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Magnetostructural Characterization of us-Oxohexau2-chlorotetrakis(imidazole)copper(ll)
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The [CuOCIs(IMIDH) 4] complex has been synthesized and its crystal structure and magnetic properties determined.
The compound crystallizes as a dark green solid in the orthorhombic system, spacePgi2i2a, with cell
constantsa = 11.469(2) Ab = 13.933(2) A,c = 16.778(3) A and four formula units per cell. The complex has

a tetrameric structure of four copper(ll) ions connected to a central oxo group, in an approximately tetrahedral
arrangement. Copper coordination is completed by thseshloride ions and an imidazole nitrogen atom, defining

a trigonal bipyramidal environment around each copper ion. A new Heisenberg exchange scheme has been
developed, considering the experimentally observed distortion of thee@ahedron. The magnetic susceptibilities
measurements were interpreted by means of this model, in terms of three coupling codstantg,65 cn?,

Js = 83.3 cn1?, andJ. = —58.8 cn1?, which show a linear correlation with the observed-@+Cu angles.

Introduction

Since higher nuclearity copper(ll) complexes are of current
interest as models of copper metalloenzymes and as inorgani
materials, in this paper we present the syntheses, X-ray structur
determination, and magnetic properties of a copper(ll) tetrame
with imidazole as the Lewis base ligand, [QCIls(IMIDH) 4].

The first example of clusters of the type [f{QXeL4] was
described by Bertrand and Kelly in 196@.he clusters [Cyt
OXg(TPPO)] showed the metal ions to be in a tetrahedral

arrangement, bridged over the edges by chloride ions and by

an oxygen atom in the center of the tetrahedron, while the

triphenylphosphine oxide ligands (TPPO) complete the distorted

trigonal bipyramidal coordination around the copper atéms.
Since then similar clusters have been reported in the literétére.

Several of these have been studied from a magnetostructural
point of view, since a notable feature of the magnetic suscep-
tibility data for some of these copper(ll) tetramers has been the
occurrence of a maximum in the temperature dependence of

the magnetic momefit.

C

lecular interactions between the LQuclusters:”11Even though

both models can predict the existence of a maximum in the
value of the magnetic moment, their application has been limited
and/or discarded since the parameters obtained from the fit of

rethe experimental data do not have a real physical medding.

A more successful scheme has been that to consider more
than one value for the exchange consthbétween the copper-
(Il) ions within the Cu core. Several models of magnetic
exchange have been developed on the basis of different
symmetries3 These have been successfully used in the analysis
of the existing experimental datal*

In the present work we analyze the magnetic behavior of the
[CusOCIg(IMIDH) 4] cluster (IMIDH = imidazole) with the use
of the existing models, and we propose a new scheme of
interaction for the copper(ll) ions within the gD core which
Is better related to the observed structure.

Experimental Section

Synthesis.The [CuOCIs(IMIDH) 4] complex was prepared by the

If one considers that the mathematical expression for six pairs slow addition of 1 mmol of imidazole in methanol to a solution of 1

of copper(ll) ions, with the same value for the exchange
constant, does not permit a maximum for the value of the

magnetic moment, the experimental occurrence of this maximum

is a relevant fact. To overcome this situation several models
have been developed, in which the form of the curve wérsus

T (including the maximum) were explained in terms of (a)
orbital contribution to the magnetic moméhand (b) intermo-
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mmol of copper(ll) chloride dihydrate in the same solvent. The resulting
solution was refluxed for 30 min. Dark green crystals slowly deposited
over a period of several days.

Crystal Structure Determination. A prismatic crystal of [CkOCle-
(IMIDH) 4] was mounted on a glass fiber. Preliminary examination
shows acceptable crystal quality. Cell parameters were calculated from
least-squares fitting of 25 high-angle reflections @6 > 15°). Data
collection was performed on a Siemens R3m diffractometer (oriented
graphite monochromator, Modradiation) at room temperature. Data
were collected for 3.80—50.10 in 26 angle. Two standards reflections
collected every 98 reflections showed no significant decay. Lorentz
and polarization corrections were applied to reflections. No absorption
correction was applied. The structure was solved by direct methods,
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Table 1. Crystal Data and Structure Refinement Details for Table 2. Selected Bond Lengths (A), Angles (deg), and Hydrogen
[CusOCls((IMIDH) 4]-0.83CHOH Bonds (A) for [CuOCIs((IMIDH) 4]-0.83CHOH
empirical formula G2.84193LCl6CUNgO1 83 Cu(1)-Cu(2) 3.114(2) Cu(2yCu(3) 3.125(1)
fw 787.23 Cu(1y-Cu(3) 3.126(1) Cu(2yCu(4) 3.061(1)
cryst syst orthorhombic Cu(1)-Cu(4) 3.167(1) Cu(3)Cu(4) 3.124(1)
space group P2:2:2; Cu(11-0(2) 1.924(4) Cu(2r0O(2) 1.909(4)
a/A 11.469(2) Cu(3-0(1) 1.906(4) Cu(4y0(1) 1.903(4)
b/A 13.933(2) Cu(1)>-ClI(1) 2.372(2) Cu(1yCl(2) 2.510(2)
c/A 16.778(3) Cu(1)-CI(3) 2.415(2) Cu(2)CI(3) 2.383(2)
vol/A3 2681.1(7) Cu(2)-Cl(4) 2.367(2) Cu(2yCI(5) 2.513(2)
z 4 Cu(3)-CI(1) 2.564(2) Cu(3)CI(5) 2.408(2)
cryst size/mm 0.Xx 0.08x 0.05 Cu(3)-CI(6) 2.374(2) Cu(4yCI(2) 2.410(2)
DJg cnr3 1.950 Cu(4)-Cl(4) 2.404(2) Cu(4yCI(6) 2.473(2)
w/mm™t 3.76 Cu(1-N(1) 1.938(6) Cu(2rN(@3) 1.934(6)
Ra 0.0322 Cu(3-N(5) 1.943(6) Cu(4yrN(7) 1.961(6)
b
Ru 0.0695 Cu(2)-O(1)-Cu(1) 108.7(2) Cu(3yO(1)-Cu(1) 109.5(2)
AR= 3 |IFo| = [Fell/3|Fol. ® Ry = [S[W(Fo? = FA)/ T [W(Fo)T] M2 Cu(4-O(1)-Cu(1) 111.7(2)  Cu(3)O(1)-Cu(2) 110.0(2)

Cu(4-O(1)-Cu(2) 106.8(2) Cu(4yO(1)-Cu(3) 110.2(2)
Cl(1)-Cu(1)-Cl(2) 110.04(8) CI(3}Cu(1)-Cl(2) 109.04(8)
Cl(1)~Cu(1)-CI(3) 138.60(8) Cl(4¥-Cu(2)-CI(3) 128.61(9)
CI(3)~Cu(2)-Cl(5) 106.49(8) Cl(4}-Cu(2)-CI(5) 121.81(9)
CI(5)—Cu(3)-ClI(1) 108.41(8) CI(6%-Cu(3)-Cl(1) 105.71(8)
CI(6)—Cu(3)-CI(5) 142.91(9) Cl(4¥-Cu(4)-CI(6) 108.08(10)
Cl(2)-Cu(4)-ClI(6) 115.22(9) Cl(4¥-Cu(4)-Cl(2) 133.94(9)
Cu(1)-CI(1)-Cu(3) 78.50(6) Cu(4)¥Cl(2)-Cu(l) 80.09(6)
Cu(2)-CI(3)-Cu(l) 80.93(6) Cu(2}Cl(4)—Cu(4) 79.79(6)
Cu(3)-CI(5)-Cu(2) 78.80(6) Cu(3}Cl(6)—Cu(4) 80.22(7)
O(1)-Cu(1)-Cl(2)  82.53(13) O(L}Cu(3)-Cl(6)  85.95(14)
O(1)-Cu(3)-CI(5)  84.38(14) O(L}Cu(2)-Cl(4)  85.37(13)
O(1)-Cu(4)-CI(4)  84.45(14) O(L}Cu(2-CI(3)  85.42(14)
O(1)-Cu(4)-CI(2) 85.7(2) =~ O(LyCu(2-Cl(5)  81.44(14)
O(1)-Cu(4)-CI(6) 83.2(2) O(LyCu(3)-Cl(1) 82.69(14)

D—H d(H---A) atom

i _ N(8)—H(8B) 2.543 Cl(1)
Figure 1. Molecular structure diagram of [GOCIs(IMIDH) - N(4)—H(4B) 2.777 CI(5)
0.83CHOH, showing atom numbering scheme and 33% displacement N(4)—H(4B) 2911 CI(3)
ellipsoids. Methanol solvate and hydrogen atoms are omitted for clarity. N(2)—H(2B) 2.054 o2y
N(6)—H(6B) 2.485 Cl(2y

completed by difference Fourier synthesis, and refined using full-matrix a Symmetry code of Ai[X + Yo, —y — s, —2], i[x + Yp, —y — Y
least-squares anisotropic refinement for all non-hydrogen atoms, using_, my[_x _62/ Y+ Yo 741 ]2’ “’[xx _2;-,/ 2y 22’_ 13;] 2
the SHELXTL PLUS packag®. Hydrogen atoms were placed in ' ' z 2 z ' 2

idealized positions with isotropic thermal parameters fixed at 1.2 or

1.5 times the value of the attached atom. The occupancy of the methanoIShc'WS the same tenden(_:y, varying fr(_)m a value of 108
molecule was refined in the last cycles of refinement and then was CU(4)~O(1)—Cu(2), passing by a medium value group, 108.7-

held constant at 0.83. Table 1 contains a summary of data collection (2)° for Cu2-01-Cul, 109.5(2) for Cu(3)-O(1)-Cu(l),
and structural determination parameters. 110.0(2} for Cu(3-0O(1)—Cu(2) and 110.2(2)for Cu(4)—
Magnetic Susceptibility MeasurementThe magnetic susceptibility =~ O(1)—Cu(1), to a large value of 111.7(2jor Cu(4)-O(1)—
of a powdered sample of the copper complex was measured in the 12 Cu(3).
300 K temperature range using a SHE 906 susceptometagnetom- The coordination geometry around each metal center is an
eter connected to a SQUID detector, using an applied field of 1 kG. raqjar trigonal bipyramid, where three bridged chloride atoms
The magnetic susceptibility data were corrected for the diamagnetism occupy the equatorial coordination sites. The apical coordination
of the constituent atoms using Pascal’'s constants. A value ot 60 ositions of each Copper ion corres On.d to the central oxvaen
107 cgs was assumed for the temperature independent paramagnetisnp - PP o P ygen,
(TIP) for each copper atom. and to the nitrogen of the imidazole group. The value for the
Cl—Cu—Cl angles varies markedly around the value for the
Results and Discussion nondistorted equatorial angle in a trigonal bypiramid of °1.20
ranging from 106.49(8)to 138.60(8).
Each of the six edges of the copper tetrahedron is occupied

The structure consists of a tetrahedral arrangement of cupricby a brr]id?irrl]gug-ﬁhloriﬂe ion so leat eahch Coﬁpﬁr ion is Ilinked
ions bonded to a single central oxo ion. They@trahedronis (@ €ach ofthe others three metal lons through the central oxygen

slightly distorted, the coppercopper distances can be classified 2nd through three separate chloride bridges. The six chloride
in three groups: a short distance of 3.061(1) A for Ce(@)- ions comprise a fairly regular octahedron around the central
(4): a medium distance group of 3.114(1) A, 3.126(1) A, 3.125- ©Xygen atom. The values for the €C1—Cu angle do not show
(1) A, and 3.124(1) A for Cu(}Cu(2), Cu(1}-Cu(3), Cu(2)- a great variation arqund Fhe average .value of .8‘0.25 .
Cu(3), and Cu(3yCu(4), respectively; and a large distance of somewhat greater d_eV|at|on is to be found in the relatlve_ chatlon
3.167(1) A for Cu(1)-Cu(4). Coincidently, because all copper of three Cl atoms with respect to the €0 axis. The deviation

oxygen distances are relatively similar, the-@d—Cu angle  [1om the ideal case (6Cu—Cl = 90°) can be expressed in
terms of the G-Cu—Cl angles which in this case are systemati-

(15) SHELXTL PLUS, Release 4.1. Siemens Analytical X-ray Instruments, Cally lower than 90. This same kind of distortion is found in
Madison, WI, 1990. similar tetrameric compounds with general formula,GGlsL 4

The structure of the tetrameric molecule is shown in Figure
1. Selected bonds and angles are given in Table 2.
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0.06 - r The susceptibility data of [GOCls(IMIDH) 4] was adjusted
to the C,, model, developed by Jotham and KetfteThe
0.05 Laaasararasanatastasi | calculated values obtained from the analytical expression were
1 at L3 g=1.98,J=-19cnrl, Js=77.97 cnm!, J. = 8.7 cn1},
004 4 o . . With 3 (Ycalc — Yobd?xobs = 7 x 1073, However, the applicabil-
] Heer = ity of this model to the [CKOCls(IMIDH) 4] complex is low. In
L™ the imidazole compound described in this paper, the distortion
£ from the idealized tetrahedral geometry permits us to describe
the cluster in the €symmetry group. In this cluster the shortest
distance is Cu(4)Cu(2) and the longest distance is Cuf4)
Cu(2). In theC,, model, a distortion for noncontiguous copper
pairs involving the Cu(X)Cu(2) as the short distance and Cu-
(3)—Cu(4) as the long distance is considered.
T 1w o e e Considering the&c; symmetry (Figure 3b), theoretical calcula-
TIK tions using an isotropic spin exchange Hamiltoniad: =
Figure 2. Temperature dependence of ti@ (nagnetic susceptibility —2J;S were done. The spin Hamiltonian appropriate for the

and @) magnetic moment for [GOCl(IMIDH) ]-0.83CHOH. The exchange interaction_ of the four atoms with sgir 1/, in C;
full line corresponds to the calculated values. symmetry can be written as

reported in the literature; when L corresponds to (2-methylpyr- H=-JSS+S5S+55+55) — IS5~ 4SS (D)
idine), the G-Cu—Cl angles vary from 769to 90.8. The
authors suggested that the main reason for this distortion is the?VNereJs = Joa, . = Jia, J = J12 = Ji3 = Jos = Jaa
intramolecular steric effects of the methyl grodg$.n the case ConsideringS=S+ $+ S+ S, S =S+ SandSs =
of [CusOClg][(CH3)4N]4, the angles ©Cu—Cl show a slight S + S, eq 1 reduces to
distortion (from 83.8 to 85.6); it appears that intramolecular
contacts between pyridine carbons and the chlorides areH= _1/2‘](82 —3)- 1/2(‘Js - J)(Ssz - 3/2) o
responsible for this distortion. 1,032-3S2-3)

In the crystal packing, the tetrameric nuclear unit JOCls-
(IMIDH) 4] is interconnected by a number of intermolecular On the basis of 16 spin functions, a 16 16 secular
hydrogen bonds of the &tH—N type to adjacent units (Table  determinant (nonsymmetry reductible) was formed. The deter-
2). minant was partially diagonalized, resulting in twe 11 blocks,

The study of the magnetic properties of JOCls(IMIDH) 4] two 4 x 4 bIock.s, and one & 6 blocks, generating six spin
is based on magnetic susceptibilities measurements. The sus€N€rgies states:
ceptibility was determined as a function of temperature in the

1

LA

L

0.03+

%, €mu ol

0.02 ~

0.01 +

0.00

_ 1
range 12-300 K. The plot ofyy % vs T has a negative intercept, Eo=—-3-"70.+) 3)
where data between 140 K T < 289 K were considered in
the fit. This permitted us to obtain the value for the Weiss Ers=Jd— 7,3, +3) (4)
constantf = —0.133 K. The slope of the curve corresponds to
a Curie constant of = 0.3591, from which a magnetic moment Er,= 1/4(J|_ +J)+ 1/2r (5)

of 1.7 ug per copper atom was calculated. In the title compound,
Uesr remains practically constant in the temperature range of

140-289 K and then falls rapidly with further decrease in En= 1/4(J|_ +J9 — 1/2r (6)
temperature (Figure 2), showing paramagnetic behavior in the

first zone and weak antiferromagnetic interactions at lower Eg,=J+ Y, +3) + r (7)
temperatures, in contrast to the ferromagnetic and antiferro-

magnetic behavior shown by the previously reported com- Eg,=J+ 1/4(J|_ +J) - 1/2r 8)
plexes!!16

The tetrameric copper complexes have been classified in threewhere
classes in relation to the existence of a maximum in the
temperature dependence of the effective magnetic mofiént. r=1[(Js— JL)2 + Js— I, — I 1/2 9)
In class I, the magnetic moments decrease monotonically with
decreasing temperature, and in class Il and class Ill, the magnetic These energies were substituted into the Van Vleck equation
moment passes through a maximum and then decreases at lowesbtaining the following expression for the molar magnetic
temperatures. (Class Il complexes have a strong maximum,susceptibility:
while class Il complexes have a slight maximum in thes T

curve.) To explain the observed magnetic behavior, these Ngfug” 10z + 2(xyZ + xy + x%2)

compounds have been modeled by assuming idealized sym- Xter=

metries such agy, Cp, D24, and Cs,.%13 The C,, coupling KT 52+ 30yZ + xy + 72 + 67 + xy)

scheme is shown in Figure 3a. (10)
wherex = exp(—J/KT), y = exp(—(Js + J.)/2KkT), andz = exp-

(16) Barnes, J. A.; Inman, G. W., Jr.; Hatfield, W.IBorg. Chem 1971, (—r/2KT) Pt Dy PCUs L/2kD) P

10, 1725. : . . .
(17) Wong, H.; Dieck, H.; O'Connors, C.; Sinn, E.Chem. Soc., Dalton The experimental susceptibility data were fitted to the

Trans.198Q 786. susceptibility expression
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(a) (b)

3
J J
1 J 2
J, J,
4
NaB’  30+6 (xy + X'+ x2) o NG 30z +60¢z + xyZ' + xy)
%o~ 3KT 5+3(Xy + X+ Xz) + (X +xy2) 7 3KT 5z +3(xz +xyz +xy) + (XyzZ +XY)
xe e WKT KT R S
y= o KT y= KT 0 R )

Figure 3. Coupling schemes for the distorted tetrahedral arrangement of copper ionsGs), @)d (b)C, symmetries.

= 1—p)+v..0+ 4Na 11 Table 3. Energy Values (cm) for [CusOCls((IMIDH) 4] and
%= rer ( P)F XimP (11) [CusOBrepys] Obtained fromJ Calculated Values using th;, and
C: Models

wherep is the fractional amount of monomeric impurity which

obeys the Curie law, angin = Cin/T [CusOCl(IMIDH) 4] [CusOBrapya]

The best fit for the magnetic data of the tetrameric complex C Ca C Ca
was forg = 1.98,J = —7.65 cml, Js = 83.3 cn1?, J. = 68.5 Er) 65.0 Es) 12.2 €o) 14.0 Eo)
—58.8 ¢!, p = 0.057,Cim = 0.34, with 3 (Ycalc — Xob9?/ 60.8 Es) 56.3 Er) 0.4 Er) 0.7 Er)
yobd = 1.8 x 1073, TheseJ values permit us to obtain the 1.5 Eo) —2.7 Eq) —2.2 1) -3.8Er)
energies of the singlet, triplet, and quintet states described in :ég'g E@ :ig'g CCEETg __13'3 gsg :123 g))
egs 3-8. The developed model predicts a singlet state as the _g3'g E;) —59.7 (E;) ~17.6 (El) -15.3 Es)

ground state followed in energy by two triplet states. The
calculated energy values indicate that near room temperature 108
these states are all populated (Table 3). This scheme explains
the fact that the tetrameric complex is paramagnetic at room
temperature and starts to present a decrease in the magnetic 60
moment, as the temperature is lowered and the triplet states 1
become depopulated. .
Structural data reported previously in the literature for other _  zo4
tetrameric copper(ll) complexes, such as {OBrepys] (py = 1

£
O g
-

pyridine)8indicate that these complexes should be also treated = | o
in C; symmetry, since the short and long coppeopper -20 4
distances, as determined by X-ray diffraction, are also adjacent. .
The model developed in this paper together with (Bg 40
symmetry model were used to calculate ngéwalues for this .50 4
complex. 1
Our fit of the experimental data using tlig model for [Cu- -80 | S T T T
OBery4] Ieads to]=—7.2 CI'TTl, 334= JS =_4 Cmﬁl, J14 — 106 107 108 108 110 . 11 12
J. = —16 cnt?, and g = 2.15, while the values of the Cu-0-Cuangle/
parameters for the best fit to ti@, model areJ = —8.9 cnt?, Figure 4. Dependence of the calculated coupling constants with the
Jos=Js= —16 cnT?, Jyu = J_ = —4.4 cnTl, andg = 2.18. Cu—0O—Cu angle. The plotted angle value for J corresponds to the

Even though both models predict antiferromagnetic interactions 2Vra9€ of the corresponding four angles.

for [CusOBrepys], the magnitude of_ is inverse in relation to g that observed for dinuclear copper(ll) complexes bridged by

Js for the C, andC,, model. Besides, the definition d§ in the hydroxo groups has been reported in the literature. For these
C,, model is not in accordance with the crystallographic data. complexes a change in the signdis found at 97.6,1° while
Since the relative orientation of the magneticabpper orbital in the case of the tetrameric cluster JQCIlg(IMIDH) 4, a value

is toward the apical oxo orbitals, permitting a good overlap of 10—110 is estimated. This large value for the angle of
between them, it is possible to consider the oxo oxygen atom the bridged species can be explained by the existence of a larger
as the principal pathway for the magnetic exchange in this type degree of electronic density on the oxo group as compared to
of tetrameric copper(ll) compound. The dependence of the that of the hydroxo group.

calculated] values with the Ct+O—Cu angle for [CyOCle- Theoretical calculations have been successfully done for
(IMIDH) 4] is shown in Figure 4. The obtained linear dependence hydroxo bibridged Caicomplexeg92t showing a correlation

copper-oxygen-copper angle is varied. A correlation similar

(19) Hodgson DJ. Prog. Inorg. Chem1975 19, 173.
(18) Swank, D. D.; Nielson, D. D.; Willet, R. Dnorg. Chim. Actal973 (20) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. S0d.997,
7, 91. 119 1297.
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permit us to rationalize the influence of electronic and geometric  The principal pathway for the magnetic exchange in this type
factors on the magnetic coupling. Recently, this kind of of tetrameric copper(ll) compound has been considered to be
calculations had been extended to the model systergOMiL the oxo atom.

ML 5, where L= NHz.? In this model system the ferromagnetic  The correlation obtained between the calculated exchange
coupling constant J shows a decreasing tendency with thejntegrals and the observed €0—Cu angles permits us to
growing of the Cu-O—Cu angle, from a large ferromagnefic  ¢onclude that the change from antiferromagnetism to ferromag-
value to a nearly zero value, for angles varying front 80 netism occurs at a larger value of the considered angle than for

110, respectively. ) _the hydroxo pathway reported in the literature.
The experimental decreasing tendency observed for J with

the increase of the CtO—Cu angle for the title compound [Gu

OClg(IMIDH) 4] (Figure 4) is coincident with the calculated Acknowledgment. The authors acknowledge FONDECYT
tendency for the oxo model related complex, although in this (grant 1980896) for financial support. The authors also ac-
case no change in the sign dfis predicted. The difference  knowledge Prof. Santiago Alvarez (University of Barcelona,
between the calculated and experimental values may arise fromspain) for helpful discussion and Dr. Octavio @fniversity

the different coordinating environment of the oxo ion and the of Rennes I, France) for the recording of the susceptibility data.
influence of the chloride bridges. A.V. acknowledges a CONICYT scholarship.

Conclusions

The mathematical model developed in this paper clearly  Supporting Information Available: X-ray crystallographic file
shows that the calculatedl values depend on the symmetry in CIF format for structure determination of complex QCle-
group used. (IMIDH) 4]. This material is available free of charge via the Internet at
http://pubs.acs.org.
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