FULL PAPER

DOI: 10.1002/ejic.200800400

Ferromagnetism in Cu''y and Co''y Complexes Derived from Metal-Assisted
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Metal-assisted solvolysis of di-2,6-(2-pyridylcarbonyl)pyr-
idine (pyCOpyCOpy, dpcp) by M(O,CMe),-xH,0O (M" = Cu",
Col) led to complex [Cuy{pyC(O),pyC(O)(OEt)py}(O,CMe)s-
(EtOH),] (1), when the reaction was carried out in EtOH, and
to complex [CoyfpyC(O)(OMe)pyC(O)(OMe)py),(O,CMe),-
(N3)2] (2), when the reaction was carried out in MeOH in the
presence of azide anions. Complex 1 consists of four Cu'' ions
bridged by the hemiacetal-gem-diol form of the ligand,
which is found in a ps-n%n?m%n'ntn' coordination mode. It
exhibits ferromagnetic couplings among all nearest neigh-
bors and antiferromagnetic next-nearest-neighbor interac-

tions (Jip = J; = 48.0cm™, Jo3 = J, = 204 cm™?t, Jgy = J3 =
16.9 cm™, Joy = J, =-10.0 cm™!, H = —23J,J; spin Hamiltonian
formalism), which stabilize an S = 1 ground state and an S =
2 state lying closely above it. Complex 2 consists of four Co!!
ions bridged by the bis(hemiacetal) form of the ligand, which
is found in a ps-n%n2ntn'n?® coordination mode, and by ps-
azido ligands. It also exhibits ferromagnetic interactions due
to the ps-1,1,1 bridging mode of the azido ligands, which is
known to promote ferromagnetic interactions.

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

Introduction

The coordination chemistry of di-2-pyridyl ketone,
(py»CO, dpk) has long been used for the preparation of
polynuclear transition-metal complexes, having provided a
wealth of structures with a variety of metal ions.''! The ori-
gin of this interesting chemistry is the propensity of the car-
bonyl function of dpk to undergo metal-assisted solvolysis
(alcoholysis in alcoholic solvents or hydrolysis in non-al-
coholic solvents) to yield a hemiacetal or a gem-diol. These
forms of the ligand can undergo one or two deprotonations,
respectively, thus generating anionic forms of the ligand
with high coordinative versatility. On the basis of this
knowledge, we surmised that the structurally relevant ligand
di-2,6-(2-pyridylcarbonyl)pyridine (pyCOpyCOpy, dpcp)i
might yield the same interesting coordination chemistry
with dpk. Indeed, previous studies by Mak and co-workers
corroborated this hypothesis.’! In addition, our first such
attempts in non-alcoholic media led to the icosanuclear sin-
gle-molecule magnet [Co,o(OH)s(O,CMe)4(O,CMe);5{pyC-
(O)(OH)pyCO,py} 4(dmf),]*! and to the pentanuclear clus-
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ter [Cus(O,CMe)s { pyC(O)(OH)pyC(O)(OH)py ], in which
the metal-assisted hydrolytic chemistry was observed on the
carbonyl functions of dpcp (Scheme 1).5
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Scheme 1. The dpk and dpcp ligands.

Herein, we present the continuation of our synthetic
studies employing alcoholic solvents. In particular, we re-
port on our synthetic studies of the M(O,CMe)/dpcp/ROH
reaction system (M = Cu'', Co'’; R = Me, Et) in the ab-
sence and presence of sodium azide. Structurally charac-
terized complexes [Cuy{pyC(O),pyC(O)(OEt)py}(O,CMe)s-
(EtOH),] (1) and [Cos{pyC(O)(OMe)pyC(O)(OMe)py]»-
(O,CMe),(N3),] (2) are studied with respect to their mag-
netic properties and found to exhibit ferromagnetic interac-
tions. The origins of this ferromagnetism are discussed.
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Results and Discussion

Syntheses

In our synthetic studies of the M(O,CMe),/dpcp/ROH re-
action system, certain parameters were kept unchanged,
while others were varied. The metal to ligand ratio, M"Y/
dpcp, was kept constant at 4:1, in order to favor a high de-
gree of metallation of the ligand and hence larger nucleari-
ties. Furthermore, the metal salt used was always the acetate.
Finally, heating was always employed, since the metal-as-
sisted solvolysis of the carbonyl function of dpk, has been
shown to require a significant amount of energy in the pres-
ence of divalent metals. The same was assumed to hold here,
and given the color changes upon heating, it was proven to
be the case. The parameters that were varied were the metal
ion (M = Cu" or Co™), the alcoholic solvent, ROH (R =
Me or Et), and the presence or absence of azide anions. Our
interest in azides is mainly fueled by their propensity to act
as ferromagnetic couplers between 3d metal ions in their end-
on bridging mode, but also because they are able to cause
crystallization of cationic species as a result of their negative
charge.

In the absence of azide anions, all four possible M'/R
combinations were tested. When MT = Co'l, reaction in
MeOH did not yield solid products even at high concentra-
tions and layering with less polar solvents (e.g. Et,O, 1:1
Et,O/n-hexane), while reaction in EtOH led to immediate
precipitation of powders. When M = Cu'l, reaction in
MeOH similarly did not yield any solid products, but reac-
tion in EtOH, and subsequent layering (Et,O, 1:1 Et,O/n-
hexane, n-hexane), led to X-ray quality blue crystals of 1.
The reaction can be summarized by Equation (1).

2[Cu,(OCMe), (H,0),] + pyCOpyCOpy + 3ELOH =2,

[Cu, {pyC(0O),pyC(O)(OEt)py }{O,CMe), (EtOH), ] + 3MeCO,H + 3H,0
1

M

As a next step, we included sodium azide in the reaction
mixture. In this case, when M = Co™! and the reaction was
carried out in MeOH, complex 2 precipitated as X-ray qual-
ity pink crystals. The reaction can be summarized by Equa-
tion (2).

4Co(0,CMe), - 4H,0 + 2pyCOpyCOpy + 2NaN, + 4MeOH 22,
[Co, { pyC(O)(OMe)pyC(O)(OMe)py }, (0,CMe), (N, ), ] + 4MeCO,H + 2MeCO,Na + 16H,0
2

(@)

When, on the other hand, the reaction was carried out in
EtOH, the powder that formed (see previous paragraph) did
not dissolve, but instead larger quantities of it precipitated.

When M = Cu'l, the reaction in MeOH led to powders
when the mixture was layered by nonpolar solvents, while
the reaction in EtOH led directly to dark green powders.

It is noteworthy that in complex 1, dpcp yields its asym-
metrically solvolyzed hemiacetal-gem-diol form, while in
complex 2 it yields its symmetrically alcoholyzed bis(hemi-
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acetal) form. The reasons for this difference are currently
unknown. We may assume that this may be due to the differ-
ence of the alcohol used, or the metal ions of the complex.
However, without more structural data from new complexes
this question may not be conclusively answered.

Description of Structures

Complex 1 crystallizes in the monoclinic P2/n space
group; selected bond lengths and angles are presented in
Table S1. Tt consists of four independent Cu atoms in a vir-
tually linear arrangement (Figure 1). Cul is hexacoordinate,
exhibiting a distorted octahedral coordination geometry due
to Jahn-Teller elongation [Cul-O18 2.591(1), Cul-O13
2.443(2) A]. Cu2, Cu3, and Cu4 exhibit square-pyramidal
geometries (trigonality indices, = = 0.07, 0.15, and 0.05,
respectively), and atoms O13, O21, and O22 occupy the api-
cal positions of each corresponding coordination sphere. The
equatorial (for Cul) and basal (for Cu2, Cu3, and Cu4) bond
lengths for each corresponding Cu atom fall between 1.951—
1.993, 1.908-1.977, 1.921-1.983, and 1.932-1.961 A, respec-
tively, the shortest such bond being Cul-O11 and Cul-O17
for Cul, Cu2-N2 for Cu2, Cu3-015 for Cu3, and Cu4-O19
for Cu4.

Figure 1. Partially labeled ORTEP plot of 1 at the 30% probability
level. For clarity, all hydrogen atoms are omitted, except those of the
hydroxy functions of the EtOH ligands.

Bridging between the metal atoms is mainly provided by
the {pyC(O),pyC(O)(OEt)py}> ligand, which is found in a
wenZn?n?m'm'm! coordination mode. The metal ion pairs
Cul-Cu2, Cu2-Cu3, and Cu3-Cu4 are bridged by mon-
atomic alkoxido bridges from the alkoxy atoms O1, O3, and
04, respectively, of the ligand (Scheme 2). Additional bridg-
ing is achieved through a syn,syn,anti ps;-n'm? acetate (Cul—
Cu2—Cu3) and through two syn,syn p-n'm! acetates (Cul—
Cu2 and Cu3-Cu4).

Complex 2 crystallizes in the monoclinic /2/m space group
with one quarter of the molecule in the asymmetric unit.
Selected bond lengths and angles are presented in Table S2.
The complex comprises four Co'f atoms in a defective double
cubane topology (Figure 2). The molecule sits on an inver-
sion center generated at the cross point of a twofold axis of
symmetry passing through Col and a mirror plane passing
through Co2, the atoms of the azido and acetate ligands, as
3797
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Scheme 2. Coordination modes of the ligand, as is present in 1 (top)
and 2 (bottom).

well as atoms N2 and C9 of the dpcp ligand. Bridging is
achieved by two dpcp ligands, which are found in their ps-
>m>n'm'm' coordination mode, and by two end-on ps-
azido ligands.

Co2! 1
N3 0
ot g
Co?2] o8 !

Ol

N2
04 02

Figure 2. Partially labeled ORTEP plot of 2 at the 30% probability
level. For clarity, all hydrogen atoms are omitted. Symmetry opera-
tions to generate equivalent atoms: ' = —x, y, 1 — z; " = —x, -y,

1-z

Although there are a few examples of transition-metal
clusters exhibiting the defective double cubane structural
motif,’! only in two such cases has the ps-1,1,1 azido bridg-
ing been observed: once in a complex formulated as
[CusLr(N3)](ClOy4)4 [L~ = the monoanion of 2,2,6-bis{/N,N-
dimethylamino(propylamino)methyl}-4-methylphenol]l”! and
once in complex [Niy(N3)g(enbzpy),] (enbzpy = [N, N-bis(pyr-
idin-2-yl)benzylidenelethane-1,2-diamine).™!

Magnetic Properties of Complex 1

The y T product for 11s 2.04 cm*mol ' K, which is above
the value predicted for four noninteracting S = 1/2 ions
(1.65 cm®*mol 'K, g = 2.1), suggesting ferromagnetic interac-
tions. This is corroborated by the increase in yy,7 upon cool-
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ing, up to a maximum of 2.67 cm*mol 'K at 9 K. Further
cooling leads to a sharp drop in yy 7 to 2.21 cm*mol 'K at
2 K, the origin of which will be discussed below (Figure 3).
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Figure 3. y\T vs. T data for 1, along with the best-fit according to
the model described in the text. The magnetization isotherm at 2 K
(inset) agrees with a high-spin ground state.

Due to the low symmetry of 1, which comprises four in-
equivalent ions with different coordination spheres and brid-
ges between them, a model considering at least three dif-
ferent J constants is required for the interpretation of its
magnetic susceptibility data (i.e, Jyo, J»3, Jz4). Initial
attempts to fit the data by taking into account a 3J model
led to very poor results. It was then considered that, because
of the bridging between the metal ions, next-nearest neighbor
interactions should be taken into account. Indeed, Cul and
Cu3 are connected through a ps-n'm? acetate (via atoms
013-C22-014), while Cu2 and Cu4 are connected through
the {pyC(O),pyC(O)(OEt)py}>" ligand (via atoms O3-C12-
04). Since, however, eventual superexchange between Cul
and Cu3 would be transmitted through atom O13, which is
bonded to a nonmagnetic orbital, this exchange is expected
to be negligible. Therefore, the Hamiltonian given in Equa-
tion (3) was used.

H = *Z[JISISZ + J2S2S3 + J3§3S4] — 2J4S2§4 (3)

Fitting of the data yielded the best-fit parameters J; =
480cm™!, J,=204cm!, J3=169cm ™!, J, =-100cm ™!, g
= 224 (R = 1.0x107). This solution implies an S = 1
ground state and an S = 2 state situated only 1.2 cm ! higher.
This ground state is the result of the J, interaction, without
which the ground state would be S = 2. This interaction is
critical for the reproduction of the experimental data, since
its elimination leads to great deviations of the calculated y T’
vs. T curves. We are, therefore, confident of the necessity of
including it in our model (Figure 4).

Figure 4. Spin-coupling scheme in complex 1.
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Additional verification of the employed model and the de-
rived solution came from error-contour plots calculated for
all possible combinations of J;, J,, J3, and J4. All six plots
confirmed that nearest-neighbor exchange couplings should
be ferromagnetic and that the Cu2-Cu4 coupling should be
antiferromagnetic, in agreement with our fits.

Finally, the derived solution was further verified by con-
ducting simulations of the M vs. H data collected at 2 and
5 K. By using the best-fit parameters, the magnetization iso-
therms at these two temperatures were calculated. The agree-
ment at 5 K was perfect, while a small disagreement with the
2-K data was attributed to small zero-field-splitting effects.
We propose that this behavior is analogous to that previously
observed for a Cus cluster.’] A probable cause for zfs is the
presence of anisotropic interactions, which, however, cannot
be accounted for in the frame of the current model.

Magnetostructural Correlations

The signs and magnitudes of the J constants deserve some
further comment. The most outstanding features of the pres-
ent results are the strong ferromagnetic couplings between
all Cu" ions. Magnetic exchange between Cu'! ions is mainly
propagated through their magnetic orbitals, which occupy
the basal or equatorial coordination positions (in the cases
of tetragonal pyramidal or octahedral coordination, respec-
tively). Inversely, the apical or axial positions transmit negli-
gible magnetic exchange. Empirical magnetostructural corre-
lations by Hatfield and Hodgson!! for the magnetic ex-
change within dimers in the planar {Cu,(OH),}>" core have
shown that below a Cu-O-Cu angle of 97.5° ferromagnetic
interactions could be anticipated. Later, Kahn et al.l'’l
showed that for a nonplanar Cu,O, core, the dihedral angle
between the two CuQO, planes is quite influential on the net
magnetic coupling. In particular, it was shown that for a
symmetric Cu,O, core with Cu-O-Cu angles of 105.5°, a
dihedral angle below 130° induces a switch to a net ferro-
magnetic exchange. Obviously, the case is more complicated
for a Cu,0, core with different Cu—O-Cu angles, or when
the bridges are different, thus invoking the concept of com-
plementarity or countercomplementarity of the magnetic or-
bitals.[!!]

Although a full theoretical analysis of the magnetic coup-
lings exceeds the scope of this work, we shall provide a quali-
tative one. In the present case, the metal cores exhibit more
complicated bridging; however, we may draw some conclu-
sions by comparing them with the above-mentioned theoreti-
cal studies. The magnetic orbitals of the Cu" ions are occu-
pied by the equatorial donor atoms in the case of Cul (O1/
O11/017/N1) and by the basal donor atoms in the cases of
Cu2 (01/012/03/N2), Cu3 (03/04/015/014), and Cu4 (O4/
O16/019/N3).

Monatomic O bridges present within these basal planes
form Cu-O-Cu angles of 98.75° (Cul-O1-Cu2), 115.59°
(Cu2-03-Cu3), and 106.22° (Cu3-04-Cu4). Although the
first such angle is acute enough to mediate a strong ferro-
magnetic coupling, the two others are not so acute as to
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justify the derived values, so additional explanation is re-
quired.

We could assume that the carboxylate bridges of the three
Cu-—Cu pairs exert a countercomplementarity effect, dimin-
ishing possible antiferromagnetic contributions associated
with the obtuse Cu-O-Cu angles. This effect is expected to
be more pronounced between the pairs Cul-Cu2 and Cu3-
Cu4, in which the carboxylate bridges occupy magnetic or-
bitals of the Cu!! atoms. In fact, bonds Cul-O11 and Cu2—
012 are the shortest ones in each coordination sphere of the
Cul-Cu2 pair (1.951 and 1.909 A, respectively). The same
holds for the Cu3-O15 bond, which is the shortest one in
the coordination sphere of Cu3 (1.921 A), while Cu4-016 is
relatively short as well (1.961 A).

These arguments, however, fail so far to account for the
ferromagnetic coupling of the Cu2-Cu3 pair, in which the
carboxylate bridge occupies a nonmagnetic orbital of Cu2.
The mean equatorial and basal planes of the Cu'l atoms
form dihedral angles, which substantially deviate from copla-
narity. The dihedral angles for these planes are 122.3° (Cul/
Cu2), 110.9° (Cu2/Cu3), and 117.6° (Cu2/Cu3), leading to
poor overlap of the magnetic orbitals and a consequent
quenching of the antiferromagnetic component of the mag-
netic exchange. A similar situation was observed in a pre-
viously reported Cu''s complex of the same ligand, in which
a dihedral angle of 118.6° between two Cu'' ions was ac-
companied by ferromagnetic coupling of the two spins (J =
+39.7cm™'). An acetate ligand bridging the two ions may
also be responsible for this ferromagnetic value, because of
its countercomplementarity effect. It may be argued that, due
to the steric requirements of the ligand and the subsequent
dihedral angles that arise for Cu' ions bridged by its alkox-
ido/hydroxido functions, it may act as an efficient ferromag-
netic coupler, even in the absence of azides.

As for the next-nearest-neighbor interaction J»4, it should
be noted that the superexchange pathway provided by the
ligand (O3-C12-04) mediates magnetic exchange through
the magnetic orbitals of Cu2 and Cu4, since O3 and O4 oc-
cupy basal positions of the coordination spheres of these
ions. Inversely, the exchange pathway between Cul and Cu3
(O13-C22-014) is expected to be much less effective, since
it entails atom O14, which occupies one of the axial positions
of Cul and does not coincide with a magnetic orbital.

Magnetic Properties of Complex 2

The yy T product for 2 is 11.92 cm®mol 'K, significantly
higher than the value predicted for four noninteracting S =
3/2 ions (7.50 cm®*mol 'K, g = 2). This is partly due to the
orbital contributions of high-spin Co" ions in octahedral en-
vironments, which are known to be important, but also due
to the existence of intramolecular ferromagnetic interactions.
This is corroborated by the continuous increase in yy;7 upon
cooling, up to a maximum of 27.44 cm3>mol 'K at 6 K. The
decrease below that temperature is attributed to the com-
bined effect of zero-field splitting and Zeeman interactions.
However, due to the complications introduced by the orbital
3799
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contributions of Co' ions, a quantitative treatment of the
magnetic susceptibility data of 2 was not attempted. The
high-spin ground state of 2 is illustrated by its magnetization
isotherm at 2 K, which shows the onset of saturation above
1 T (Figure 5, inset). Although the saturation is not complete
up to 5.5T, its value is expected to be well over 10 Napp,
indicative of a high-spin ground state.
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Figure 5. ypmT vs. T data for 2. The magnetization isotherm at 2 K
(inset) agrees with a high-spin ground state.

The ferromagnetic coupling within 2 may be rationalized
by the presence of two end-on ps-azido ligands, which form
Co-N-Co angles that favor ferromagnetic couplings (Col—
N3-Co2 = Col""-N3-Co2 = 89.78°). The high-spin ground
state of 2 prompted us to test whether slow magnetic relax-
ation effects are manifested at low temperatures. Experiments
of ac magnetic susceptibility between 2-7 K and at fre-
quencies between 11-8111 Hz did not yield significant out-
of-phase signals, thus precluding the appearance of slow
magnetic relaxation effects.

Conclusions

Dpcp is a relatively unexplored ligand, but the similarities
of its coordination chemistry to that of dpk render it particu-
larly interesting for the preparation of polynuclear transition-
metal complexes. Its use in alcoholic ligands revealed that
different forms of its alcoholyzed form are accessible, in our
case the gem-diol-hemiacetal (in 1) and the bis(hemiacetal)
(in 2) forms. Both complexes exhibit intramolecular ferro-
magnetic interactions, stabilizing high-spin ground states, but
the origin of these interactions is different for the two com-
plexes. In complex 1, the main cause for the observation of
ferromagnetic interactions is the poor overlap of the mag-
netic orbitals of the Cu'! ions. This is due to the geometric
constrains imposed by [pyC(O),pyC(O)(OEt)py]*~ to neigh-
boring Cu' ions bridged through its alkoxy oxygen atoms. A
similar observation in a Cu's complex previously reported!
seems to suggest that the various forms of dpcp may favor
ferromagnetic interactions between Cu'! ions, precisely due
to these geometric constrains. On the other hand, the ferro-
magnetism observed in 2 is the consequence of the ps-1,1,1
bridging mode of the azide anions, which are known to favor
ferromagnetic interactions between transition-metal ions
when acting as end-on bridges. These conclusions will be
3800
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used for the design of new complexes of dpcp, with the aim
of obtaining high-spin ground states and hopefully interest-
ing magnetic properties.

Experimental Section

[Cuy{py C(0)2pyC(O)(OEt)py}(0,CMe)s(EtOH),] EtOH  (1-EtOH):
Solid dpep (50.0 mg, 0.173 mmol) was added to a solution of [Cu,-
(0,CMe)4(H,0),] (0.138 g, 0.346 mmol) in EtOH (35 mL). Upon
dissolution, the color of the solution changed from blue-green to
light blue, and upon heating under reflux for ca. 15 min, the color
turned to blue. The solution was layered with twice its volume of
Et,0, yielding light blue needles of 1-EtOH. The mother liquor was
removed by decantation, and the crystals were repeatedly washed
with Et,O and dried in vacuo. The yield was 63 mg (= 37% with
respect to dpcp). The dried sample was solvent-free according to
analysis results. C33H43CuyN306 (991.90): caled. C 39.96, H 4.37,
N 4.22; found C 39.88, H 4.48, N 4.19. IR (KBr ): ¥ = 2976 (m
[V(CH3)]), 2932 (m [v(CH,)]), 1604 (vs. [v(C=C) + v(C=N)]), 1566
(vs.  [vas(COO)D), 1431 (vs. [v(COOprigging)])s 1406 (s [vs-
(Coomonodentate)])s 1090 (S [V(Cfo)dpcp])a 1049 (S [V(Cfo)ElOH])s 686
(m [(C-H)py]) em L.

[Co4{pyC(O)(OMe)pyC(O)(OMe)py},(0,CMe),(N3),]-0.8H,0
(2-0.8H,0): Solid dpcp (50.0 mg, 0.173 mmol) was added to a solu-
tion of Co(O,CMe),*4H,O (0.172 g, 0.691 mmol) in MeOH
(20 mL). Upon dissolution, the color of the solution changed from
purple to wine-red, and upon heating under reflux for ca. 15 min
the color turned to purple-red. The resulting solution was cooled to
room temperature, and a solution of NaN; (44.0 mg, 0.691 mmol)
in MeOH (20 mL) was added, causing a color change to dark red.
After 3d of being kept in a capped flask, a crystalline solid of
2-0.8H,0 formed. The mother liquor was removed by decantation,
and the crystals were repeatedly washed with MeOH and
dried in vacuo. The yield was 58 mg (= 61% with respect to dpcp).
The dried sample was solvent-free according to analysis results.
CpoHyoCouN 1,0, (1140.59): caled. C 44.23, H 3.54, N 14.74;
found C 44.16, H 3.60, N 14.79. IR (KBr): ¥ = 2966 (m [v(CH3))),
2074 (vs. [vV(N3)]), 1600 (m [v(C=C) + v(C=N)]), 1539 (m [v,-
(COOchelating)]), 1443 [V(COOpyridging)ls 1073 (s [V(C—O)gpepl), 673 (m
[(C-H),,]) em L.

X-ray Crystallography: A blue crystal of 1 (0.08 X 0.18%0.33 mm)
was mounted in a capillary and a pink crystal of 2
0.100.20 X 0.30 mm was taken directly from the mother liquor and
immediately cooled to —170 °C. Diffraction measurements were
made with a Rigaku R-AXIS SPIDER Image Plate diffractometer
by using graphite monochromated radiations of Cu-K, for 1 and
Mo-K,, for 2. Data collection (w-scans) and processing (cell refine-
ment, data reduction and empirical absorption correction) were per-
formed with the CrystalClear program package.'?! The structure was
solved by direct methods by using SHELXS-97'3! and refined by
full-matrix least-squares techniques on F? with SHELXL-97.4
Crystal data collection and refinement parameters are presented in
Table 1. Further experimental crystallographic details for 1: 20, =
118° (complete data to 20,,,, = 143° were collected but they were
omitted during the refinement of the structure, because in high 26
values more than half the data collected were unobserved); (A/o)max
= 0.003; (AP)max/(Ap)min = 0.444/-0.436 ¢ A3. The hydrogen atoms
were either located by difference maps and were refined isotropically
or were introduced at calculated positions as riding on bonded
atoms. All non-hydrogen atoms were refined anisotropically. Further
experimental crystallographic details for 2: 26,,.x = 51°% (A/0)max =
0.000; (Ap)max/(Ap)min = 1.356/-0.518 ¢ A-3. All hydrogen atoms were
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located by difference maps and were refined isotropically; no hydro-
gen atoms for the water solvate were included in the refinement. All
non-hydrogen atoms were refined anisotropically.

Table 1. Crystal data for complexes 1 and 2.

1-EtOH 2:0.8H,0
Formula C35H40CuyN;045 Ci2Ha1 6C04N12012 8
Fw 1037.93 1155.00
T [K] 293(2) 103(2)
Crystal system monoclinic monoclinic
Space group P2/n 2/m
a[A] 8.0045(2) 11.272(3)
b[A] 20.0251(5) 14.252(4)
¢ [A] 28.3115(8) 14.607(5)
AL 91.116(2) 101.37(2)
V [A3] 4537.2(2) 2300.5(12)
Z 4 2
Pealed. [ng73] 1.519 1.667
ATA] 1.51187 0.71073
u [mm™] 2.711 1.495
Refl. measd./unique 25859/6374 6854/2176
[Rine = 0.0577] [Rine = 0.0253]
Refl. obsd. [ > 2a(I)] 5050 1907

Parameters refined 600 222
R1, wR2 (all) 0.0552/0.1281 0.0415/0.0981
R1, wR21? (obsd.) 0.0416/0.1127 0.0366/0.0951

[a] R1 = X(|F,| — |FPE(F]); wR2 = {Z[w(Fo* — FAZwEF)2,
w = 1/[6(F.2) + (aP)? + bP], P = [max(F,2,0) + 2F.%)/3.

CCDC-685257 (for 1) and CCDC -685258 (for 2) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical Measurements: Elemental analysis for carbon, hydrogen,
and nitrogen was performed on a Perkin—Elmer 2400/I1 automatic
analyzer. Infrared spectra were recorded by using KBr pellets in the
range 4000400 cm ! with a Bruker Equinox 55/S FT-IR spectro-
photometer. Variable-temperature magnetic susceptibility measure-
ments were carried out on polycrystalline samples of 1 and 2 in
the 2-300 K temperature range by using a QuantumDesign MPMS
SQUID susceptometer operating at 5 kG and 1 kG, respectively.
Magnetization isotherms between 0 and 5.5 T were collected at 2 K.
The ac susceptibility measurements on complex 2 were carried out
with a QuantumDesign PPMS. Diamagnetic corrections for the
complexes were estimated from Pascal’s constants. The magnetic
susceptibility for 1 has been computed by exact calculation of the
energy levels associated with the spin Hamiltonian through diagonal-
ization of the full matrix with a general program for axial sym-
metry.'3] Least-squares fittings were accomplished with an adapted
version of the function-minimization program MINUIT.['®! The er-
(Xexp. B Xcalcd.)z
Nifexp?
number of experimental points. Simulations of the magnetization M
vs. applied field H were carried out with the MAGPACK program
package by using parameters derived from fits of the magnetic
susceptibility.['”]

ror-factor R is defined as R = X , where N is the

Eur. J. Inorg. Chem. 2008, 3796-3801
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Supporting Information (see footnote on the first page of this article):
Selected bond lengths and angles for complex 1 and complex 2 are
presented in Table S1 and Table S2, respectively. Figures S1 and S2
contain error contour-plots for all various combinations of J;, J5,
Js, and Jy.
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