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A family of dinuclear and linear trinuclear Co/Pd pyrazolate
compounds, namely, [BuyN],[Co,(n-4-Cl-3,5-Me,-pz),Cly]
(1), [BusN]2[Co,(u-4-Br-3,5-Me,-pz),Br4] (2), [BuyN];[Co,(4-1-
3,5-Me,-pz),Cly] (3), [Et4N],[Pd,Co(4-B1-3,5-Me,-pz),Cly]
(4), [EtsNH]4[PdCo,(4-Br-3,5-Me,-pz),CL|[NOs], (5), [EtsNH],-
[Pd Co,(3-Me-5-Ph-pz),Cly] (6), [EtzNH],[Pd3(4-Br-3,5-Me,-
pz)4Cly] (7), and [Co5(3,5-Mes-pz)4(3,5-Me,-pzH),(CH3;CO,),]

(8) was synthesized. The single-phase nature of the solids
was established by single-crystal X-ray diffraction, thermal
analysis, and spectroscopic techniques. Moreover, the mag-
netic behavior is studied and a magnetostructural compari-
son to the corresponding carboxylate analogues is made.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

This work stems from our interest in exploring the struc-
tural parallel between transition-metal pyrazolate and car-
boxylate chemistry.l'] Polynuclear transition-metal carbox-
ylate complexes have been widely investigated for the fol-
lowing reasons: (i) Besides 1D, 2D, or 3D magnetic order-
ing,>1 it has been shown that carboxylate complexes show
single-molecule magnet (SMM) properties. (ii) Several car-
boxylate complexes have been successfully used as biomi-
metic models of metalloprotein polynuclear active cen-
ters.’4->¢ (iii) Metal carboxylates can be viewed as extended
models of intermediates during the formation of geological
sediments.’T (iv) A variety of unique organic reactions are
efficiently catalyzed by polynuclear carboxylates due to the
ability of polymetallic centers to coordinate and to activate
several functional groups of a substrate.’*¢! (v) It has re-
cently been demonstrated that polynuclear carboxylate
complexes can be used as precursors for the preparation of
nanosized magnetic oxide particles.[**]

The synthesis and structural characterization of carbox-
ylato-bridged complexes is now a well-developed field.[>-10]
In our previously reported work we suggested that a wide
class of polynuclear metal-pyrazolates with interesting re-
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dox and magnetic properties, which are structural ana-
logues of known carboxylates of the same metals, remain
to be fully explored.ll Evidently, the field of metal-pyrazol-
ates is significantly less developed than that of the analo-
gous carboxylates.”] Still, several oligonuclear metallocyclic
pyrazolato complexes, from tri- to tetradecanuclear, are
known.['>!1-14] In contrast, only a limited number of non-
cyclic metal-pyrazolate structural motifs have been re-
ported so far.!1-12d-15]

Studies of the exchange interaction between paramag-
netic metal centers through multiatom bridging ligands are
important to a variety of research areas, ranging from coor-
dination chemistry to solid-state physics, biology, and bio-
inorganic chemistry.['®3% Chauduri et al., as well as others,
have reported extensively on the exchange interactions be-
tween paramagnetic metal centers bridged by three-atom
bridges in di- and trinuclear, homo- and heterometallic
complexes.['6-18:21-301 Analogous studies of systems involv-
ing pyrazolate bridges have been hitherto lacking.

Here we report the first part of our studies of linear tri-
nuclear pyrazolato complexes, involving homometallic (Pd
or Co) and heterobimetallic (Pd/Co) systems, including the
syntheses, magnetic, thermal, spectroscopic, and X-ray
structural characterization of [BuyN],[Co,(4-CI-3,5-Me,-
pz)2Cly] (1), [BusNL[Co,(4-Br-3,5-Mey-pz),Bry] (2), [BuyN]-
[C02(4-I-3,S-Mez-pZ)2CI4] (3), [Et4N]2[Pd2CO(4-Br-3,S-Mez-
pz2)4Cly] (4), [EtsNH]4[PdCo,(4-Br-3,5-Me,-pz)4CLL][NO;],
(5), [EtsNH],[PdCoy(3-Me-5-Ph-pz),Cl;] (6), [Et;NH],
[Pd;(4-Br-3,5-Me,-pz)4Cly] (7), and [Cos(3,5-Mes-pz)4(3,5-
Me,-pzH),(CH;CO»),] (8), where 4-X-3,5-Me,-pzH and 4-
X-3,5-Me,-pz represent the ligands 4-X-3,5-dimethylpyr-
azole and 4-X-3,5-dimethylpyrazolate anion (X = Cl, Br, I).
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Results and Discussion

Syntheses

A straightforward, clean and of relatively good yield syn-
thetic route to dinuclear and linear trinuclear complexes in-
corporating 3,5-disubstituted or 3,4,5-trisubstituted pyr-
azolate bridges has been developed, as outlined in
Scheme 1. Dinuclear complexes 1-3 were isolated from sim-
ple reactions of Co'" halides with the appropriate pyrazole
and triethylamine in thf solutions. The role of triethylamine
was to deprotonate the pyrazoles, but triethylammonium
cations also served as counterions in the crystal lattices of
compounds 5-7. The 4-position of coordinated pyrazole li-
gands is often halogenated during reactions involving ha-
lides.’!] The use of 4-halogen-substituted pyrazoles here
was to avoid such partial halogenation, which would make
difficult the accurate molecular weight determination of the
products, creating in turn a problem in the analysis of mag-
netic susceptibility data. Mononuclear or Co/Pd dinuclear
species, which may exist in reaction mixtures involving both
Co and Pd starting materials, have not been isolated in the
solid state. Instead, trinuclear heterobimetallic complexes
4-6, containing at least one Co'" as the terminal metal cen-
ter, were the only crystalline species isolated from such one-
pot reactions. Similar chemistry has been reported in car-
boxylate systems.’l According to the latter study, an in-
terconversion between a dinuclear and cyclic trinuclear Co—
carboxylate species takes place, triggered by counterion ef-
fects and reaction conditions.

PdPdCo
M/L ratio 4
1:2

(NH,),PdCl,

4- Br-3,5-Me,-pzH
CoPdCo

ex. Et;N M/L ratio
1:3 5
4-Y-3,5-Me,-pzH 3,5-Me,Ph-pzH
CoCo ex. E;N, BuyNBr ex. Et;N + (NHy),PdCly CoPdCo
1-3 - CoX, 6

M/L ratio
1:3

(Y = CLBr, 1)

3,5-Me;-pzH CoCoCo
T=130°C 7

4-Br-3,5-Me,-pz, ex. Et;N

M/L ratio
1:3

(NH,),PdCl,

PdpdPd 8

Scheme 1. Synthetic routes leading to the isolation of 1-8.

Anionic heterotrinuclear species 4-6 were isolated upon
addition of (NH4),PdCly, to a thf solution of CoX, (X = CI~
and NOj3") and 4-Br-3,5-Me,-pzH, followed by overnight
reflux. The lability of Co™! cations in combination with the
relative kinetic inertness of Pd™ (compared to Co™) cations
and the preference of the bridging agent to coordinate with
a softer acid, induced the isolation of PdPdCo 4 and
CoPdCo 5 and 6 species through one-pot reaction pro-
cesses.
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Two noteworthy features were derived from the above
observations: (i) The cobalt metal centers retain their oxi-
dation state of (II), although the solution was heated at
reflux overnight in air, as well as adopt a tetrahedral geome-
try, in contrast to analogous reactions involving carboxylate
ligands.[>>-26-281 (ii) The Co/Pd ratio in the reaction mixture
was not a determining factor of the nature of the isolated
species. Only in the case where the Co/Pd ratio exceeded
the proportion of 1:3.5, then the isolated product was Co/
Pd-ratio-dependent and the final product was a palladium
dimer and/or polymer. It is established that the pyrazolate
ligands favored the isolation of linear trinuclear species, in
contrast with carboxylate analogue system under the same
experimental conditions.[”]

In the absence of Co'" species in a thf solution after over-
night reflux, trinuclear linear palladium compound 7 was
isolated in quite good yield. In this case, the bridging ligand
is available only for the Pd' metal centers, avoiding the co-
existence of equilibrium byproducts and making the isola-
tion procedure straightforward if the ligand-to-metal ratio
is equal or higher than 3.

In our effort to isolate homonuclear trinuclear cobalt an-
alogue 8, we envisaged a different route avoiding the forma-
tion of polymer insoluble products. Reaction, in the solid
state, of cobalt acetate in the presence of the bridging agent
by applying high temperatures (130 °C) and dissolution of
the paste in CH,Cl, gave the desirable product. Also, in this
case, Co'! retained its oxidation state and geometry.

X-ray Crystallography

A selection of interatomic distances and bond angles rel-
evant to the cobalt and palladium coordination spheres for
compounds 1-8 are listed in Tables 1-5.

X-ray structural analysis of compounds 1-3 revealed the
presence of the dimer unit [Co,(4-X-3,5-Me,-pz),Cl,]> (X:
Cl, Br, I, Figure 1) as well as two BuyN* counterions. The
Co' centers are held together by two 4-X-3,5-Me,-pz brid-
ges at a distance of 3.707(9)-3.7355(7) A [the dihedral
angles between pyrazolate planes are 174.8(1)-175.8(8)°]
and much longer than the Co-carboxylate analogues,>
where the metal centers are separated by distances of
3.028(1) and 3.550(5) A, respectively. The Co-N distances
range from 1.979(9) to 2.042(9) A, whereas four terminal
Br atoms are located at a distance of 2.4084(7)-2.424(7) A.
Each cobalt metal center adopts a distorted tetrahedral ge-
ometry with angles of 104.7(1)-112.9(4)°.

Compounds 4-6 have linear trinuclear structures. Specifi-
cally, the structure of compound 4 consists of a discrete
heteronuclear [Pd,Co(4-Br-3,5-Me,-pz),Cl,]> unit (Fig-
ure 2) and two Et;NH* counterions. The X-ray structure
of 4 shows that a linear trinuclear compound, Co—Pd-Pd
177.96(5)°, comprising two Pd atoms with approximately
square-planar geometry [the angles range from 87.3(1) to
90.5(4)°], whereas the Co center adopts a distorted tetrahe-
dral geometry with angles ranging from 95.6(5) to
116.3(4)°. One cobalt and two palladium atoms are bridged
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Figure 1. Ball-and-stick representation of compound 2.

through two 4-Br-3,5-Me,-pz bridges, whereas four chlorine
atoms complete the coordination sphere of the terminal
metal centers. The average Pd-Ng,, bond length is
2.01(1) A, in accord with previously reported Pd com-
pounds,® whereas the Co-N,,, bond is 2.01(1) A long. X-
ray structural data revealed a Co-Pd, distance of
6.736(2) A, which is significantly shorter in comparison
with the corresponding distance in CuPdCu [6.846(2) A]
and CrZnCr [7.140(4) A] compounds,2°¢241 confirming our
original thought of potential control of pyrazolate bridges
on the distance of the terminal metal centers and poten-
tially on the exchange coupling.

Figure 2. Ball-and-stick representation of compound 4.

Compounds 5 and 6 present linear trinuclear structural
motifs, similar to compound 4, where a terminal Pd center
is replaced by a Co atom (Figures 3 and 4). The structural
features of the above-mentioned compounds were found to
be similar, even though some steric hindrance was intro-
duced by the use of the bulkier 3-Me-5-Ph-pz moiety, in-
stead of the 4-Br-3,5-Me,-pz unit, in the case of compound
6. The X-ray structural analysis confirmed the isolation of
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centrosymmetric linear trinuclear species (Co-Pd-Co
180.00°), in both cases, where two cobalt metal centers exhi-
bit distorted tetrahedral geometries [angles range from
99.6(2) to 116.1(1)° and from 103.8(2) to 114.82(9)° for
compounds 5 and 6, respectively], whereas the palladium
metal center adopts an ideal square-planar geometry with
angles ranging from 89.0(1) to 90.9(1)° and from 89.7(2) to
90.3(2)°, respectively. One palladium and two cobalt atoms
are bridged together through four pyrazolate bridges,
whereas four chlorine atoms complete the coordination
sphere of the terminal metal centers. The average Pd—N(,,
bond lengths are 2.016(4) A (for 5) and 2.017(6) A (for 6),
whereas in the case of Co—N,,, the bond lengths are
2.005(5) A and 2.033(6) A, respectively, in good agreement
with compound 4, as well as with previously reported exam-
ples by our group.'!?! The two terminal cobalt atoms are
separated by a distance of 6.829(2) and 6.853(2) A, for 5
and 6, respectively, slightly longer than that in the Co-Pd-
Pd 4 analogue, but still significantly shorter than that in
the previously reported carboxylates. In the latter case, the
terminal Co centers were separated by a distance of
6.930(3) to 7.120(2) A.1*45) The same is also valid in the
case of reported isostructural species with different bridging
ligands,2¢24 even though our compounds incorporate
metal atoms of bigger atomic radii. In the case of carboxyl-
ate-bridged analogues, the Co'! metal centers are separated
by longer distances, which is in agreement with the bigger
and more flexible carboxy-binding angle in contrast to pyr-
azolate-bridged adducts.

Figure 3. Ball-and-stick representation of compound 5.

The molecular geometry and the atom labeling scheme
of anionic species 7 are shown in Figure 5. The structure of
the complex ion consists of a trinuclear, crystallographically
centrosymmetric unit and two Et;NH™ cations. The X-ray
structure analysis confirmed that a linear trinuclear com-
plex, Pd—Pd-Pd 180.00°, was formed in such a way that
square-planar geometry containing three Pd as central
ions is present in the lattice. The metal centers are bridged
together through four pyrazolate bridges, whereas the coor-
dination sphere of the terminal palladium ions is completed
by four coordinated chlorine atoms.
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Figure 4. Ball-and-stick representation of compound 6.

Cl2

ci

Figure 5. Ball-and-stick representation of compound 7.

The palladium metal centers lie approximately 2° far
from the ideal square-planar geometry with the Pd-N-X
(X = N, Cl) angles ranging from 87.9(2) to 92.0(1)°. The
Pd—N(,y, bond length is 2.013(5) A, which is in agreement
with the previous reported compounds by our group,!'®
whereas the two terminal palladium metal centers are sepa-
rated by a distance of 6.669(1) A, which is the shortest one
in this family of trinuclear species.

X-ray structural analysis of 8 revealed the presence of
the homotrinuclear species [Cos(3,5-Me»-pz)4(3,5-Me,-
pzH)>(CH3CO,),] (Figure 6). The latter neutral compound,
which deviates from linearity by 10.9° [Co—Co-Co
169.10(2)°], consists of three cobalt atoms in distorted tetra-
hedral geometry [angles range from 99.5(2) to 121.3(2)°]
connected together through four pyrazolate bridges,
whereas the two terminal metal centers are coordinated fur-
ther with one pyrazole (Me,-pzH) and one acetate each.
The average Co—N(,,, bond length is 2.000(4) A and in
agreement with the respective ones reported above for com-
pounds 1-6. The two terminal cobalt atoms are separated
by a distance of 7.177(1) A, significantly elongated in com-
parison with the above-discussed distance in the case of
compounds 4-6, although the molecule is to some extent
bent and, interestingly, in this case, similar to the carboxyl-

ate reported analogues with comparable structural mo-
tifS.[25’4d’5]
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Figure 6. Ball-and-stick representation of compound 8.

Unexpectedly, the Co;-+Co, separation of 3.601(1) A is
significantly shorter than the Co(pz), polymer structure re-
ported by Sironi et al.,['4¢15] where the metal centers are
separated by a distance of 3.7165(3) A even though the Co—
Nav) distance is almost identical and equal to 2.006(3) A.

Infrared Spectra

Discussion of the IR absorptions is confined to the most
important vibrations in the 4000-400 cm™ region. Com-
pounds 1-3 and 4-8 exhibit a strong doublet in the 2880-
2980 cm ! region indicative of the Buy,N* and Et;NH" cat-
ions.

The M-Cl (M = Co, Pd) stretching vibration is assigned
to the medium-to-strong band at 446-462 cm™!, in agree-
ment with earlier reported work,*?! and the absence of the
latter from the IR spectrum of the free pyrazole. The com-
plex IR patterns in the 5001800 cm™! region are quite sim-
ilar to the respective ones of the free ligand, but shifted to
lower values upon coordination of the pyrazole to the metal
centers. The absence of an NH stretching and bending vi-
bration was observed in the IR spectra of the dinuclear
complexes, indicative of the deprotonation of the ligand,
something which is not consistent in the case of the trinu-
clear ones because of superposition with the bands of the
same group originating from the counterions.

Electronic Spectra

The absorption (CH,Cl, solution) and diffuse reflectance
spectra of all compounds have been recorded in the ranges
200-1500 nm and 200-800 nm, respectively.

The solution and solid-state spectra of each compound
are identical, indicating that the solid-state structures per-
sist in solution. Dinuclear species 1-3 exhibit the highest
energy spin-allowed transition of the tetrahedral Co! center
[*A, — 4T, (P)]. Bands are observed at 562, 610, and 639 nm
for 1, 2, and 3, respectively, with extinction coefficients
ranging from 300-1700 M'cm™!, in agreement with the na-
ture and oxidation state of the metal centers.[>*]

Accordingly, compounds 4-6 showed a similar behavior,
exhibiting the same Co"-centered d—d transition at similar
energies: 516, 615, and 643 nm, respectively, with extinction
coefficients ranging from 1000-2100 M 'cm™!, whereas
compound 8 presented transitions shifted towards the vis-
ible region, namely, 554 (sh.), 571, and 583 nm, with extinc-
tion coefficients ranging from 350-1200 M 'cm™!. In all
cases a band of low intensity and &), = 170 M 'cm™! at
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1200-1340 nm was observed and is assigned to the orbitally
forbidden *A, — *T, transition. Deviation from tetrahedral
geometry to approximate C,, symmetry causes splitting of
each of the three excited states into three nondegenerate
states. More specifically, in distorted tetrahedral environ-
ments, the low symmetry splitting of the “T;(P) level results
in a splitting of the *A, — 4T,(P) absorption envelope that
provides a qualitative indication of the deviation from tetra-
hedral symmetry. Detailed interpretations of Co™! electronic
spectra are complicated by the effects of the low symmetry
ligand field in addition to spin—orbit coupling, Jahn-Teller
effects, and the possibility of spin-forbidden transitions.>#
In many cases, the visible region of the spectra is unin-
formative due to the above-mentioned transitions occurring
in the same region, and acquiring some intensity by means
of spin—orbit coupling.[>>26331 However, the main d-d ab-
sorption bands for these compounds all lie in the region
500-600 nm, according to other reported examples.>*!

Thermogravimetric (TG) Analyses

The TG curve of compounds 1-3 proved to be quite sim-
ilar and only that of compound 1 is reported here. The dia-
gram revealed an overall weight loss of 68.02% (calcd.
67.49%) in two overlapping steps up to 595.0 °C. In the
first stage, a weight loss of 35.47% (caled. 35.00%) at
142.0 °C, which is attributed to an exothermic elimination
of two BuyN™ counterions, is observed. The decomposition
of two pyrazolate anions took place in an endothermic
stage up to 595.0 °C and a weight loss of 32.55% (32.49 %)
has occurred.

The TGA study of compound 4 showed a total weight
loss of 79.10% (caled. 80.26%). The sample lost its initial
weight in three overlapping steps at 136.0, 227.0, and
530.0 °C. Up to 136.0 °C, a weight loss of 17.53% (calcd.
18.87%) is attributed to the loss of two Et,N™* cations. A
strong exothermic step at 227.0 °C corresponds to removal
of four pyrazolate anions, which induces a weight loss of
51.84% (caled. 51.10%). Finally, up to 590.0 °C an elimi-
nation of four coordinated chlorine anions as gas Cl, causes
a weight loss of 9.73% (calcd. 10.29%).

The TG curve of 5 revealed an overall weight loss of
84.63% (calcd. 86.12%) up to 595.0 °C. A weight loss of
33.97% (caled. 33.35%) was observed during the first two
overlapping steps, which is attributed to the elimination of
four Et;NH™ cations and two NO;~ anions. The decomposi-
tion of four pyrazolate anions took place in an exothermic
stage up to 570.0 °C and a weight loss of 42.54% (43.88 %)
occurred. The remaining 8.12%, which corresponds to re-
moval of four chlorine anions as Cl,, is in good agreement
with the calculated value of 8.89%.

The thermogravimetric analysis of compound 8 revealed
an overall weight loss of 78.67% (calcd. 79.57%) over three
exothermic stages. A weight loss of 12.47% (caled. 13.59%)
up to 147.0 °C corresponds to removal of two acetate mole-
cules, whereas up to 271.0 °C the weight loss of 21.12%
(calcd. 21.68 %) is attributed to decomposition and removal
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of two pyrazole molecules. The elimination of four bridged
pyrazolate anions was observed up to 596.0 °C, which in-
duces a weight loss of 45.08% (caled. 44.30%).

Magnetic Susceptibility Measurements of 2, 4, 5, and 8

General Procedure

After postulating the spin Hamiltonian, the magnetic
data were fitted as the integral (orientational) average of the
magnetization [Equation (1)].

M, =1/4z[" [ M, sinGdedp M

for different orientations of the magnetic field vector in the
spherical coordinates defined as B, = B(sinf cos¢, sinf sing,
cosf) in order to properly simulate the polycrystalline sam-
ple response. The molar magnetization in the a direction of
the magnetic field M, ,,,; was calculated from Equation (2).

olnZ
=N kT
a.mol A 63 (2)

a

M

where Z is the partition function resulting from the diago-
nalization of the complete spin Hamiltonian matrix in the
local basis set.?! The experimental and the calculated tem-
perature dependence of the magnetization at B = 0.1 T,
transformed to the mean magnetic susceptibility, are plot-
ted as the effective magnetic moment vs. 7' (Figures 7-10).
The goodness of the fit is expressed by using the R factor
defined in Equation (3).

R=Z(Mw/ _M)bx)z /Z(M)b\)z (3)

Figure 7 displays the temperature dependence (2-295 K)
of the magnetic moment, u.y, of sample 2. The effective
magnetic moment at 7 = 300 K presents a value of u.; =
5.71 ug and upon cooling remains nearly constant up to
110 K. Below this temperature, its value descends rapidly
and at 7= 2.0 K is equal to 1.45 pg. The steep slope of the
effective magnetic moment at low temperature reflects the
antiferromagnetic exchange between two tetrahedrally co-
ordinated Co™l centers with S; = S, = 3/2 as well as the
single-ion anisotropy (ZFS). In order to interpret the exper-
imental data, the spin Hamiltonian in Equation (4) was
used.

A 2 2
H,=-J(S,"8,)+D>.8,-D, 'S, +11,>'S,'B, g, &)
i=1 i=1

where J is the isotropic exchange constant among adjacent
Co'! centers and the magnetic anisotropy for Co'! is repre-
sented by D; tensors, which are presumed symmetric and
traceless, resulting in the axial single-ion ZFS parameter D,.
Due to the identical chromophores of the cobalt centers, D,
= D, = D was applied. The fitting procedure resulted in the
following sets of parameters, namely: J = —-6.66 cm™!, g =
2.20, D = +8.00 cm™!, with R factor equal to 0.0105 (Fig-
ure 7). Similar good fit was obtained also with J =
—7.07cm™!, g =2.18, D = -3.41 cm ™!, with R factor equal
to 0.0214.
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Figure 7. Temperature dependence of the effective magnetic mo-
ment for compound 2: open circles — experimental data; full lines —
fitted data.

The effective magnetic moment for mononuclear com-
pound 4 of u.r = 4.33 ug at T = 300 K (Figure 8) remains
nearly constant up to 22 K, whereas it decreases monotoni-
cally below this temperature until it reaches a value of
3.71 pg at T = 2.0 K. The decrease in the effective magnetic
moment is attributed to ZFS, and the spin Hamiltonian for
S = 3/2 in Equation (5) was used.

H,=D(S2-S"/3)+u,SB, g (5)

The ZFS parameter 2D represents splitting between two
Kramers doublets and positive D value means that the
ground state is |3/2|, =1/2>. The fitting procedure resulted
in: g =229 and D = +2.05cm™! with R factor equal to
0.000143 (Figure 8). The value of the ZFS parameter is
within the range found in related published work.’”) An
attempt to fit the data with a negative D parameter resulted
ing=222and D = -259cm!' with R = 0.0285, but the
absolute value of the ZFS parameter, |D|, is too large for
tetrahedrally coordinated Co'l.

Hoglitg

0 ! I ! ! !
0 50 100 150 200 250 300

TIK

Figure 8. Temperature dependence of the effective magnetic mo-
ment for compound 4: open circles — experimental data; full lines —
fitted data.
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In the case of compound 5 where two cobalt centers were
incorporated, the effective magnetic moment at 7= 300 K
adopts a value of u.r = 6.32 ug and on cooling remains
nearly constant up to 40 K. Below this temperature its value
starts to descend and at 7 = 2.0 K is 4.35 pg. The decrease
in the effective magnetic moment at low temperature re-
flects the antiferromagnetic exchange between two tetrahe-
drally coordinated Co™! centers and the value of ZFS as
well. Magnetic properties were treated similarly as for com-
pound 2 by using Equation (4).

The fitting procedure resulted in: J = -0.38cm™!, g =
232, and D = +1.22 cm™!, with R factor equal to 0.00957
(Figure 9). An effort to fit the data with a negative D pa-
rameter resulted in J = -0.53cm™!, g = 2.31, and D =
-3.47cm™! with R = 0.0154. Even though the superex-
change path is quite long, the two metal centers are weakly
antiferromagnetically coupled. This kind of exchange coup-
ling cannot be attributed to intermolecular interaction, as
the crystallographically determined distance separating the
linear CoPdCo species are longer than 10.5 A.

7
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Figure 9. Temperature dependence of the effective magnetic mo-
ment for compound 5: open circles — experimental data; full lines —
fitted data.

The effective magnetic moment of compound 8 at 7 =
300 K revealed a g value of 7.16 pg, which upon cooling
descends gradually to 3.07 at 7' = 2.0 K. The magnetic
properties of 8 were interpreted by using the spin Hamilto-
nian for a linear trinuclear species labeled as 1-2-3 [Equa-
tion (6)].

3 3
H(::_J(S] .SZ+SZ.SS)+ZSA -D, - S, +/UBZSI'B(,'gz (6)
i=1 i=1

Taking into account the antiferromagnetic exchange
among peripheral cobalt centers and the central one, as well
as the ZFS term for the peripheral centers with identical
chromophores, {CoN30}, results in D; = D3, whereas the
ZFS parameter is expected to be zero for the central Co
center with a homoleptic chromophore, {CoNy}, D, = 0.

The fitting procedure resulted in J = —-6.24cm™!, g =
2.19, and D = +5.85cm ! with R factor equal to 0.000121
(Figure 10). We could not obtain a similar fit with a nega-
tive D parameter. The Co--Co distances are quite similar
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in compounds 1-3 and 8, explaining the similar extend of
antiferromagnetic exchange — J values lie in the range of
—6.66 to —6.24 for 1-3 and 8. As expected, metal centers are
more strongly antiferomagnetically coupled in the case of
compounds 1-3 and 8 relative to that in compound 5 with
J = -0.38 cm™!, because of the longer superexchange path
of the latter. On the other hand, the Co, and linear Cos
carboxylate analogues usually reveal significantly weaker
antiferromagnetic interactions.*-3 A similar magnitude of
antiferromagnetic interaction of J = —14.0 cm™! was deter-
mined in a trinuclear Co''-carboxylate system in which,
however, the distance between six-coordinate Co -centers is
by 0.2-0.3 A shorter than that of 8, whereas a one-atom p-
O bridge is also present in addition to two p-RCOQ.5?38]
This suggests that bridging pyrazolate ligands mediate the
magnetic exchange between Co!! centers quite efficiently. A
similar observation was recently reported for systems con-
taining the Fe;(p3-O)-motif.[!

Aol
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0 50 100 150 200 250 300

TIK

Figure 10. Temperature dependence of the effective magnetic mo-
ment for compound 8: open circles — experimental data; full lines —
fitted data.

Conclusions

The syntheses, spectroscopic, crystallographic, and mag-
netic characterization of a family of dinuclear and linear
trinuclear Co/Pd pyrazolate compounds have been reported
in this work. The results described here show that pyrazol-
ates are capable of acting efficiently as bridging agents and
give rise to stable complexes, not only of cyclic, but linear
topologies, as well. The use of bridging pyrazolate ligands
promotes efficient magnetic exchange between the metal
centers, in comparison to the analogous carboxylate-
bridged complexes.

Experimental Section

Physical Measurements: IR spectra of the various compounds dis-
persed in KBr pellets were recorded with a Nicolet 6700 FTIR
spectrometer. Solution electronic absorption spectra were recorded
by using 1-cm quartz cells with a Cary 500 UV/Vis/NIR spectro-
photometer, whereas reflectance spectra were recorded with a Per-
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kin-Elmer spectrophotometer by using a 1-mm quartz cell. Ther-
mogravimetric analyses (TGA/DTA) were performed with a Ther-
mal Advantage Q500/1000 thermal analysis instrument in the tem-
perature range 25-800 °C under a dinitrogen atmosphere with a
heating rate of 5 °Cmin'. The temperature dependence of the mag-
netic susceptibility was measured on polycrystalline powder sam-
ples by using a SQUID apparatus (Quantum Design) Magnetome-
ter with an applied field of 0.1 T and a temperature range of 2—
300 K. Data were corrected for the sample holder contribution and
the underlying diamagnetism of the sample by using Pascal con-
stants.[ 44

Syntheses: The synthesis of the ligand 4-X-3,5-Me,-pzH [X = CI,
Br, 1] was performed according to a literature procedure.*3! Com-
mercially available (NH4),PdCl;, CoCl,-6H,0O, Co(NOs),-6H,0,
Co(CH;3C00),*4H,0,and solvents were used without further puri-
fication, unless otherwise reported.

[BuyN],[Co,(4-Cl-3,5-Me,-pz),Cly] (1): A thf solution (15 mL) of
CoCl,"6H,0 (0.1 g, 4.2 10 * mol) and 4-Cl-3,5-Me,-pzH (0.10 g,
7.7 % 10* mol) was stirred for 10 min. Upon addition of an excess
amount of Et;N (0.6 mL, 4.3 X 103 mol) and solid BusNCI (0.23 g,
8.4X 104 mol), a clear, dark-blue solution resulted. The mixture
was filtered and dark-blue crystals of X-ray quality were isolated
after 2 d by slow vapor diffusion of diethyl ether into the filtrate.
Yield: 0.16 g (65%). C4,Hg4Br,Cl,Co,Ng (1181.55): caled. C 42.65,
H 7.17, N 7.11; found C 42.71, H 7.28, N 7.20.

[BuyN];[Co,(4-Br-3,5-Me,-pz),Br,] (2): A thf solution (15 mL) of
CoCl,'6H,0 (0.1 g, 4.2 X 10*mol) and 4-Br-3,5-Me,-pzH (0.15 g,
8.4 10*mol) was stirred for 10 min. Upon addition of an excess
amount of EtzN (0.6 mL, 8.1 X 10-3 mol) and solid BuyNCI (0.23 g,
8.3X 10 *mol), a clear, dark-blue solution resulted. The mixture
was filtered and dark-blue crystals of X-ray quality were isolated
after 2 d by slow vapor diffusion of diethyl ether into the filtrate.
Yield: 0.18 g (70%). C4oHgyBrsCo,Ng (1270.47): caled. C 39.71, H
6.66, N 6.62; found C 39.87, H 6.69, N 6.65.

[BuyN],[Co,(4-1-3,5-Me,-pz),Cly] (3): A thf solution (15mL) of
CoCl,"6H,0 (0.1 g, 4.2X10*mol) and 4-1-3,5-Me,-pzH (0.18 g,
8.4 X 10* mol) was stirred for 10 min. Upon addition of an excess
amount of Et;N (0.6 mL, 4.3 X 103 mol) and solid BusNCI (0.23 g,
8.4 X 10*mol), a clear, dark-blue solution resulted. The mixture
was filtered and dark-blue crystals of X-ray quality were isolated
after 2 d by slow vapor diffusion of diethyl ether into the filtrate.
Yield: 0.15 g (55%). C4oHgyBryCoyI,Ng (1364.45): caled. C 36.97,
H 6.21, N 6.16; found C 37.01, H 6.11, N 6.19.

|Et4N],|Pd,Co(4-Br-3,5-Me,-pz)4Cly] (4): A thf solution (15 mL) of
CoCl,'6H,O (0.1g, 42X10“%mol) and (NH,),PdCl, (0.12 g,
4.2 X 10 mol) was stirred for 10 min until partial dissolution of
(NH,),PdCl,.  Addition of solid 4-Br-Me,-pzH (0.15 g,
8.4 X 10* mol), an excess amount of Et;N (0.6 mL, 8.1 X 10-3 mol),
and Et,NCI (0.23 g, 1.4 X103 mol) was followed by immediate
color change of the solution to dark green-blue. The mixture was
heated at reflux overnight. Dark-green crystals of X-ray quality
were isolated after 3 d by vapor diffusion of diethyl ether into the
filtrate. Yield based on Co: 0.29 g (52%). C36Hg4BrsCl4CoN(Pd,
(1370.14): caled. C 31.56, H 4.71, N 10.22; found C 31.41, H 4.59,
N 10.25.

[Et;NH]4[PdCo,(4-Br-3,5-Me,-pz),CL4][NO;], (5): A CH,Cl, solu-
tion (15 mL) of Co(NO3),*6H,0 (0.1 g, 4.2 X 10 mol) and (NHy),-
PdCl, (0.12 g, 4.2X10*mol) was stirred for 10 min until partial
dissolution of the starting materials. Addition of solid 4-Br-Me,-
pzH (0.22 g, 1.3X103mol) and an excess amount of Et;N
(0.6 mL, 8.1 X 10-3) was followed by immediate color change of the
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solution to dark blue. The mixture was heated at reflux overnight.
Dark-green block crystals of X-ray quality were isolated after 3 d
by vapor diffusion of diethyl ether into the filtrate. Yield based
on Co: 0.24 g (72%). Cy4HggBryCl,Co,N4,O6Pd (1594.98): caled.
C 33.13, H 5.56, N 12.29; found C 33.21, H 5.43, N 11.97.

|Et;NH],[PdCo,(4-Br-3,5-Me,-pz)4Cly] (6): A thf solution (15 mL)
of CoCly*6H,0 (0.1 g, 4.2X10*mol) and (NH,),PdCl, (0.12 g,
4.2 X 10 mol) was stirred for 10 min until partial dissolution of
the starting materials. Addition of solid 4-Br-3,5-Me,-pzH (0.22 g,
1.3X103mol) and an excess amount of Et;N (0.6 mL,
8.1 X103 mol) was followed by immediate color change of the
solution to dark blue. The mixture was heated at reflux overnight.
Dark-green crystals of X-ray quality were isolated after 3d by
vapor diffusion of diethyl ether into the filtrate. Yield based on Co:
0.10 g (41%). CsgH76C14C0,NoPd (1255.33): caled. C 53.58, H
6.10, N 11.16; found C 53.39, H 6.12, N 11.21.

|Et;NH],[Pd3(4-Br-3,5-Me,-pz)4Cly] (7): A thf solution (15 mL) of
(NHy),PdCl, (0.12 g, 4.2X 10#mol) was stirred for 10 min until
partial dissolution of (NH,4),PdCl,. Addition of solid 4-Br-3,5-
Me,-pzH (0.17 g, 9.8 X 104 mol) and an excess amount of Et;N
(0.6 mL, 8.1 X 103) was followed by immediate color change of the
solution to intense yellow. The mixture was heated at reflux over-
night. Yellow block crystals of X-ray quality were isolated after 5 d
by vapor diffusion of diethyl ether into the filtrate. Yield: 0.06 g
(33%). C3,Hs6BryClyNoPd; (1361.55): caled. C 28.23, H 4.15, N
10.29; found C 28.36, H 4.09, N 10.18.

[Co3(3,5-Mey-pz)4(3,5-Me,-pzH),(CH3CO,),] (8): Co(CH3CO0),:
4H,0 (0.1 g, 4.2 X 10* mol) was placed in a Schlenk tube and dried
in vacuo for 5d. Solid 3,5-Me,-pzH (0.08 g, 8.4 X 10*mol) was

Table 1. Selected interatomic distances (A) and angles (°) relevant
to the coordination sphere of cobalt atoms for compound 1-3.

1 2 3
Col-N1#1 2.002(3) 1.979(9) 1.998(6)
Col-N2 2.003(3) 2.042(9) 2.003(6)
Col-Brl 2.4084(7) 2.422(7) 2.413(3)
Col-Br2 2.4120(6) 2.424(7) 2.420(2)
NI-N2 1.376(4) 1.36(1) 1.373(8)
Col-Col# 3.7355(7) 3.707(9) 3.728(2)
NI#1-Col N2 107.8(1) 108.4(4) 107.8(2)
NI#1-Col-Brl  109.22(8) 108.1(3) 109.6(1)
N2-Col-Brl 111.06(9) 112.9(4) 112.0(2)
NI#1-Col-Br2  111.29(9) 111.4(4) 110.7(2)
N2-Col-Br2 110.99(9) 111.33) 110.7(2)
Brl-Col Br2 106.55(2) 104.7(1) 106.01(5)

Table 2. Selected interatomic distances and angles relevant to the
coordination sphere of cobalt atoms for compound 4.

Bond lengths / A

Bond angles / °

added to the Schlenk tube, and the mixture was heated up to
130 °C under a nitrogen atmosphere for 24 h. The reaction mixture
was then heated under reduced pressure to remove acetic acid
formed during reaction. The resulting paste was extracted with dis-
tilled CH,Cl, to remove unreacted 3,5-Me,-pzH and then heated
at reflux for 24 h. Dark-purple block crystals of X-ray quality were
isolated after 4 d by vapor diftusion of diethyl ether into the filtrate.
Yield: 0.08 g (70%). C33Hs50Co3N 5,04 (867.65): caled. C 47.07, H
5.81, N 19.36; found C 46.96, H 5.70, N 19.45.

X-ray Crystallography: Selected interatomic distances and angles
for compounds 1-8 are gathered in Tables 1, 2, 3, 4, and 5. Crystal
data and details of data collection are listed in Tables 6 and 7.
Diffraction data were collected with a Bruker SMART 1 K 3-circle
platform diffractometer equipped with a CCD detector at ambient
temperature. The frame data were acquired with the SMART
software by using Mo-K, radiation (4 = 0.71073 A). Final values
of the cell parameters were obtained from least-squares refinement
of the positions of all observed reflections. The frames were pro-
cessed by using the SAINT softwarel*! to give the Akl file corrected
for Lorentz and polarization effects. The structures were solved by
direct method by using the SHELX-97%! program and refined
by least-squares on F?, SHELXTL-93,#?! incorporated in
SHELXTL.#3I

Table 3. Selected interatomic distances (A) and angles (°) relevant
to the coordination sphere of cobalt atoms for compound S and 6.

5 6
Pd1-N3 2.011(4) 2.020(6)
Pd1-NI1 2.020(4) 2.014(6)
Col-N2 1.997(5) 2.047(6)
Col-N4 2.013(4) 2.020(6)
Col-CI2 2.236(2) 2.264(2)
Col-Cll 2.277(2) 2.242(2)
NI-N2 1.374(5) 1.370(8)
N3-N4 1.375(5) 1.371(7)
Col-Pdl 3.415(1) 3.426(1)
Col-Col# 6.829(2) 6.853(2)
N3-Pd1-N3#1 180.00(1) 180.0(2)
N3-Pd1-NI 90.9(1) 90.3(2)
N3#1-Pd1-NI1 89.0(1) 89.7(2)
NI1#1-Pd1-NI 180.0(1) 180.0(2)
Col-Pd1-Col# 180.0(1) 180.0(1)
N2-Col-N4 99.6(2) 104.5(2)
N2 Col-CI2 112.1(1) 106.6(2)
N4-Col-CI2 116.1(1) 103.8(2)
N2-Col-Cll 111.6(1) 112.1(2)
N4-Col-Cll 109.7(1) 114.02)
Cl2-Col-Cll 107.67(9) 114.82(9)

Table 4. Selected interatomic distances and angles relevant to the
coordination sphere of cobalt atoms for compound 7.

Bond lengths / A

Bond angles / ©

Pd2-N3 1.99(1) NI1-Pd2-N3 87.3(1)

Pd2-N1 2.01(1) N3-Pd2-Cll1 89.6(3) Pd1-N3 2.002(4) N3-Pd1-N1 88.2(2)
Pd1-N2 2.01(1) N2-Pd1-N4 90.5(4) Pd1-NI1 2.020(5) N3-Pd1-CI2 90.8(1)
Pd1-N4 2.04(1) N7-Pd1-N5 89.4(5) Pd2-N2 2.012(4) N1-Pd1-CI2 178.7(1)
Col-N6 2.02(1) N8-Col-N6 95.6(5) Pd2-N4 2.017(4) N2-Pd2-N2# 180.0(3)
Col-N8 1.99(1) N8-Col-Cl4 116.3(4) Pd1---Pd2 3.3348(6) N2-Pd2-N4 92.0(1)
Pd1---Pd2 3.407(1) Pd1-Pd2-Col 177.96(5) Pd1---Pd1# 6.669(1) N2-Pd2-N4# 87.9(2)
Pd2---Col 3.330(2) Pd1-Pd2-Pd3 180.0(1)
4752 www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 4745-4755
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Table 5. Selected interatomic distances and angles relevant to the
coordination sphere of cobalt atoms for compound 8.

Bond lengths / A

Bond angles / °©

Col-N7 1.991(4) N7-Col-N2 121.3(2)
Col-N2 1.992(4) N7-Col-N5 108.0(2)
Col-N5 1.997(4) N2-Col-N5 105.1(1)
Col-N4 1.997(4) N7-Col-N4 105.6(2)
Co2-01 1.950(4) N2-Col-N4 108.6(2)
Co2 N1 2.008(4) N5-Col-N4 107.7(2)
Co2 N3 1.980(4) 01-Co2-N1 99.5(2)
Co2-N9 2.028(4) N3-Co2-N1 108.5(2)
Co03-03 1.975(4) 01-Co2-N9 113.0(2)
Co3-N6 1.990(4) N3-Co2-N9 107.0(2)
Co3-N8 2.004(4) NI1-Co2-N9 108.1(2)
Co3-N11 2.015(4) Col-Co2-Co3  169.10(2)
Col+Co2 3.609(4)

Col+Co3 7.177(1)

Table 6. Crystallographic data for dinuclear compounds 1-3.

1 2 3
Formula C42H84Br ()COzN() C42H84B1'4C12C02N6 C42H34BT4C0212N6
M, 1270.47 1181.55 1364.45
al A 12.72202) 12.6403) 13.112)
bIA 15373(2) 15.332) 15.80(1)
¢l A 14.613(3) 14.70(4) 14.43(1)
al® 90 90 90
pie 90.50(1) 92.4(3) 91.04(7)
yl° 90 90 90
V1A 2857.8(8) 2846(14) 2992(5)
zZ 2 2 2
Deatea. | Mgm™® 1476 1379 1514
Space group P2y/c P2i/n P2/n
T/K 298(2) 298(2) 298(2)
Al A 0.71073 0.71073 0.71073
/ mm! 4.806 3516 4.286
R,(final) 0.0339 0.1114 0.0600
wRy 0.0879 0.2594 0.1693

CCDC-683249 (for 1), -683250 (for 2), -683251 (for 3), -683252 (for
4), -683253 (for 5), -683254 (for 6), -683255 (for 7), and -683256
(for 8) contain the supplementary crystallographic data for this

Table 7. Crystallographic data for trinuclear compounds 4-8.
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paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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