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The new tetranuclear carbonate complex [Cu,L)2(CO3)]-8H,0 (1-8H,0) (HsL = (2-(2-hydroxyphenyl)-1,3-bis[4-(2-
hydroxyphenyl)-3-azabut-3-enyl]-1,3-imidazolidine) has been obtained by two different synthetic routes and fully
characterized. Recrystallization of 1-8H,0 in methanol yields single crystals of {[(CuzL)2(CO3)]}2-12H,0 (1-6H,0),
suitable for X-ray diffraction studies. The crystal structure of 1-6H,O shows two crystallographically different
tetranuclear molecules in the asymmetric unit, 1a and 1b. Both molecules can be understood as self-assembled
from two dinuclear [Cu,L]* cations, joined by a wsn%ntn* carbonate ligand. The copper atoms of each
crystallographically different [(CuzL),(COs)] molecule present miscellaneous coordination polyhedra: in both la
and 1b, two metal centers are in square pyramidal environments, one displays a square planar chromophore and
the other one has a geometry that can be considered as an intermediate between square pyramid and trigonal
bipyramid. Magnetic studies reveal net intramolecular ferromagnetic coupling between the metal atoms. Density
functional calculations allow the assignment of the different magnetic coupling constants and explain the unexpected
ferromagnetic behavior, because of the presence of an unusual NCN bridging moiety and countercomplementarity
of the phenoxo (or carbonate) and NCN bridges.

Introduction ordination chemistry has recently received particular atten-
tion, with inspiration drawn from such disparate fields as
bioinorganic chemistfyy* and/or the relationship between
the bridging modes of the carbonate ligand and the magnetic
propertiest?1°

The carbonate anion itself is a versatile bridging ligand,
which may adopt various binding modes, to generate com-
plexes of different nuclearity.® Copper(ll) carbonate co-

* To whom correspondence should be addressed. E-mail: gimatf69@

usc.es. (7) Kitajima, N.; Hikichi, S.; Tanaka, M.; Moro-oka, Y. Am. Chem.
T Departamento de Qmica Inorgaica, Facultade de Ciencias, Univer- So0c.1993 115 5496.
sidade de Santiago de Compostela. (8) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fursi, V.; Paoletti, P.;
* Departament de Qmica Inorgaica, Universitat de Barcelona. Valtancoli, B.J. Chem. Soc., Chem. Commu®95 1555.
§ Departamento de Qmica Inorgaica, Facultade de Qmica, Univer- (9) Comprehensie Biological Catalysis. A Mechanistic ReferenS&not,
sidade de Santiago de Compostela. M., Ed.; Academic Press: San Diego, CA, 1998; VehlV.
(1) Einstein, F. W. B.; Willis, A. CInorg. Chem.1981, 20, 609. (10) Fernandes, C.; Neves, A.; Bortoluzzi, A. J.; Szpoganicz B.; Schwingel,
(2) Palmer, D. A.; Van Eldik, R.Chem. Re. 1983 83, 651. E. Inorg. Chem. Commur2001, 4, 354.
(3) Mak, T. C. W.; Li, P.; Zheng, C.; Huang,KJ. Chem. Soc., Chem. (11) Mao,z-W.; Heinemann, F. W.; Liehr, G.; van Eldik, R. Chem.
Commun.1986 1597. Soc., Dalton Trans2001, 3652.
(4) Alvarez, R.; Atwood, J. L.; Carmona, E.; Perez, Poveda, M. L.; Rogers, (12) Escuer, A.; Pailba, E.; Vicente, R.; Solans, X.; Font-BadM. J.J.
R. D. Inorg. Chem.1991, 30, 1493. Chem. Soc., Dalton Tran§997, 2315.
(5) Escuer, A.; Vicente, R.; Kumar, S. B.; Solans, X.; Font-Bai. J.; (13) Escuer, A.; Mautner, F. A.; Palba, E.; Vicente, RInorg. Chem.
Caneschi, Alnorg. Chem.1996 35, 3094. 1998 37, 4190 and references therein.
(6) Bode, R. H.; Driesden, W. L.; Hulsbergen, F. B.; Reedijk, J.; Spek, (14) Nishida, Y.; Yatani, A.; Taka, J.-l.; Kashino, S.; Mori, W.; Suzuki, S.
A. L. Eur. J. Inorg. Chem1999 505. Chem. Lett1999 135.
10.1021/ic0482741 CCC: $30.25 © 2005 American Chemical Society Inorganic Chemistry, Vol. 44, No. 14, 2005 5011

Published on Web 06/14/2005



Scheme 1
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Table 1. Crystal Data and Structure Refinement fe6H,0
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/

The magnetic behavior of the dinuclear copper carbonate
complexes is the best understood among those of polynuclear
carbonate compounds. In fact, higher nuclearities are less
common and tetranuclear copper carbonate complexes are
still scarce in the literature. To the best of our knowledge,
only four us-n%n*n* carbonate copper compounds have been
crystallographically characterizéd?1’three of which were
magnetically studied, and they show a net antiferromagnetic
couplingt27

Additionally, dinuclear Cu(ll) complexes with two phe-
noxo bridging ligands are widely reported in the literature.
This kind of compound frequently shows square pyramid

geometry around the copper atoms and a strong antiferro-

magnetic coupling. By contrast, few compounds showing
only one phenoxo bridging ligand have been descri§ed.
Recently, we have report&dhe dinuclear copper complexes
[Cu.L(AcO)]%2and [CuL(OMe)],2%° with the heptadentate
Schiff base ligand bL depicted in Scheme 1. In these
compounds, the Cu(ll) ions are bridged by the central

empirical formula G10H12dN16030CUs
formula weight 2662.70
temperature (K) 293(2)
wavelength (A) 0.71073
crystal system triclinic
space group P-1
a(h) 14.202(4)
b (A) 16.580(4)
c(A) 25.376(7)
o (deg) 93.182(5)
p (deg) 104.313(4)
y (deg) 92.762(5)

2
absorption coefficient (mmn) 1.528
crystal size (mi$) 0.29x 0.23x 0.12
reflections collected 22931
independent reflections 22931
absorption correction SADABS
data/restraints/parameters 22931/0/1513

final Rindices | > 20(1)]
Rindices (all data)

Ry =0.0772, wR2= 0.2117
R; = 0.1243, wR2= 0.2380

Experimental Section

General Procedures.Elemental analysis of C, H, and N was
performed on a Carlo Erba EA 1108 analyzer. The IR spectrum
was recorded as a KBr pellet on a Bio-Rad FTS 135 spectropho-
tometer in the range 40600 cntl. The electrospray mass
spectrum was obtained on a Hewlett-Packard LC/MS spectrometer
in methanol as the solvent. A powder X-ray diffractogramlof
8H,O was recorded at room temperature on a Siemens D5005

phenoxo group of the Schiff base and by an external acetateyifractometer using Cu K radiation ¢ = 1.5406 A).

or methanolate ligand, and they show an overall ferromag-
netic coupling.

In this work, we describe a new Cu(ll) complex with the
same HL heptadentate Schiff base ligand. In this case study,

Syntheses.HsL (Scheme 1) and [GlL(OACc)]-6H,O were
obtained as previously describ&d. All of the solvents and
tetramethylammonium hydroxide pentahydrate are commercially
available and were used without further purification.

a tetranuclear complex containing carbonate and phenoxo [(CuzL)2(CO3)]-8H.0 (1-8H.0) can be obtained by two dif-

groups functioning as bridging ligands was isolated. Its

ferent methods:

synthesis, crystal structure, and magnetic properties are (1) Chemical SynthesisNMe,OH-5H,0 (0.073 g, 0.40 mmol)

studied. Because of the unusual ferromagnetic coupling
observed, DFT calculations were carried out in order to
explain the origin of this apparent anomalous behavior.
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was added to a methanol solution (20 mL) of jC{DAc)]-6H,O

(0.3 g, 0.40 mmol) in air. The mixture was stirred for 4 h, and the
resultant green solution was filtered in a sintered glass funnel to
eliminate any minimal impurity. Slow evaporation of the solution
afforded green small crystals, which were filtered and dried in air.
The analysis of the sample is in agreement with the J(F(CO5)]-
8H,0 proposed stoichiometry. Yield: 0.15 g (55%). Anal. Calcd
for CssH7oNgO17Cuy (Found): C, 48.3 (48.3); H, 5.1 (5.3); N, 8.2
(8.3). MSm/z (+ES): 581.5 ([CuL] ™). IR (cm %, KBr disk): 1535,
1342 (¢(COy)), 1633 ¢(C=N), 3425 ((OHy)).

Crystals of {[(Cu,L)2(COs)]}2r12H,0 (1-6H,0) suitable for
single X-ray diffraction studies were obtained by the slow evapora-
tion of a dilute solution ofL-:8H,O in methanol.

The same complex is obtained if acetonitrile instead of methanol
is used as a solvent.

(2) Electrochemical SynthesisAn acetonitrile solution of KL
(0.1 g, 0.218 mmol), containing ca. 10 mg of tetramethylammonium
perchlorate, was electrolyzed at 10 mAy #h 20min, using a
platinum wire as the cathode and a copper plate as the anode. The
resulting green solution was filtered in a sintered glass funnel to
eliminate the minimal possible impurity. Slow evaporation of the
filtered solution yieldedl-8H,0 as small crystals.

Single X-ray Crystallographic Measurements.Prism green
crystals of1-6H,0, suitable for single-crystal X-ray studies, were
obtained by slow evaporation of a methanol solutiorl&H,O.
Crystal data and details of refinement are given in Table 1. Data
were collected at 293 K on a Bruker SMART CCD-1000 diffrac-
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tometer, employing graphite-monochromatic Ma. K = 0.71073 + 1 different spin distributions and to solve thequations system

A) radiation. Data were processed and corrected for Lorentz and obtained from the energy differences between diagonal terms of
polarization effects. A SADABS absorption correction was ap- the Hamiltonian matrix. Thus, for instance, the equation corre-
plied?” The structure was solved by direct methods and refined by sponding to the energy difference between the high-spin distribution
full matrix least squares based BA using the SHELX-97 program  (all of the paramagnetic centers with spin up) and the spin
package® Non-hydrogen atoms were anisotropically refined. distribution (LS1) with Cul and Cu3 cations with spin down (see
Hydrogen atoms bonded to carbon were included in the structure Scheme 2) can be easily obtained, as it is described in ref 31, by
factor calculation in idealized positions but not refined. Hydrogen analyzing the changes of the sign of the interactions. There are

attached to oxygen atoms were located in the Fourier map and
included at these sites, with a fixéd = 0.1 A2, without further
refinement.

Magnetic and Electron Paramagnetic Resonance (EPR)
Measurements.Magnetic susceptibility measurements for crushed
crystalline samples of-8H,0 were carried out at the Servei de
Magnetoqimica of the Universitat de Barcelona with a Quantum
Design SQUID MPMS-XL susceptometer, working in the range
of 2—300 K under magnetic fields of 500 G{37 K) and 10 000
G (2—300 K). Magnetization a2 K was recorded between 0 and
50 000 G. Magnetic fields of 2500, 5000, 10 000, 20 000, and
30 000 G were used for magnetization measurements in th€71.8
K temperature range. Diamagnetic corrections were estimated from
Pascal tables. The fit was performed minimizing the funcior
Z(mTexp — mTca)7Z(mTexp)? TheymT vs T curves at 500 and
10 000 G overlay.

EPR spectra of crushed small crystalsleBH,O were recorded

changes in thel;, J,, and J; interactions between both spin
distributions (see Scheme 2) resulting in the following equation

Eis—Esi=—dh— 3~ 2, 1)
Hydrogen atoms were included in the dangling bonds of the
dinuclear models employed to check the countercomplementarity
effect to preserve the neutral charge of the molecule, avoiding
negative values.

The hybrid B3LYP function&f has been used in all of the
calculations as implemented in Gaussiaf*@ mixing the exact
Hartree-Fock-type exchange with Becke’s expression for the
exchange function&l and that proposed by Leé’ang—Parr for
the correlation contributio?f Such a functional provides calculated
Jvalues in excellent agreement with the experimental vali&€s®
Basis sets proposed by Schaefer et al. have been employed
throughout, with triplez quality for the copper atoriand doubles

at the X-band (9.4 GHz) frequency with a Bruker ESP-300E for the main group element8.
spectrometer, at room temperature and 5 K, at the Servei de
Magnetoqimica of the Universitat de Barcelona.

EPR Simulation. A program written by H. Weih# was used . . .
to simulate powder EPR spectra. The simulation was performed [(CuzL)o(CO;)]-8H0 (1-8H0) was obtained by two

by generating the energy matrix for each orientation of the molecule dlffere_nt Synthetlc_ routes, a Ch(_emlcal method an_d electro-
relative to the magnetic field. The resonance condition for each chemical synthesis. The chemical method consists of the
transition was then found by successive diagonalizations and reaction of Cul(OAc)-6H,0%* with NMe,OH-5H,0 in
iterations of the energy matrix, and the relative intensities were methanol or acetonitrile in air. This indicates that the acetate
calculated from the eigenvectors multiplied by the appropriate complex can act as a carbon dioxide scrubber in a basic
Boltzmann factor at 5 K. Summation of all the transitions over the medium, to convert it into carbonate. Such a reaction is not
whole space, where each transition is represented by a differentiatedwithout precedent, as it is well-known that basic solutions

Results and Discussion

Gaussian curve, gives the simulated spectrum. The spin Hamiltoniangf transition metal complexes can react with Jm air.

used for the simulation include the ZFS parameigrand E.
Computational Details. A detailed description of the compu-
tational strategy to calculate the exchange coupling constants in
polynuclear complexes is outside the scope of this paper. In this
work, we have followed a procedure extensively described in
previous paper&®-32 The exchange coupling constants are intro-

duced by a phenomenological Heisenberg Hamiltofas —XJ;

S'S (wherei labels the different kind of exchange constants, and
j andk make reference to the different paramagnetic centers) to
describe the interactions between each pair of paramagnetic
transition metals present in the polynuclear complex. For all
practical purposes, to evaluate the differedtcoupling constants

in one complex, we need to perform at least the calculations for
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However, this reaction usually yields dinuclear and trinuclear

copper complexes, and higher nuclearities are still far less
common. In fact, systematic methods to isolate tetranuclear
carbonate compounds are scarcely described in the litera-
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ture®*”and the nuclearity of the complex seems to depend
to a great extend on the copper salt empldyaaid on the
reaction conditions (the quantity of water present in the reac-
tion medium, time of exposure to air, eté)n our case study,
these conditions do not seem to play as important of a role
as the complex can be isolated by two such disparate routes
as the previously mentioned chemical method and in an
electrochemical cell. Furthermore, in both cases the com-
plex is unique, and the reaction proceeds in a short time
period. In addition, we have recently published that a similar
tetranuclear zinc complex could also be isolated by means
of these two synthetic procedur&sCherefore, it seems that
the type of ligand employed in this work favors the tetra-
nuclearity and that the described routes appear to constitute
easy ways of obtaining tetranuclear carbonate complexes
from metal precursors and adventitious carbon dioxide.

Spectroscopic, spectrometric, and analytical methods were
of some use in the structural elucidation of the present
complex, but X-ray crystallographic determinations were
required to show the full details. Thus, the IR spectrum of
1-8H,0 contains a sharp band at 1633 ¢min agreement
with the coordination of the Schiff base to the metal atoms
through the imine nitrogen atoms. Two sharp absorption
bands at 1535 and 1342 chare consistent with the presence
of the carbonate ligantt;*® and a wide band centered at
3425 cm! agrees with the hydration of the complex. The
electrospray ionization (ESI) mass spectrum shows the
existence of dinuclear units in solution, with a peak at ca.
581 (100%) m/z, corresponding to [GlL]™ fragments.
However, peaks related to the whole carbonate complex
could not be assigned. This is may be because of the neutral
nature of the tetranuclear molecule. ot mp O cats

Crystal Structure of {[(Cusl) Z(C_O3)]}2'12H20, Figure 1. An ORTEP view of the crystal structure af Ellipsoids are
(1-6H20). Crystals of1:6H,O were obtained as detailed drawn at 40% probability.
above. An ORTEP view ofl is shown in Figure 1.

Experimental details are given in Table 1 and selected bondcenter of the rectangle and showing.a,%n*:n! coordina-
lengths and angles in Table 2. tion mode: one oxygen atom bridges both metal centers of
The asymmetric unit ofl-6H,O contains two crystallo-  the same [CsL] T unit and the remaining two oxygen atoms

graphically different [(Cul)2(CO;5)] molecules that will be are linked in a syrasyn binding mode to each one of the
called 1a and 1b. Additionally, 16 water molecules are copper ions of the second dinuclear cation. It is remarkable
present in the unit cell, with 6 of them at partial occupancies, that this is the first copper complex of this type where the
adding up a total of 12 water solvates. carbonate ligand is not disordered.
laand1b are quite similar, despite significant geometric ~ The [CwyL]* fragments show that the ligand fic]provides
differences and will be discussed together. Both moleculestwo N,O compartments, every one allocating a copper atom.
can be understood as self-assembled from two dinuclearin addition, the central ligand arm affords a phenoxo oxygen
[Cu.L]* units bridged by the carbonate ligand (Figure 2), donor, which shows different coordination behavior for each
giving rise to tetranuclear copper entities. The labels of the ligand of the same tetranuclear molecule:
atoms are in agreement with this consideration. Thus, the (1) For one [Cul]* fragment K = 2 for 1a, 4 for 1b),
first number of the labels indicates the dinuclear moiety under the phenoxo oxygen atom of the middle ligand arm [O(X03)]
discussionX = 1, 2 for the [CulL] ™ units oflaandX = 3, joins both metal centers. This gives rise to a quite symmetric
4 for the [CuL]* units of 1b). Cu—Oprenoxs—Cu bridge, as reflected by the €E@(X03)
The four copper atoms are placed on the vertexes of adistances. Therefore, the two copper atoms of this unit
distorted rectangle, with the carbonate ligand lying in the show two different bridges: GCtO,Ocabonaz-CU, and
(41) Fondo, M.: Gara-Deibe, A. M. Bermejo, M. R.. SanmérJ- Cu—Ophenoxs—Cu, with distances Cu(X1}Cu(X2) of ca. 3.3

Llamas-Saiz, A. L.J. Chem. Soc., Dalton Tran2002 4746. A. The Cu-Opnenoxs~CuU angles are 110.2(3nd 114.8(3)

(42) El?uegsieb%gsst,e% l\g%tzr, F.; Vidovic, D.; Pritzkow, B.. Anorg. for laandlb, respectively, with the CuO—Cu ideal plane
. em. . . . .
(43) Do%”e’ R. P.. Kruger, P. E.. Moubaraki, B.: Murray, K. S.: Nieuwen- nearly perpendicular to the central aromatic ring (89fb®

huyzen, M.J. Chem. Soc., Dalton Tran2003 4230. laand 90.64 for 1b).
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Table 2. Main Distances (A) and Angles (deg) far6H,O

la 1b la 1b
Cu(11-0(101) 1.937(6) Cu(32)0(302) 1.925(6) Cu(12)-Cu(22) 4.889(2) Cu(32)>Cu(42) 4.837(2)
Cu(11)-N(101)  1.965(7) Cu(32)N(302)  1.949(7) O(10BCu(11)-0(11) 93.5(2) 0(302)Cu(32)-0(21) 92.8(3)
Cu(11»-0(11) 2.055(5) Cu(32)0(21) 2.003(6) N(101)Cu(11)-O(11) 131.8(3) N(302)Cu(32)-0(21) 138.8(3)
Cu(11)-N(103)  2.075(7) Cu(32)N(304)  2.085(7) O(10BHCu(11)-N(103) 173.6(3) O(302)Cu(32)-N(304) 174.7(3)
Cu(11-0(103) 2.093(6) Cu(32)0(303)  2.225(6) O(1HCu(11)-N(103) 90.6(2) O(21)Cu(32)-N(304) 91.4(3)
Cu(12)-0(102)  1.898(5) Cu(3H0O(301)  1.902(5) N(10B)Cu(11)-0O(103) 146.6(3) N(302)Cu(32)-0(303) 141.9(3)
Cu(12)-N(102)  1.932(6) Cu(3BN(301)  1.921(8) O(1BCu(11)-0(103) 80.5(2) 0O(21Cu(32)-0(303) 78.0(2)
Cu(12)-0(11) 1.935(7) Cu(3BH0(21) 1.941(6) O(11Cu(12)-N(102) 171.9(3) N(301)Cu(31)-0(21) 170.9(3)
Cu(12)-N(104) 2.135(7) Cu(BBIN(303)  2.146(7) O(102)Cu(12)-N(104) 173.4(3) O(30BCu(31)-N(303) 170.8(3)
Cu(12)--0(103) 2.467(7) Cu(31)-0(303)  2.404(7) N(205Cu(21)-0(203)  152.4(3) N(40BCu(41)-0(403)  161.4(3)
Cu(21)-0(201)  1.925(7) Cu(4BDO(401)  1.949(6) 0(20HCu(21)-N(203)  169.6(3) O(405Cu(41)-N(403)  165.8(3)
Cu(21»-N(201) 1.963(7) Cu(4b)N(401)  1.948(7) 0201 Cu(21)-0(12) 93.2(3) 0O(401)yCu(41)-0(22) 93.9(3)
Cu(21)-0(203)  1.990(6) Cu(4HO(403) 1.957(5) N(20HCu(21)-0(12) 99.4(3) N(401)Cu(41)-0(22) 98.9(3)
Cu(21)-N(203)  2.117(8) Cu(41yN(403)  2.126(7) 0(203)Cu(21-0(12)  107.9(2) O(403)Cu(41)-0(22) 99.4(2)
Cu(21)-0(12) 2.129(6) Cu(4H0(22) 2.094(6) N(203)Cu(21)-0(12) 96.7(3) N(403)Cu(41)-0(22) 99.9(3)
Cu(22)-0(202)  1.942(5) Cu(42)0(402)  1.938(6) N(202)Cu(22)-0(203)  161.2(3) N(402)Cu(42)-0(403)  158.2(3)
Cu(22)-N(202) 1.960(7) Cu(42)N(402)  1.960(7) 0O(202)Cu(22)-N(204) 167.4(3) 0O(402)Cu(42)-N(404) 166.1(3)
Cu(22)-0(203)  1.978(5) Cu(42)0(403)  1.966(5) 0(202)Cu(22)-0(13) 89.6(2) 0(402)Cu(42)-0(23) 98.4(3)
Cu(22)-N(204) 2.081(7) Cu(42)N(404)  2.115(7) N(202)Cu(22)-0(13) 95.8(3) N(402)Cu(42)-0(23) 97.8(3)
Cu(22)-0(13)  2.119(6) Cu(42)0(23)  2.089(6) 0(203)Cu(22-0(13)  102.8(2) 0(403)Cu(42)-0(23)  103.8(2)
Cu(11)--Cu(12) 3.2201(17) Cu(3%)Cu(32) 3.2305(18) N(204)Cu(22)-0(13) 102.0(3) N(404)Cu(42)-0(23) 95.3(3)
Cu(21)--Cu(22) 3.2543(17) Cu(44)Cu(42) 3.3043(17) Cu(22)0(203)-Cu(21)  110.2(3) Cu(4BDO(403)-Cu(42) 114.8(3)
Cu(11)--Cu(21) 5.254(2) Cu(31)-Cu(41l) 5.030(2) Cu(12)0(11)-Cu(11) 109.0(2) Cu(BHO(21)-Cu(32) 111.6(3)

Accordingly, the metal atoms of this unit are in apQy Cu—0(X1) bond lengths reflect the asymmetry of this bridge,
environment, with the coordination sphere made up of the with a Cu—O(X1)—Cu angle of ca. 110 This situation gives
N.O donor set of one cavity of the ligand, one oxygen atom rise to one copper atom in arn®, environment (Cu(12) in
of the bidentate carbonate linkage (O(X2) or O(X3)), and l1a and Cu(31) inlb) and one in an BD; environment
the central phenoxo oxygen atom O(X03). Analysis of the (Cu(11) in 1a and Cu(32) inlb). The geometry around
7 parameter (0.287, 0.103, 0073, and 0.130 for Cu(21), Cu(12) and Cu(31) is distorted square planar, with Cu(12)
Cu(22), Cu(41), and Cu(42), respectively) indicates a dis- above ¢-0.1427(37) A) and Cu(31) below-0.0933(32) A)
torted square pyramidal geometry for the copper atoms. Boththe mean-square-calculated plane.
pyramids of the same [GL]* moiety share O(X03) as a The geometry of the pDs; pentacoordinated centers is
basal vertex, with the carbonate oxygen atom (O(X2) or highly distorted, as ther parameter reflects (0.45 for
O(X3)) at the apex. It is remarkable that, to the best of our Cu(11) and 0.55 for Cu(32)). A strict reading of these values
knowledge, this is the firsis-n*n'n' carbonate copper  seems to indicate that the geometry for Cu(1) {s closer
complex where th@>-O,0 atoms occupy apical sites of the  to the square pyramid and for Cu(32)bj to the trigonal
polyhedron. The calculated mean basal planes of thepipyramid. However, an analysis of the bond lengths and

pyramids form angles of 38.81(25and 34.39(26)for 1a  angles shows that these parameters do not reasonably match
and 1b, respectively, showing the non-coplanarity induced with any of the geometries and that the situation should be
by the constrained ligand. best considered as intermediate.

(2) For the second [GU] " moiety (X = 1, 3) of the As a result of all the discussed geometrical featuies,
tetranuclear complex, the phenoxo oxygen atom of the cen-5n4 1 present the unfamiliar characteristic of various
tral arm, O(X03), is just coordinated to one metal center, cqoqrdination polyhedra for the four copper atoms: square
Cu(11) inlaand Cu(32) inlb. The distance of this oxygen yramid (Cu(21) and Cu(22) iha and Cu(41) and Cu(42)
atom to the second metal center is quite long to be considered, 1b), square planar (Cu(12) iba and Cu(31) inLb), and

as a true coord_ination bond an_d shoul_d be best described a$htermediate between square pyramid and trigonal bipyramid
a secondary intramolecular interaction. Therefore, both (Cu(11) inlaand Cu(32) inlb).

copper ions are single bridged by the carbonate oxygen atom

O(X1), with Cu(X1y--Cu(X2) distances of ca. 3.2 A. The Finally, it is worth noting that the copper atoms of the

same [Cul]" fragment are bridged by a NCN function

[N(X03)C(X20)N(X04)], in addition to the carbonate and
@ phenoxo linkages described, and this is a common structural
| singularity for all of the [CulL]™ dinuclear cations.
<_ N*::b ,J-'O °‘~;Cﬁ«_'_'_N_> The X-ray powder diffractogram of-8H,O has been
N ‘::;xo\ N recorded and compared with the oneleH,O, simulated
[N@DOF'Q»? &Nj from experimental single X-ray data. Both diffractograms
o OZICuiif'_? are quite similar, indicating that the number of water solvates
'1 ? r present in the unit cell does not seem to significantly affect
k@ the structure of the tetranuclear complex.
Magnetic Measurements.The magnetic properties of
Figure 2. Schematic representation of the [(C)»(COs)] complex. 1-8H,0 have been investigated in the-200 K temperature
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Figure 3. ymT vs T plot: squares, experimental data and solid line, fit
with J; = 12.42 cm?, J, = 39.44 cmt, J3= 0.5 cn1?, Jy = —1.26 cn1l,
andg = 2.1.

the experimental values, d = 16.31 cm?, J, = 30.00
cmi, J3=—-0.50 cn!, Jy;=2.24 cm?, andg=2.1 R=
1.2 x 107%).

From these results, it can be clearly inferred: (a) that the

range. They T value at room temperature is 1.67 tmolt two dinuclear sites (Cu(d)Cu(2) and Cu(3)-Cu(4)) show
K, which is the expected one for the four Cu(ll) ions with a the major ferromagnetic contribution, but it is not possible
g value of 2.11. They T product increases with decreasing 0 assignJ: and J; to an specific site, and (b) that the
temperature, reaching a maximum of 2.93enol 1 K at 2 interactions through the syranti carbonate ligand are weak
K (Figure 3). This behavior is characteristic of ferromagnetic and, at least, one of them can be antiferromagnetic.
coupling, although the observegyT maximum value is As discussed before, Cu(1) and Cu(2), bridged by one
lower than the ordinary one for a ground statSef 2 (3.39 oxygen atom of the carbonate ligand, show different coor-
cn® molt K with g = 2.11). dination polyhedra: one copper ion is in a square planar
Magnetization measurements2eK follow Brillouin’s law environment while the geometry for the other one is an
predictably for anS = 2 state, in agreement with the intermediate betw_eer_1 square pyramid and trigonal b_|pyram|d.
ferromagnetic behavior observed. Besides, magnetizationTherefore, the bridging oxygen atom can be considered as
measurements were recorded in the temperature range ofWinging between a basaapical and basalbasal position
1.8-7 K at different magnetic fields from 2500 to 30 000 ©f the |deal|zgd coordination polyhedra (_Flgure.4). Cu(3) and
G. The obtained/NB vs H/T graphs superimpose (Figure CU(‘D are bridged by the carbonate ligand In-a-syyn
S1), indicating small zero field splitting. fashion, and these oxygen atoms are the apical vertexes of
Several models were tested to explain the magnetic the square pyramids. Besides, Cu(3) and Cu(4) also share a
behavior, on the basis of the structural data obtained by Phenol oxygen atom as a basal vertex of their square
single X-ray diffraction studies. In a first approachgan pyramidal chromophores. Th_us, to understand thr_e factors that
be considered as two dinuclear complexes composed of (a)d0vern the magnetic behavior &f compounds with close

Cu(Ly--Cu(2), bridged by one oxygen atom of the £0O stru_ctural features were revised. _ o o
ligand in auz-5>O fashion and (b) Cu(3)-Cu(4), bridged Different carbonate complexes with a similar coordination

by one phenoxo group and by the carbonate ligand in amode of the carbonate ligand to that foundLiare listed in
12" n1-0,0 mode (see Scheme 2). Table 3. The magnetic interaction through the;?-O atom

The experimentajT values do not fit well with this of the carbonate bridge can be ferro- or antiferromagnetic.
approach of two dinuclear sites with for Cu(1}--Cu(2) On one hand, this interaction seems tq be weak and
andJ, for Cu(3)+--Cu(4). Therefore, the interactions through ferromagnetic when the oxygen atom occupies a basal vertex
the carbonate ligand coordinated in a symti fashion  ©f 0ne polynedron and the apical posmolr; of the other one,
(Cu(Ly--Cu(3) and Cu (2}-Cu(4) withJ) and the crossed 2 N [Cl(bpy)io(u-COs)2(u-OH)J(CIO4)s.* On the other
interactions (Cu(2)-Cu(3) and Cu()-Cu(4), with,) were hand, strong antiferromagnetism is observed when the
considered. The spin Hamiltonian used for the fitting with
the CLUMAG program¥* wasH = —Ji(5'S) — J(S'S)

Oso3~..
Newrcome=<N Nam,:}) ..
oINS [ oug N

—H((ES'S+SS) WSSt SS). N1o1‘3‘\‘C¢u" N ///C“‘{ f““\‘\\ N,

Different sets of parameters can be obtained; in all cases, Oor  O7-==="Ooy Ogo1- 777" Oz sz
the g value is close to 2.1 andy andJ, are ferromagnetic PN 02L
and more important thay andJ,, as expected. The best fit '0201012 O3 o o 0,7 0m
gave values ofl; = 12.42 cm?, J, = 39.44 cm?, J; = % "’cJ]fr-o—’-‘..',\‘\‘E 2 “»9,‘/‘[:‘:0--,;\-"\\30‘302
0.50 cn?, J, = —1.26 cm?, andg = 2.1 R= 9.3 x 10°5) SN e T O L 10022 N
(Figure 3), but other sets of parameters also fit well with Nagg 2% TN Na04

la 1b

(44) Gatteschi, D.; Pardi, L. CLUMAG Prograr®azz. Chim. 1tal1993
123,231.
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Figure 4. Schematic representation of the corelafand 1b, depicting
the two extreme geometric situations around the copper atoms.
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Table 3. Carbonate Complexes with Similar Coordination Mode to Table 4. Magnetic Interaction for Cu(ll) Complexes with Only One
Compoundl. The J Values Correspond to the Spin Hamiltoniein= Phenoxo Bridging LigandH = —J $§-S)
7‘] .
5% . J(cm™Y) #a ref
compound J(em™) |[# o (®) ref
(CUzL(Hzo)z)(C|04)3b 4.2 b-a 20
—0 (Cw(LY)Clp)ClO4° 0 a-a 21
@ e (Cu(CHsHXTA)(H 0))He 0 b-a 22
Na(Cw(CHsHXTA)(py)2)¢ —168 b-b 23
Cug(b -CO3)x(L-OH),](ClOg)s * [ 3.25 b-a| 124 18 (CUL(NO2)2(H20))CIOs —122 b-b 24
[Cue(bpy)10(1-CO3)2(11-OH)2](ClO04)6 (CLL(OH)2)(CFS Oy 0 aa o
[Cus(bapa)s(s-COs)(u-Br)s]Brs ° -275  |b-b|1284 |12 (CreL(AcO))® 40.2 b=b 26a
. a# respresents the position occupied by the oxygen atom in the
[Cus(bapma)s(is-CO3)(u-Cl)2]Cly -390 b-b|129.3 |12 coordination polyhedra of the Cu(ll) ionsbasal and & apical.PL =
. anion of 2,6-bis[(bis(benzimidazolylmethyl)amino)methpitresol.c HL!
[Cug(dpt)a(is-CO3)(-Cl1)2](ClO4)4 - 190 b-b | 121 17 = 2,6-bis[bis(2-pyridylmethyl)-aminomethyl]-4-methylphenbCH3HXTA
= N,N'-(2-hydroxy-5-methyl-1,3-xylylene)biskcarboxymethylglycinej LH
N0 o ot = 2,6-bis(N-methylpiperazino)methyl)-4-chlorophenéL = octaaminotet-
L éu i,u raphenol9 HsL = 2-(2-hydroxyphenyl)-1,3-bis[4-(2-hydroxyphenyl)-3-

azabut-3-enyl]-1,3-imidazolidiné.This compound shows one acetate bridge
in apical positions also, and L is the same ligand as in compdund

syn-syn syn-anti

Cug(b -CO3)(p-OH)](Cl0s)s* | 2.75 b-b [ syn-anti |18 _ o
(P CORROMRICIO: coupling was observed. [G(MeO)],2%* containing a phe-

[Cu(COs)(4-apy)a]n © 11 b-b | syn-anti | 15 noxo bridging moiety as the common apical vertex and a
methanolate bridging ligand as a common basal position,
shows the same magnetic pattern, and in this case, the
[Cus(bapa)s(us-CO3)(1-Br)2]Bry ° -31 b-b | syn-syn | 12 ferromagnetic coupling seems to be mainly mediated by the
methanolate oxygen atom. Compoudd with the same
heptadentate Schiff base ligand, also shows a global ferro-
[Cuy(dpt)a(us-CO3)(u-Cl)2](ClO4)s ¢ -22 b-b | syn-syn | 17 magnetic interaction.
Therefore, comparison with the literature does not help
#Position occupied by the oxygen atom in the coordination polyhedra to elucidate the origin of the described magnetic be-
of the Cu(ll) ions, b= basal and & apical.® bpy = 2,2-bipirydine.*bapa  havior. Consequently, DFT calculations with the experi-
= bis(3-aminopropyl)amin€.bapma= bis(3-aminopropyl)methylamine. . . .
d dpt = bis(3-aminopropyl)aminet 4-apy= 4-aminopyridine! ascidH = mental atomic coordinates df were performed to obtain
ascidiacyclamide. the J values for such system and to try to assign the dif-
ferent coupling constants. As previously indicated, com-
oxygen atom is shared by the basal planes of the squareplex 1 has two crystallographically different molecules
pyramids, as reported for the other tetranuclear complexesin the unit cell. Accordingly, we have calculated tde
described in the literatufé:” In compoundl, a small values for both molecules (see Scheme 2), with the fol-
antiferromagnetic interaction should be expected due to thelowing results: 1a,J; = 11.0 cm%, J, = 25.8 cmt, J; =
particular location of theuy-#?>-O atom of the carbonate 0.11 cm?, andJ, = 1.3 cnt%; 1b, J; = 11.1 cmit, J, =
ligand (basatapical and basalbasal) and the degree of 21.5 cnt!, J; = —0.06 cnt!, andJ, = 2.1 cntl. The
distortions. calculatedJ values are very similar in both cases and
When the carbonate ligand bridges both Cu(ll) ions in a reproduce the trends of the CLUMAG fitting: (&) andJ,
u-ntnt-0,0 mode, with the oxygen atoms placed in basal are the strongest coupling constants and both are ferromag-
positions, the magnitude of the magnetic interaction is usually netic, with J, being larger thard; (see Scheme 2); (b) the
small, and it can be ferro- or antiferromagnetic. In compound magnetic coupling through the carbonato ligadgand Js)
1, these oxygen atoms occupy the apical positions of theis very weak. Thel, coupling constant is ferromagnetic,
polyhedra, and this way of interaction can be considered while the J; coupling constant is very small and to predict
irrelevant. the sign of this interaction is beyond the accuracy of the
Moreover, the number of copper(Il) compounds with only e€mployed method.
one phenoxo bridging ligand described in the literature is The two sets of DFT calculated values (one for each
limited. Table 4 summarizes the complexes with a square crystallographic molecule) were used in the CLUMAG
pyramidal arrangement around the Cu(ll) ions and only one progrant* to create the theoretical T vs T plot for both
phenoxo bridging ligand. This kind of complex shows weak complexes 1a and 1b). The curves with the estimatel
ferromagnetic (or negligible) interaction when the oxygen values (see Figure 5) are in good agreement with the
atom of the phenoxo group is in basalpical or apicat experimental data. The shape of the graph between 50 and
apical positiong® 2225 |n contrast, when the oxygen atom 100 K is very sensitive td,, and the calculated curve shows
is shared by the basal plane of both coordination polyhedra,its maximum deviation from the experimental one in this
a strong antiferromagnetic interaction is operatit#.The area. A larger calculated} value would give a better match
magnetic properties of [GU(AcO)]?%2 constitute the only  of both curves in this region. In fact, the best fit of the
exception to this behavior. In this case, despite the basal experimental data is obtained with ~ 30—40 cn?, as
basal location of the phenol oxygen atom, a net ferromagneticindicated above.

[Cuy(ascidH,)(u-CO3(H,0),] 1.6 b-b | syn-anti | 19

[Cuy(bapma)s(1Ls-CO3)(u-Cl),]Cly © -26 b-b | syn-syn | 12
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Table 5. Exchange Coupling Constants and Energy Gap of SOMOs
Corresponding to the Triplet State Calculated with the B3LYP
Functional for Different Dinuclear Models for thi andJ, Interactions
of the Two Complexeda and1b Reducing the Number of Active
Bridging Ligands

".‘é la 1b
JE bridging ligands J(cm™ AE (au) J(cm?) AE (au)
g exchange pathway
= O (CO?), +8.8(+11.0p 0.003 +7.7(+11.1) 0.005
< NCN
O (COs*) —26.8 0.016 —38.7 0.018

exchange pathwa,
OCO, NCN, +23.3 (-25.8) 0.011 +18.0+21.5) 0.010

T : — o (oPh)
100 150 200 250 300 NCN, O (OPh) +26.6 0012 +155 0.015
TIK O (OPh) ~29.7 0016 —50.8 0.018

Figure 5. Graph of themT vsT plot, simulated with the exchange coupling aValues in parentheses correspond to the calculdtealues using the

constants calculated with the B3LYP functional. The two nearly superim- whole structure of the complexes.
posed lines correspond to the simulated graph with the parameters obtained

for complexeslaand1lb (solid and dashed line, respectively). The squares . . - .
are the experimental data to allow comparison. hvalue was fixed ay However, when the NCN link is eliminated, the resulting

=21, coupling through the phenoxo ligand becomes antiferromag-

The DFT calculations also allow assignidgandJ, to a netic (Table 5). )
specific site. Thus, the strongest interactiah) (occurs These results clearly show the eX|sten_ce_of a counter-
between Cu(3) and Cu(4), which seems to be mediated bycomMPlementary effett’” between the bridging ligands
the uz-1%-Opnenoiatom, while theuz-2-Ocaronaidridge seems accounting for the]l and J, exchange couplings ifia an(_:i
to promote a weaker ferromagnetic coupling between Cu(1) 1P- Thus, despite that the phenoxo or carbonato-bridged
and Cu(2) g). rnode[s show an expegted antlferrqmagnetlc couplmg, the
Therefore, the DFT calculations are in good agreement |nc'lu5|on of the NCN bridge results in neF ferromagnetism.
with experimental results and allow assigning each coupling This effect can be understood by analyzing the energy gap
constant to and specific site. However, the origin of the ©f Singly occupied molecular orbitals (SOMOs): the presence
relatively largeJ; andJ, positive values is still unclear since  ©f all of the bridging ligands reduce the energy gap, leading
the bridging ligands involved in such exchange pathways to amod_erate ferromagnetic coupling in agreement with the
usually favor antiferromagnetism (see Tables 3 antf4f).  Hay—Thibeault-Hoffmann modef? These results for the
Consequently, the structure of the complex was once againdmuc_lear model; also confirm the slight rolg of the_carbonato
analyzed, and this more accurate analysis shows the presenc@ldging ligand in theJ, exchange coupling. This is an
of an additional NCN bridge, supplied by the Schiff base expect(_ad fact, considering the relatively long-€D axial
ligand. Thus, theJ; coupling constant includes the sum of Pond distances (between 2.09 and 2.12 A).
two contributions: a single-oxygen bridging atom from the ~ The spin density distribution for the complexga and
carbonato ligand and an NCN bridge from the Schiff base. 10 is shown in Figure 6. The main mechanism is the
In the same way, thé, coupling constant is made of three ~delocalization, logically considering the electronic configu-
different contributions: a-7%%-0,0 carbonato ligand, a  'ation of the Cu(ll) cation bearing the unpaired electron in
bridging phenoxo oxygen atom, and an NCN bridge from M—L antibonding orbitals? There is not significant negative
the Schiff base ligand. spin population in such molecules, reflecting the small role
New DFT calculations were performed on models includ- ©f the polarization mechanism. The spin density in the
ing all of the mentioned bridging ligands to clarify the origin #277"77*-O,0 carbonato ligand pathway is very small because
of the ferromagnetism. Accordingly, each tetranuclear mol- Of the long Cu-O axial distances, confirming the results of
ecule (la and 1b) was modeled as two dinuclear entities: the models presented in Table 5, while it is considerably
Cu(1)y--Cu(2) (withJ; interaction) and Cu(33-Cu(4) (with larger in the,uz-T]Z-Q way. In the case of tha, interaction
J, interaction), and the magnetic coupling constants of the due to the delocalization, there is a large amount of spin
dinuclear models were calculated. Computations were per-PoPulation at the oxygen atom of the phenoxo bridge and at
formed with the whole dinuclear model and eliminating the the nitrogen atoms of the NCN pathway of the Schiff base.
bridging ligands one by one. Hence, in this case, the coupling through the phenoxo
The J; andJ; values obtained from the calculations with .
the whole model molecules are comparable to those found“> 56“55' E.; Alemany, P.; Alvarez, S.; Cano,ldorg. Chem 1997 36,
with the experimental atomic coordinates of the tetranuclear (46) Escuer, A.; Vicente, R.: Mautner, F. A.; Goher, M. AliSorg. Chem.
complex (see Table 5). Elimination of the NCN bridge ) ngl?tZéﬁgzlE%?;\lzuet 6. Real J. A Cano. 1. Borras. J.: Ceistia
between Cu(t)-Cu(2) shows an antiferromagnetic contribu- A. Inorg. Chem200Q 39, 3608. o o ’
tion of the carbonate ligand. For the model containing (48) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
Cu(3Y)--Cu(4), removal of the carbonate ligand, which fills 97, 4884.

. NI - - (49) Cano, J.; Ruiz, E.; Alvarez, S.; Verdaguer,Gdmments Inorg. Chem.
axial coordination sites, shows a small change inithalues. 1998 20, 27.
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Figure 6. Representation of the spin density maps calculated a B3LYP

level for the quintet ground state of the two tetranuclear compléaéeft)-

and1b (right). Clear and dark regions indicate positive and negative spin

populations, respectively.

0 " 1000 2000 3000 4000 5000 6000
H (G)
Figure 7. Solid EPR spectrum df-8H,0 at 5 K (solid line), and simulated

EPR spectra for & = 2 state, withD = 0.42 cn1?, gp = 2.2, g = 2.0,
and bandwidth= 500 G (dashed line).

bridging ligand is important, while for th& interaction does
not play a significant role, because of one large-Qubond
distance.

EPR Spectra. The EPR spectrum 01-8H,0 at room

Figure 8. Energy of the spin state calculated using a different set of
parameters. Fit:J; = 12.42 cml, J, = 39.44 cml, J; = 0.50 cmil,

and J; = —1.26 cntl. Calculated values foda: J; = 11.0 cnt?,

J, = 25.8 cntl, J3 = 0.11 cnT?, andJ; = 1.3 cnTl. Calculated values
for 1b: J; = 11.1 cnm?, J, = 21.5 cnt, J3 = —0.06 cn1!, andJ; = 2.1
cmL,

The most populated state is tBe= 2 (0.68, at 5 K), but
there is also an important population in thes 1 state (0.25),
with the population of thes = 0 spin state (0.064) being
considerably lower. The founs values with the corrected
parameters ar®, = 0.65 (La), 0.69 (Lb), P, = 0.26 (La),

0.24 (Lb), andP, = 0.072 (L&), 0.060 (Lb). Then, the ground
stateS = 2 is not isolated in this compound.

Consequently, the observed broad spectrum could be
explained by the presence of several spin states populated
at low temperature and also be due to the presence of zero
field splitting. The spectrumtab K can be reasonably
simulated with Weihe’s prograthconsidering an isolated
S = 2 state (the most populated one at low temperature).
Acceptable agreement between the experimental and simu-
lated spectrum is obtained with a zero field splitting

temperature shows two bands, despite the low responsgarameteD = 0.42 cnt?, E = 0.02 cn1?, andg values of
observed: a small band around 900 G and a broad band aboug-= 2.2 andg; = 2.0 (Figure 7 dotted line). However, the
3200 G AH,-p = 1400 G). A more intense spectrum was simulation does not exactly reproduce the experimental
obtained at low temperature (5 K) (Figure 7) with a similar spectrum, as could be expected taking into account that the
form, a shoulder at 800 G and a very broad band centeredS = 1 spin state is also populated.

at 2600 G.
With the aim to see if this spectrum is due to Be= 2

ground state or to the superimposition of the spectra of

Conclusions

This paper describes a simple route to isolate the tetra-

different spin states, the energy of the different spin statesnuclear complex [(Ci)2(COs)] (1), by self-assembly of

has been calculated, with the three setd whlues (Figure

dinuclear units and adventitious carbon dioxide. The crystal

8). Despite the fact that the energy values are very sensitivestructure of the complex presents some unusual features, as

to relatively small changes in thkevalues, the first gap\ =

the miscellaneous coordination polyhedra around the metal

|Es—2 — Es—4] is similar for the three sets of parameters: with centers. In addition, the magnetic characterization shows an

the parameters dfa, A = 1.41 cn1?, with the parameters

of 1b, A = 2.04 cn1?, and with the parameters of the fi,

unexpected overall ferromagnetic coupling, which is highly
unfamiliar for this type of complex. DFT calculations allow

= 1.76 cn1?, an intermediate value. In the same way, the the assignment of the coupling constants to specific interac-
population of each spin state, calculated with the expressiontions and prove that the NCN bridging moiety of the Schiff

Ps = (2S + 1) expEJKkT)/[Z(2S + 1) exp(EgKT)], is

base ligand plays a fundamental role in the observed

very close in the three cases, with intermediate values usingmagnetic behavior. Consequently, it seems that this kind of

the Es obtained after the fit.

ligand favors ferromagnetism. This is a remarkable finding
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as it is well-known that an important hindrance for the made available in the Centre de ComputadegoCatalunya
development of the field of molecular magnetism is the (CESCA) with a grant provided by Fundadiatalana per a
scarcity of bridging ligands that promote ferromagnetic la Recerca (FCR) and the Universitat de Barcelona.

coupling in di- or polynuclear transition metal complexes.
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