = 0.30).

sy = QNG /KT)/[3 + exp(—]/kT)] (s)

Finally, in order to account for the size and nature of the
intrachain magnetic couplings in 1-3, we will focus on the
dicopper(II) fragments with the two types of bridges, bpm on
one hand and bis(pyrazolate)(aqua) (1 and 2) or (pyrazolate)-
(hydroxo) (3) on the other one.*"® Therefore, the strongest
antiferromagnetic couplings in 1 and 2 [—] = 217 (1) and 215
ecm™ (2)] are attributed to the bis(u-pyrazolate)(u-aqua)
pathway present in these two chains, their magnitude being
within the range of those previously reported for the related
bis(u-pyrazolate)dicopper(II) complexes with a similar bent
conformation (—] = 143—330 cm™'), independent on the
presence of an additional bridging ligand providing an axial
exchange pathway.”**™! However, a shift of this range toward
stronger antiferromagnetic coupling has been observed for the
analogous bis(y-pyrazolate)dicopper(II) complexes with ancil-
lary chelating arms at the 3- and/or S5-positions of the
pyrazolate moiety that possess instead a nearly planar
conformation (—] = 151—428 cm™').****"! This situation
can be understood by considering the o-type equatorial/basal
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pathway for the transmission of the electron exchange
interaction in 1 and 2. This pathway involves the pair of
d(x*—y*) magnetic orbitals that describe the unpaired electrons
of the two copper(Il) ions that are partially delocalized on the
bridging pyrazolate ligands (Scheme 1la). The greater the

Scheme 1. Ilustration of the Magnetic Orbitals Centered on
Each Metal Ion for Bis(pyrazolate)(aqua)- (a) and
(Pyrazolate) (hydroxo)-Bridged (b, c) Dicopper(II) Units of
1-3 with Square-Pyramidal (a, c) and Trigonal-Bipyramidal
(b) Metal Environments

(b)

(c)

deviations from planarity of the bis(u-pyrazolate)dicopper(Il)
skeleton are, the smaller the spin delocalization on the bridge,
and consequently, the lower the overlap between the magnetic
orbitals. As the antiferromagnetic coupling in a dicopper(II)
unit is roughly proportional to the square of the integral
overlap,”® the deviations from planarity in such a unit would
cause a weakening of the antiferromagnetic coupling, as
observed.

dx.doi.org/10.1021/ic500544n | Inorg. Chem. 2014, 53, 57595771



Inorganic Chemistry

Dealing with the moderate antiferromagnetic coupling across
the (u-pyrazolate)(u-hydroxo) pathway found for 3 (—J = 153
cm™), it is clear that this value is weaker than the strong to very
strong antiferromagnetic couplings previously reported for the
other dicopper(II) complexes with the same bridging skeleton
(=] = 220-770 cm™').>’9"™ This weakening of the
antiferromagnetic coupling in 3 can be explained by the
different nature of the magnetic orbitals involved in each case.
Therefore, the unpaired electron at each copper(Il) in 3 is
mostly defined by a d(z?) magnetic orbital that is mainly
delocalized on the pyrazolate bridging ligand with only a small
spin density on the hydroxo group (Scheme 1b). In the other
cases, the magnetic exchange pathway involves the d(x*—y*)
magnetic orbitals centered on each square-pyramidal Cu" ion
and largely delocalized on both the pyrazolate and the hydroxo
bridges (Scheme 1c).”’%"" In this situation, an increase of the
overlap between the magnetic orbitals at the supporting
hydroxide bridge occurs, and then, the antiferromagnetic
coupling is strengthened, as expected for the large values of
the Cu—O—Cu angles (a = 121.2—123.9°).>7%%"

On the other hand, the strong antiferromagnetic coupling
through the bis-bidentate bpm in 1 and 2 [—]’ = 211 (1) and
213 ecm™' (2)] agrees with that previously reported for related
symmetric bpm-bridged dicopper(II) complexes (-] = 139—
236 cm™!).**79%¢7 Again, the good ¢ in-plane overlap
between the two d(x*—y*) magnetic orbitals centered on each
Cu" ion and partly delocalized on the bridging skeleton of the
symmetric bis-chelating mode of the bpm bridge (Scheme 2a)
accounts for this important antiferromagnetic interaction
between copper(Il) ions separated by more than 5.5 A. The
much weaker antiferromagnetic coupling through the bpm
bridge in 3 (—]'= 44 cm™") can be explained in terms of the
switchin‘g from d(x*—y*) magnetic orbitals in 1 and 2 to d(z?)
in 324" The magnetic orbitals in 3 are mainly delocalized on
the two opposite pyrimidine rings of the bpm bridge with a
small, but nonnegligible delocalization, on the other one
(Scheme 2b). An overall decrease of the overlap between the
magnetic orbitals is predicted, and then, a weaker antiferro-
magnetic interaction would result, as observed. As a matter of
fact, the reduction of the antiferromagnetic coupling is even
greater for related asymmetrically bpm-bridged dicopper(II)
complexes (—] = 19 cm™') possessing a square-pyramidal
environment at each metal center and a perpendicular
orientation of the basal planes with resdpect to the mean
plane of the bpm bridge (Scheme 2c).**! This is a case of
orbital reversal where the spin delocalization of the d(x*—y?)
magnetic orbitals on each metal ion are exclusively limited to
one of the two opposite pyrimidine rings of the bpm bridge. An
almost zero overlap between the magnetic orbitals is predicted,
and then, a small antiferromagnetic coupling would be involved,
as confirmed by the experimental data.

B CONCLUSIONS

In this work, we provide a comparative magneto-structural
study of three heteroleptic copper(II) compounds, where a
series of polymethyl-substituted pyrazoles/pyrazolates and 2,2’
bipyrimidine as well as different exogenous groups act as
terminal and/or bridging ligands in a variety of ways, leading
thus to different structures and magnetic properties. They
include three copper(Il) chains with regular alternating bpm
and either bis(pyrazolate)(aqua) (1 and 2) or (pyrazolate)-
(hydroxo) (3) bridges. Strong (1 and 2) to moderate (3)

antiferromagnetic couplings are observed within the mono- or
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Scheme 2. Illustration of the Magnetic Orbitals Centered on
Each Metal Ion for Symmetric (a) and Asymmetric (b, c)
bpm-Bridged Dicopper(II) Units of 1—3 with Square-
Pyramidal (a, c) and Trigonal-Bipyramidal (b) Metal
Environments

bis(pyrazolate) (aqua/hydroxo)dicopper(II) bridging unit,
[Cu',(Me,pz),X], with bent or planar conformations,
respectively, independent on the nature and number of
pyrazolate bridges [n = 2 (1 and 2) or 1 (3) with x = 0 (1),
1 (2), or 2 (3)] and exogenous bridging ligands [X = H,O (1
and 2) or OH™ (3)]. Otherwise, a strong (1 and 2) to weak (3)
antiferromagnetic coupling occurs between the copper(Il) ions
across the bis-bidentate bpm with coplanar and parallel
arrangements of the magnetic orbitals, respectively. Com-
pounds 1—3 constitute thus three new examples of copper(II)
chains with regular alternation of polyatomic bridges with
intrachain antiferromagnetic interactions. Further extension of
the present work to related oxalate- and polymethyl-substituted
pyrazolate-bridged, heteroleptic copper(Il) compounds with
higher dimensionalities and varying topologies is in progress.
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