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ABSTRACT: The syntheses, structural characterization, and magnetic behavior of two new hexanuclear copper(II) complexes
derived from R-phosphonic acids and 1,3-bis(dimethylamino)-2-propanol (Hbdmap) with formulas [Cug(p-bdmap);(us-Ph-
PO;),(p3—0-H--3—0)(ClO,),(H,0)]-5H,0 (1) and [Cuﬁ(u-bdmap)3(//t3-t-Bu-PO3)2(/43—O~~H~-,u3—0)(ﬂ1,3-dca)(dca)-
(H,0)]-6H,0 (2) (Ph-H,PO, = phenylphosphonic acid, +-Bu-H,PO; = tert-butylphosphonic acid, dca = dicyanamide) are
reported. Compounds 1 and 2 are hexanuclear 3.111 R-phosphonate(2-)/1,3-bis(dimethylamino)-2-propanolato(1-) cages
including in the center the [3—O-+-H:+;—OJ]*" unit. The temperature dependence of the magnetic properties of 1 and 2 clearly
indicates an overall strong antiferromagnetic coupling confirmed by DFT calculations.

B INTRODUCTION Scheme 1. Different Coordination Modes with Harris

. - 2- Notation of Phosphonic Acid Derivatives®
The organophosphonate ligands, R-HPO;~ and R-PO;
(where R = CH, CH,CH, CH,CH,CH, CgHs,..) can R R R R
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most common solvents, and to obtain single crystals suitable for M M M . u Moy
the X-ray structural fietelirzlll?atlon, it is oft'en necessary to use 6.222 421 4211 2210
solvatothermal reactions. However, using organophospho-
nates that bear a bulky R group in combination with ancillary T’ R R
ligands such as pyrazoles and pyridines, it is possible to prepare P ’L 'L
discrete transition-metal organophosphonate derivatives. /O/ l\o\ o~ |\O\ o | ~o
A good example are the anionic derivatives of the fert- M 0 M o M o
butylphosphonic acid, t-Bu-HPO;~ and #-Bu-PO;*~, which have M M M
been used as ligands with transition metals to obtain several 3411 2110 1.100

types of polynuclear compounds with different metals and
variable nuclearities:*>** Cu,,, Coy,, Cuyy, Cu,, Co, Mns,
Mn,, Fe,, Fe o, Mn,,. The R-HPO;™ and R-PO;*" ligands show
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different coordination modes in this series of polynuclear generate high nuiearlzly corl?poun}clls. bd The gr;:(liysm of the
compounds.'** The common ones with Harris notation are structures reported to date shows that bdmap and bdap can use

reported in Scheme 1.3 several coordination modes.*">* The most common coordi-
On the other hand, the aminoalcohols 1,3-bis- nation mode of these ligands is shown in Scheme 2. We can
(dimethylamino)-2-propanol (Hbdmap) and 1,3-bis(amino)- suppose that this dinuclear [Cu,L]** e.ntity (.L= p#-bdmap or p-
2-propanol (Hbdap) can generate, after deprotonation, the bdap) is formed wher% the 'corres'pondmg amlnoalcohovl and the
anionic polytopic ligands 1,3-bis(dimethylamino)-2-propanola- copper.(II) salt are mugid in basic aqueous or alcohohc' media.
to (bdmap) and 1,3-bis(amino)-2-propanolato (bdap), respec- Each dinuclear [Cu,L]’* entity (complex as metal) has still other
tively, which contain anchoring N-donor atoms and alkoxo
units able to act as a bridge between two or three cations. The Received: March 21, 2012
compounds bdmap and bdap have been widely used to Published: May 24, 2012

“R= phenyl, tert-butyl.
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Scheme 2. Most Common Coordination Mode of 1,3-Bis(R-
amino)2-propanolato (R = CH;, H)

free coordination positions (temporally occupied by solvent or
counteranion labile ligands) that can be used by means of the
appropriate ligands to prepare new polynuclear compounds
through the “complex as metal approach”* In several recent
works,**~>> we have used this approach to prepare large list of
compounds that possess the dinuclear [Cu,L]*" structural unit.

The aim of this work is to combine R-phosphonic acids and
1,3-bis(dimethylamino)-2-propanol with copper(Il) salts in a
basic medium in order to create synergies in the form of new
polynuclear compounds in which anionic bridging derivatives of
the R-phosphonic acids, R-HPO,;~ and R-PO;*7, and also
anionic bridging derivatives of the polytopic ligand 1,3-
bis(dimethylamino)-2-propanolato (bdmap) coexist. As a result
of this synthetic strategy, we have obtained two new copper(1I)
complexes: the hexanuclear cages with formulas [Cug(p-
bdmap);(p;-Ph-PO;),(p3—0---H---u3-0)-
(ClO,),(H,0)]-5H,0 (1) and [Cug(u-bdmap);(us-t-Bu-
PO3)2(M3—O--'H---M3—O)(ﬂll3-dca)(dca)(HZO)]-6HZO (2).
(Hbdmap = 1,3-bis(dimethylamino)-2-propanol, Ph-H,PO; =
phenylphosphonic acid, +Bu-H,PO; = tert-butylphosphonic
acid, dca = dicyanamide.) To the best of our knowledge, 1 and
2 are the first examples of discrete hexanuclear copper(II) cages
with the [Cu;O-+-H:-OCu;] motif built from other ligands
different than oximate.*~>® Herein, we report the structural
characterization, the magnetic behavior, and DFT calculations
of the two compounds.

B EXPERIMENTAL SECTION

Starting Materials. Copper(Il) perchlorate hexahydrate, copper-
(II) hydroxide, sodium dicyanamide, 1,3-bis(dimethylamino)-2-prop-
anol, phenylphosphonic acid, and tert-butylphosphonic acid (Aldrich)
were used as obtained.

[Caution: Although no incidents were recorded in this study,
perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only a small amount of material should be
prepared, and it should be handled with care.]

Spectral and Magnetic Measurements. Infrared spectra
(4000—400 cm™) were recorded from KBr pellets on a Perkin—
Elmer Model 380-B spectrophotometer. Magnetic susceptibility
measurements were performed under magnetic fields of 0.1 and 0.0S
T in the temperature range of 2—300 K (field of ~500 G (2—30 K)
and ~1000 G (35-300 K) and magnetization measurements were
performed in the field range of 0—5 T with a Quantum Design
MPMS-XL SQUID magnetometer at the Magnetic Measurements
Unit of the University of Barcelona. All measurements were performed
on polycrystalline samples. Pascal’s constants were used to estimate
the diamagnetic corrections,”® which were subtracted from the
experimental susceptibilities to give the corrected molar magnetic
susceptibilities.

Synthesis of [Cug(u-bdmap);(us-Ph-POs),(3—0-H---u;—0)-
(Cl10,4),(H,0)1-5H,0 (1). To 30 mL of an aqueous solution of 1.35
mmol of Cu(ClO,), (502 mg) was added 0.71 mmol of Hbdmap (104
mg), 10 mL of an aqueous solution of 0.70 mmol of phenylphosphonic
acid (111 mg), and 2.70 mmol of NaOH (108 mg). The resulting
solution was stirred for several hours and filtered, and after a few days
of slow evaporation, compound 1 was obtained as blue hexagonal
crystals.

Synthesis of [Cug(u-bdmap);(us-t-Bu-PO3), (3 —O-++-H--u;—0)-
(#4,3-dca)(dca)(H,0)]:6H,0 (2). To a methanolic solution of
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Cu(OH), and tert-butylphosphonic acid was added 0.73 mmol of
Hbdmap (107 mg) in S mL of water and 0.69 mmol of NaN(CN),
(61 mg) in 3 mL of water. After stirring for a few hours, the resulting
solution is filtered and after two weeks of slow evaporation, compound
2 was obtained as blue sheets.

Infrared (IR) Spectra and Analytical Data. In both spectra, we
can observe the vibrations for the bdmap ligand; y-bdmap (vc_y and
Scn,) between 2800 and 3000 cm™! and a band close to 1470 cm™. In

addition to these bands in the infrared (IR) spectra of 1, we can also
observe the band corresponding to the perchlorate anion at 1120 and
1090 cm™" (v;) and 625 cm™ (). Compound 2 exhibits a strong
absorption in the 2310—2150 cm™ region corresponding to the
combination modes of vibration of the dca anion. These bands are
characteristic of the v(C—N) plus v,,(C—N) and v(C=N) vibrations,
for which the first band is diagnostic of the binding mode. In
compound 2, the first band possesses an additional satellite band at
2285 cm™". These features appear to be indicative of two different
binding modes of dca anions around the Cu* ion, and are consistent
with the X-ray structure in which dca was found to coordinate to
copper through its cyano nitrogen atoms and also the amide
nitrogen60 and the bands corresponding to the tert-butylphosphonate
can be observed at 2968 and 2869 cm™".

The elemental analyses (C, N, H) for the different syntheses were
consistent with the product formulation: Anal.: Found for 1: C, 28.33;
H, 424; N, 5.84. Caled. for Cy3Ho,CLCuN4O,sP,: C, 27.08; H, 4.92;
N, 5.74%. Anal.: Found for 2: C, 29.89; H, 6.13; N, 12.57. Calcd. for
Cy3Hyg CugN,O15Py: C, 28.84; H, 5.90; N, 12.24%.

X-ray Crystallography. Data for 1 were collected on a blue block
at 100 K using a single-axis HUBER diffractometer on station BM16 of
the European Synchrotron Radiation Facility, Grenoble, France. Cell
refinement, data reduction, and absorption corrections were done with
the HKL-2000 suite.®’ The structure was solved by direct methods and
the refinement and all further calculations were carried out using the
SHELX-TL suite.”” Non-hydrogen atoms were refined anisotropically,
but the compound showed some strong disorder: five of the Cu atoms
(Cu2, Cu3, Cu4, CuS, and Cub) were disordered over two positions
with a 85:15 ratio, while related to this disorder, the oxygen atoms of
one of the phosphonate groups (09, 010, O11) were also disordered
over two positions. In addition, most carbons of the bdmap ligands
also exhibited positional disorder. For all those, displacement
parameters restraints were used. Hydrogens were fixed at calculated
positions on their carrier atom and refined with a riding model. Note
that for the disordered C, hydrogens were thus placed only for one of
the two positions, corresponding to the bdmap ligand with major
occupancy. Hydrogens of the lattice water molecules and of the central
hydroxo—oxo moiety were not found in difference Fourier maps and,
therefore, are omitted. However, the short distances between these
indicate the presence of hydrogen bonds among them.

On the other hand, to provide a structural model free of positional
disorder for DFT calculations, an alternate refinement was performed;
voluntarily avoiding splitting disordered atoms into partial positions.
Thus, the disordered copper (Cu2, Cu3, Cu4, CuS, and Cu6), oxygens
(09, 010, O11) and carbon atoms were simply refined with
displacement parameters restraints as well as 1,2/1,3 distance restraints
in the case of the bdmap central CH,CH(O)CH, groups. The
resulting alternate cif file is provided as Supporting Information.

Data for compound 2 were collected on a blue block on a Bruker
APEX II CCD diffractometer on Advanced Light Source beamline
11.3.1 at Lawrence Berkeley National Laboratory, from a silicon 111
monochromator (T = 100 K, 1 = 0.7749 A). The structure was solved
by direct methods and refined on F? using the SHELX-TL suite.”” The
crystals were found to be twinned, which was refined with TWIN/
BASF. All non-hydrogen atoms were refined anisotropically. One of
the ‘Bu groups, as well as one of the ligands, were found to be
disordered over two positions, while a weakly coordinated water
molecule sitting close to the Cu6 complex was also disordered over
two positions (012 and O12B). These were refined with displacement
parameters restraints. Hydrogens were placed geometrically at fixed
positions on their carrier atom and refined with a riding model.
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Hydrogen atoms of the lattice water molecules as well as those on
012/012B could not be found in difference maps nor fixed and are
not included in the structural model. On the other hand, the hydroxyl
hydrogen on the O2 atom was found in a difference Fourier map. It
was refined with its thermal parameter 1.5 times that of O2 and a soft
distance restraint.

Crystallographic and experimental details are summarized in Table
1. Selected bond distances and angles are given in Tables 2 and 3,
while all details can be found in the supplementary crystallographic
data for this paper.

Table 1. Crystal Data for Compounds (1) and (2)

property 1 2
formula CesH144CLCu N, O0Py Cs3Hg CugN,O15Py
formula weight, FW 2924.24 g/mol 1377.26 g/mol
crystal system orthorhombic tetragonal
space group Pbca I4,/a
a 15.422(3) A 33.4404(14) A
b 20250(4) 33.4404(14) A
¢ 35.116(7) A 22.3622(9) A
a 90° 90°
B 90° 90°
4 90° 90°
v 10967(4) A3 25007(3) A3
V4 4 16
P 1771 g/em® 1462 g/cm®
u 2.949 mm™! 2.664 mm™!

T 100 K 100 K
transmission range 0.62—0.86 0.56— 0.86
unique reflections 13079 9961
parameters/restraints 790/126 735/376
wR2 [I > 26(1)] 0.1606 0.1958

Rl [I > 26(1)] 0.0597 0.0692

S I > 26(D)] 1.048 1.039

wR2 (all data) 0.1633 0.2075

R1 (all data) 0.0629 0.0774

S (all data) 1.081 1.057

Table 3. Selected Bond Lengths and Bond Angles for 2

Bond Lengths (A)

Cul-03 1.932(6) Cu4—06 1.977(8)
Cul-09 1.936(6) Cu4—N2 2.058(11)
Cul-01 1.950(5) CuS—07 1.945(8)
Cul-N1 2.047(9) Cu5-02 1.953(6)
Cul—N7 2.450(15) Cu5—010 1.953(6)
Cu2-05 1.919(7) Cu5—N4 2.020(9)
Cu2-01 1.938(5) CuS—-N10 2.417(11)
Cu2-010 1.961(6) Cu6-02 1.929(6)
Cu2—N3 2.041(9) Cu6-011 1.941(6)
Cu3-011 1.944(6) Cu6—08 1.941(8)
Cu3-01 1.946(5) Cu6—N6 2.024(10)
Cu3—04 1.963(6) 01-02 2.417(5)
Cu3—N5 2.070(11) O1-H2 1.46(3)
Cu4—09 1.942(6) 02-H2 1.00(2)
Cu4—02 1.948(6)

Bond Angles (deg)
£Cu2—01-Cu3 115.4(2) £Cu4—02—Cus 112.0(3)
£Cu2—01-Cul 115.8(2) £Cul—09—Cu4 137.1(3)
£Cu3—01-Cul 105.8(2) £Cu$5—010—Cu2 136.0(3)
£Cu6—02—Cu4 112.4(3) £Cu6—011—Cu3 136.9(3)
£Cu6—02—Cus 110.8(3)

B RESULTS AND DISCUSSION

Description of the Structures. [Cug(u-bdmap);(u;—Ph-
PO;3),(u3—0---H---u3—0)(ClO,),(H,0)]-5H,0 (1). The atom
numbering scheme of 1 is depicted in Figure 1, and relevant
bond parameters are collected in Table 2. Compound 1 is a
hexanuclear cage compound which can be considered as being
built from three [Cu,(bdmap)]** units (Scheme 2) maintained
together through two p;—Ph-PO;*~ [3.111] bridging ligands
(Scheme 1). Each y3-Ph-PO;>" ligand acts as a bridge of three
Cu atoms of the three different [Cu,(bdmap)]** dinuclear
units, closing the cage. In the center of the cage is placed one
[u3—O-H-+pu;—0]>" unit. Each O ligand of the [u;—

Table 2. Selected Bond Lengths and Bond Angles for 1

Bond Lengths (A)

Cul-03 1.939(3) Cu4—010 1.975(3)
Cul-01 1.946(3) Cu4—N4 2.025(4)
Cul-06 1.951(3) Cu4—017 2.548(5)
Cul—-N1 2.029(3) Cu5-01 1.934(3)
Cul-012 2.557(5) CuS-05 1.945(3)
Cu2—02 1.932(3) Cu5-08 1.973(3)
Cu2-03 1.950(3) Cu5—-N$§ 2.034(4)
Cu2—09 1.981(4) Cu5—-017 2.604(6)
Cu2—N2 2.041(4) Cu6—05 1.941(3)
Cu3-01 1.927(3) Cu6—02 1.952(3)
Cu3—07 1.946(3) Cu6-011 1.963(3)
Cu3—-04 1.947(3) Cu6—N6 2.029(4)
Cu3—-N3 2.003(4) Cu6-013 2.486(5)
Cu4—02 1.941(3) Cu6—06W 2.490(6)
Cu4—04 1.971(3) 01-02 2.408(7)
Bond Angles (deg)
£Cu3—01-Cul 107.99(13) £Cu4—02—Cub 112.00(13)
£Cu5—01—Cul 110.98(13) £Cul—03-Cu2 135.25(15)
£Cu3-01-Cus 114.93(14) £Cu3—04—Cu4 135.69(15)
£Cu2—02—Cu4 111.18(13) £Cu6—05—Cus 136.12(15)
£Cu2—-02—Cub 113.63(14)
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(a)

(b)

Figure 1. (a) Structural representation of complex 1. Disordered
hydrogen atoms and lattice water molecules are omitted for clarity. (b)
Structural representation with atoms numbering scheme of the
hexanuclear core in 1.

O-+H-+p;—O0J*” unit acts also as a bridge between three Cu
atoms of the three different [Cu,(bdmap)]** dinuclear units,
forming triangular [4;—O—Cu,]* entities. The cage skeleton of
compound 1 is shown in Figure 1b. The distance between the
central y;—O atoms is 2.408 A. This distance is comparable to
the O--O distances in the range of 2.428—2.517 A found in the
reported hexanuclear copper(II) cages with the [Cu;—
O---H:-O—Cu;] motif built from oximate ligands.>>~** Addi-
tional evidence for the existence of this bridging proton is the
fact that there are two perchlorate ligands in the asymmetric
unit and so to achieve charge balance the charge of the
hexanuclear unit must be 2+. Each of the perchlorate anions
acts as a bridging ligand between two copper atoms occuping
axial positions in the distorted square-planar polyhedra of the
Cu atoms. The Cu—O(perchlorate) distances are 2.557, 2.548,
2.604, and 2.486 A for Cul—012, Cu4—017, Cus—016, and
Cu6—013, respectively. The structure has also one water
molecule coordinated to Cu2 in the axial position. The Cu2—
06(W) distance is 2.490 A. The Cu--Cu distances in the
[Cu,(bdmap)]** dinuclear units are in the 3.596—3.629 A
range. The Cu--Cu distances in the triangular [p;—O-Cus]*”
units are in the 3.133—3.255 A range for the triangle formed by
Cul—Cu3—Cu$ and in the range of 3.195—3.250 A for the
triangle formed by Cu2—Cu4—Cu6. The Addison parameter
(r) values® for the distorted square pyramids polyhedra
around Cul, Cu2, Cu4, CuS, and Cu6 is: 0.18, 0.06, 0.0S, 0.09,
and 0.02, respectively. For Cu3, the coordination can be
described as distorted square-planar. The Cu—O distances are
in the 1.92—2.311 A range, and the Cu—N distances are in the
2.02—2.03 A range. In compound 1, there are five different
Cu—0O—Cu angles, ranging from 104.8° to 114.6° for the oxo
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p-bdmap and varying between 135.0° and 136.9° for yu;—0O”".
Taking into account the least-squares planes for each Cuy
triangle, the bridging y1;-oxygen atoms O1 and O2 are displaced
by 0.584 and 0.552 A from these planes. These two planes are
approximately parallel, intersecting at 0.6°. The Cu;O units are
staggered (see Figure S1 in the Supporting Information). The
bond distances and angles for the phenylphosphonate anion are
similar to those reported in the literature. Each [Cu6] complex
is connected to three neighbors through a network of
intermolecular hydrogen bonds involving the phosphonate
08, 09, and O11 and the perchlorate O16 oxygens and lattice
water molecules (see Figure S2 in the Supporting Information).
The phenyl ring only has weak C—H---py contacts with a
bdmap methyl group from a neighboring complex. The
resulting shortest intercomplex Cu--Cu separations amount
to 9.607, 10.742, and 11.894 A,
[Cug(pu-bdmap)s(us—t-Bu-PO3)(13-O-+-H---pi3—0)(u, 3-dca)-
(dca)(H,0)]-6H,0 (2). A perspective view of compound 2,
together with the atom numbering scheme, is presented in
Figure 2. Selected bond distances and angles are listed in Table
3. Compound 2 is a hexanuclear cage compound with similar
structure as 1. The distance between the central y; oxygen
atoms is 2.417 A, which is also shorter but comparable to the
O--O distances (in the range 2.428—2.517 A) found in the
hexanuclear copper(1l) cages with the [Cu;—O---H:--O—Cu;]
motif built from oximate ligands.>*~>* Additional evidence for

(@)

N3
C33
N11 c32 N10

(b)

Figure 2. (a) Structural representation of complex 2. Hydrogen atoms
and lattice water molecules are omitted for clarity. (b) Structural
representation with the atom numbering scheme of the hexanuclear
core in 2.
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the existence of this bridging proton is the fact that there are
two dicyanamide ligands in the asymmetric unit and so the
charge of the hexanuclear unit must be 2+. The cage skeleton of
compound 2 is shown in Figure 2b. One of the dicyanamide
anions acts as bridging ligand between two copper atoms by
using the ;3 coordination mode of the dicyanamide ligand
occuping axial positions in the distorted square-planar
polyhedra of the copper atoms Cu3 and CuS. The other
dicyanamide anion acts as a terminal ligand, occupying also the
axial position in the distorted square-planar polyhedron of the
Cul atom. The Cu—N(dicyanamide) distances are 2.450,
2.726, and 2.415 A for Cul—N7, Cu3—N11, and Cu5—NI10,
respectively. The structure has also one water molecule
coordinated to Cu2 in the axial position. The Cu2—012
distance is 2.609 A. The Cu---Cu distances in the
[Cu,(bdmap)]** dinuclear units are in the 3.610—3.630 A
range. The Cu---Cu distances in the triangular [4;—O—Cu,]*
units are in the 3.196—3.233 A range for the triangle formed by
Cul—Cu2—Cu3 and in the range 3.107—3.294 A for the
triangle formed by Cu4—CuS—Cu6. The Addison parameter
(7)® for the distorted square pyramide polyhedra around Cul,
Cu2, Cu3, and CuS is 0.12, 0.0, 0.19, and 0.13, respectively. For
Cu4 and Cu6, the coordination can be described as distorted
square-planar. The Cu—O distances are in the 1.922—2.311 A
range, and the Cu—N distances are in the 2.023—2.035 A range.
In compound 2, there are five different Cu—O—Cu angles in
the 104.83(10)°—114.58(9)° range for the oxo y-bdmap and in
the 135.05°—136.94° range for y;—O> . Taking into account
the least-squares planes for each Cus triangle, the bridging p;—
oxygen atoms O1 and O2 are displaced by 0.548 and 0.572 A
from these planes. These two planes are approximately parallel,
intersecting at 1.09°. The Cu;O units are staggered (see Figure
S3 in the Supporting Information). The bond distances and
angles for the tert-butylphosphonate anion are in accordance
with the literature. Each [Cu6] complex is connected to four
neighbors through a network of intermolecular hydrogen bonds
involving the phosphonate O4, OS5, and O6 oxygens, 012, the
dicyanamide N11 and NI12 nitrogens, and lattice water
molecules (see Figure S4 in the Supporting Information).
The resulting shortest intercomplex Cu---Cu separations
amount to 8.383 and 8.796 A.

Magnetic Study. Compounds 1 and 2 show y,,T values for
hexanuclear unit of 1.040 and 1.368 cm® mol™' K, respectively,
at 300 K, which are smaller values than that expected for six
uncoupled S = '/, ions with g = 2.0 (2.25 cm® mol™" K). On
cooling, y\ T decreases quickly, reaching a diamagnetic plateau
below ca. 100 K for 1 and ca. 85 K for 2, indicating a very
strong antiferromagnetic coupling (see Figure 3). At 300 K, the
v shows a maximum of 3.47 X 10~ cm® mol™" for 1 and 3.89
X 107 cm® mol™ for 2, then decreases, reaching a diamagnetic
plateau below ca. 100 K (1.97 X 10™* cm® mol™) for 1 and ca.
85 K (1.82 x 10™* cm® mol™) for 2.

Taking into account the similar structural topology in the
two compounds, we can count 15 exchange pathways grouped
into three averaged different exchange parameters, ]}, J, and J;,
corresponding to (i) three interactions through double-bridge
bdmap ligand and hydrogen bond (between ex. Cu3:--Cu6),
(i) six interactions through double bridge y;—O and a O—P—
O fragment of the phosphonate anion (ex. Cul--Cu3), and
(iii) six intramolecular interactions through hydrogen bond
(O-+H—-0) (ex. Cul---Cu6) sets, respectively (see Figure 4).
The possible exchange pathways through ClO,™ anions in 1 or
dca anions in 2 have not been considered since the distances
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Figure 3. Plots of observed yyT vs T and yy vs T (inset) of 1 and 2.
Solid line represents the best theoretical fit (see text).

Figure 4. Schematic diagram representing three exchange interactions
within complexes 1 and 2. For clarity, only one of each three
interaction types is drawn.

Cu—0(ClO,) or Cu—N(dicyanamide), are 2.604 A or 2.726 A,
respectively, are too long. As a consequence, a fit with the
indicated scheme was performed by means of the computer
program CLUMAG,** using the following Hamiltonian:

H= —]1(SI~S4 + S,-Ss + S5-S¢)
= L,(81°S, + 8;°S3 + 8,83 + S,-Ss + S,-S¢ + S-S¢)
= J,(S;°Sg + S1°Sg + 85°Sy + S-S5 + S3°S, + S5°S5)

where the numbering of the spins follows the numbering of the
Cu atoms in Figure 4. The best fit obtained parameters were J;
—424.5 cm™, ], = +27.5 cm™!, and J; = —2.6 cm™! with g =
2.19 for complex 1 and J, = —375.8 cm™, ], = +32.4 cm™", and
J; = —4.3 cm™" with g = 2.13 for complex 2.

This behavior can be related to the structural parameters,
especially the large Cu—Oygy,q,—Cu angles, which are between
135.7° and 137.1°. It is well-known that the magnetic behavior
of divalent copper comglexes bridged by a pair of
hydroxide® ™% or alkoxide®®®® O atoms is highly dependent
on the Cu—O—Cu bridge angle. Also, it can be influenced, but
in smaller measure, by the Cu—O bridge distance, the Cu---Cu
separation, the geometry around the copper(II) center, and the
geometry around the bridging oxygen atom. Hatfield and
Hodgson® have found a linear correlation between the
experimentally determined exchange coupling constant and
the Cu—O—Cu angle (6). An antiferromagnetic character is
found for complexes with 6 larger than 97.6°, while
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ferromagnetic character appears for values of @ smaller than
97.6°. An apparent similar linear relationship for alkoxide cases
shows that, at angles of ~95.6°, the exchange integral
approaches zero, the point of the “accidental orthogonality”.
The high [J;| values found for 1 and 2 are reasonable if one
takes into account the big Cu—Opgpe—Cu angles and similar
structural cases reported in the literature.*” While J, values with
positive sign indicating ferromagnetic interaction between the
Cu is due mainly via p3;—O also can been acceptable
considering the Cu—O—Cu angles, which are varying between
110.6° and 114.6°. On the other side, the J; values can be well-
compared to the recently reported value of the interaction via
H-bond in a hexanuclear tricationic copper(II) cage complex, at
4.5 cm™1%®

As shown, the magnetic response of 1 and 2 is dominated by
the strong antiferromagnetic coupling through the alkoxide
bridge (Opgmap)- Taking into account the relatively low IJj|
value, the experimental magnetic data were fitted again using
the previous Hamiltonian by fixing (i) J; = 0 and (ii) J; fixed at
the same values as the first fitting but with opposite sign (2.6
cm™" for 1 and 4.3 cm™ for 2). The best fit parameters found
in the first case (J; = 0) were J; = —425.9 cm™, ], = +27.5
cm™’, and g = 2.19 for complex 1 and J; = —3752 ecm™, ], =
+32.4 cm™" and g = 2.13 for complex 2. In the second case (J;
fixed at low ferromagnetic values), the best fit parameters found
were J; = —427.5 cm™, [, = +27.5 ecm™}, J;=2.6 cm ' and g =
2.19 for complex 1 and J; = —=374.6 cm™, [, = +324 cm ™, J; =
4.3 cm™" and g = 2.13 for complex 2.

As we can observe, no changes are appreciated in the J and g
values between the different fits; therefore, we can conclude
that interaction J; should be very weak antiferromagnetic or
ferromagnetic.

Theoretical Study Using DFT Methods. Theoretical
methods based on density functional theory have been
employed to study the exchange coupling in the two Cug
systems. A plot of simulated y\T vs T, using the exchange
coupling parameter constants calculated by the B3LYP
functional, is shown in Figure 5. For complex 1, the central

15 | o
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Figure S. Plot of simulated yyT vs T, using the exchange coupling
parameter constants calculated by the B3LYP functional. Two different
positions of the central hydrogen atom were considered for complex 2:
the first corresponds to X-ray structure (circles), while, in the second
one, the central hydrogen atom is collinear and equidistant to the two
oxygen atoms (triangles) as in 1 (squares). In all cases, the g-value was
fixed at the experimental g-values (see text).
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hydrogen atom was not detected by X-ray diffraction and we
assumed that such a hydrogen atom is placed collinear and
equidistant to the oxygen atoms. In the case of complex 2, the
X-ray structure indicates the hydrogen atom is not collinear in
the [p;—O-H:-u3—01% entity and close to one of the O
atoms, however, the case with the hydrogen atom collinear and
equidistant to the oxygen atoms is more stable than the former
by ~8 kcal mol™. The calculated J values are collected in Table
4. We performed the calculation for the 15 ] values present in
the structure and also the calculation of the mean values for
each interaction type to compare with the experimental data
using the notation presented in Figure 4. Theoretical and
experimental data agree in the strong antiferromagnetism of the
Ji-type interactions through u,—OR and O--H--O bridging
ligands, due to the large Cu—O-—Cu angle of the u,--OR
bridging ligand. The analysis of the calculated ] values with the
Cu—O—Cu angle seems to correlate the larger angles with the
strongest ferromagnetic coupling for each complex. The J,-type
couplings through y1;—O;PR and y;—OH bridging ligands are
moderately ferromagnetic and there is an excellent agreement
between theoretical and experimental ] values. At first glance,
the results indicate that there is a rough correlation of the Cu—
O—Cu angle (through the u;—OH bridging ligands) and the
strength of the ferromagnetic coupling, as expected smaller
angles stronger interactions with the exceptions of the weaker
Jus and J,5 ferromagnetic interaction for the complexes 1 and 2,
respectively. A detailed geometrical analysis of the exchange
pathways for these two interactions reveals that, in both cases,
there are relatively long Cu—O distances (not shown), together
with large Cu—O—Cu angle value. Thus, the two geometrical
parameters (Cu—O distances and Cu—O—Cu angles with the
u;—OH bridging ligand) seem to be key factor that control the
strength of the ferromagnetic coupling. There are no reported
similar complexes containing Cu; units with only two y3—O;PR
and y;—OH bridging ligands. In this case, the ferromagnetic
nature of the interactions can be due to the relatively small
Cu—0O—Cu angles caused by the higher topicity of the ligands
in comparison with the equivalent dinuclear complexes with
H#,—O,PR, and y,—OH bridging ligands that are antiferromag-
netic.

For the last type of interactions J; through the central
O---H---O bridging ligands, there are two sets of interactions
those with a Cu—0O---O—Cu torsion angle close to 100° giving
ferromagnetic couplings while those with this angle close to
140° are slightly antiferromagnetic or weakly ferromagnetic. It
is worth mentioning comparing the results for the hydrogen
positions in complex 2, that the case with the hydrogen atom
collinear and equidistant to the oxygen atoms give usually
stronger couplings either ferromagnetic or antiferromagnetic
that same complex with the hydrogen atom mostly coordinated
to one of the oxygen atoms.

Computational Details. The spin Hamiltonian for a general
polynuclear complex, if the zero-field splitting parameters are
not considered, is indicated in eq 1:

=T8S

i>j

(1)

where S; and §; are the spin of the paramagnetic centers. The J;
values are the coupling constants for the different exchange
pathways between all the paramagnetic centers of the molecule.
The noninclusion of the spin—orbit terms in our calculations
makes our calculated energies free of zero-field splitting
contributions that can be rather small for this type of Cu'
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Table 4. Calculated J Values for Complexes 1 and 2

£Cu—0—Cu [°] d(Cu--Cu) [A] J [em™]
bridging ligands 1 2 1 2 1 2
T (u,—OR) (O---H--0) 135.7 137.1 3.590 3.610 —304.0 —449.9 (—400.7)
Ts (u,—OR) (O--H--0) 135.6 136.1 3.625 3.630 —269.2 —-310.0 (—294.3)
6 (u,—OR) (O---H--0) 1364 136.9 3.599 3.614 —325.4 -312.1 (—307.6)
T (u;—O;PR) (u;—OH) 108.9 115.8 3.142 3294 302 34.1 (22.5)
Tis (u;—O;PR) (u;—OH) 110.6 105.8 3.189 3.107 28.6 55.3 (34.4)
Jos (u;—O5PR) (u3—OH) 114.6 1154 3.249 3.283 24.0 39.8 (31.4)
Tus (u3—O5PR) (u;—OH) 111.3 111.9 3.192 3233 30.3 1.7 (5.3)
s (u3—O;PR) (u;—OH) 1139 112.4 3252 3221 0.04 35.1 (27.8)
Ts (u;—O;PR) (u;—OH) 1113 110.8 3.209 3.196 29.0 46.7 (60.5)
Tis (0-+H-0)° 139.1 147.5 4.959 5.026 1.8 12 (-2.0)
Tis (0-H-0)° 102.0 93.3 4.558 4.445 5.1 8.9 (10.9)
Toa (0-+H-0)° 96.9 96.3 4.493 4.494 7.9 11.4 (20.6)
Tas (0-+-H--0)¢ 141.2 142.8 4.971 4.997 —4.5 -39 (-11.9)
Tsa (0-+H-0)° 1389 139.8 4.970 4974 -1.6 —-14 (-12)
s (0-+H-0)° 101.9 100.3 4.586 4.558 2.0 42 (0.8)
T (u,—OR) (O--H--0) 1359 136.7 3.605 3.618 —-299.5 —357.3 (-333.9)
I (u3;—O;PR) (u;—OH) 111.8 112.0 3.206 3222 23.7 35.5 (30.3)
I (0--H--0)¢ 120.5 120.0 4752 4.749 1.8 34 (2.9)
Experimental Values (First Fit)

I (4,—OR) (O---H--0) 1359 136.7 3.605 3.618 —424.5 —375.8
I3 (u;—O;PR) (u;—OH) 111.8 112.0 3.206 3222 27.5 324
A (0-+H-0)° 120.5 120.0 4752 4.749 -26 —4.3

“For each system, all 15 ] values are indicated, as well as the average values (Figure 4), using only three different ones (J;—J;). Selected Cu--Cu
distances, Cu—O—Cu angles, and the experimental ] values are provided for comparison. “For 2, two different positions of the central hydrogen
atom were considered; the first J values correspond to X-ray structure and the second one, in parentheses, with the H atom collinear and equidistant
to the two oxygen atoms as in 1. “The Cu—O—Cu angle for this bridging ligand correspond to the Cu—O---O—Cu torsion angle.

complexes. In this work, we will focus only on the calculation of
exchange coupling values.

A more detailed description of the procedure to obtain the
exchange coupling constants can be found in previous
publications.”" =" Basically, we need to calculate at least the
energy of n + 1 spin distributions if we have a system with n
different exchange coupling constants. These values will allow
us to build up a system of n equations where the ] values are the
unknowns. If more energies values are calculated, a fitting
procedure is required to extract the J values.”*”* To obtain all
the first neighbor interactions of the Cuy complexes (the 15 J
values), we considered 18 spin distributions; the high spin § = 3
distribution, six S = 2 distributions for the spin flip of the
following atoms (see Figure 4) {Cul}, {Cu2}, {Cu3}, {Cu4},
{Cus}, {Cu6}, 10 S = 1 distributions for the spin flip of {Cul,
Cu2}, {Cul, Cu3}, {Cul, Cu4}, {Cul, CuS}, {Cu2, Cu3},
{Cu2, Cus}, {Cu3, Cu4}, {Cu3, CuS}, {Cu4, CuS}, {Cus,
Cu6}, and finally, one S = 0 spin distribution {Cu4, CuS, Cu6}.
Calculations with the B3LYP functional’® were performed with
the Gaussian 09 code”” using a guess function generated with
the Jaguar 7.5 code.”®”® The triple-¢ all-electron Gaussian basis
set proposed by Schaefer et al. was employed for all atoms.*

B CONCLUSIONS

The synthetic strategy to combine in the same synthesis two
ligands, R-phosphonic acid and 1,3-bis(dimethylamino)-2-
propanol, individually capable to form polynuclear compounds
with variable nuclearities and bridging coordination modes, has
been successful employed with copper(Il) salts, and we have
been able to prepare and fully characterize two new hexanuclear
3.111 R-phosphonate(2-)/bis-dimethylaminopropanolate(1-)
cages including in the center the [p;0--H---Op;]*” unit. The
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reported new compounds, as far as we know, are the first
examples of discrete hexanuclear copper(Il) cages with the
[Cu;O---H-+-OCu;] motif built with ligands different than
oximate.”>~*® Currently, we are expanding this synthetic
strategy with other phosphonic acids.

DFT calculation confirms the presence of predominant
antiferromagnetic interactions between the Cu; triangles
through 4,-OR (bdmap) and O--H-+O bridging ligands but
it is worth noting the ferromagnetic character of the exchange
interactions in the Cuj triangles and a weak ferromagnetic
interaction theoretically predicted through an O---H--O
bridging ligand.

B ASSOCIATED CONTENT

© Supporting Information
X-ray crystallographic data in CIF format. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*Tel.: +34 93 4021270. Fax: +34 93 4907725. E-mail: salah.
elfallah@gi.ub.es.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the Spanish MEC (Grant Nos.
CTQ2009-07264 and CTQ2011-23682-C02-01, financed by
FEDER funds) and the Generalitat de Catalunya (Grant Nos.
2009SGR1454 and 2009SGR-1459). The Advanced Light
Source is supported by the Director, Office of Science, Office

dx.doi.org/10.1021/ic300589h | Inorg. Chem. 2012, 51, 6842—6850


http://pubs.acs.org
mailto:salah.elfallah@qi.ub.es
mailto:salah.elfallah@qi.ub.es

Inorganic Chemistry

of Basic Energy Sciences of the U.S. Department of Energy,
under Contract No. DE-AC02-05SCH11231. The authors
gratefully acknowledge the computer resources, technical
expertise, and assistance provided by the Centre de Super-
computacio de Catalunya. D.A. thanks the Comision Nacional de
Investigacion Cientifica y Tecnologica (CONICYT) for a
predoctoral fellowship (Becas Chile).

B REFERENCES

(1) Clearfield, A. Prog. Inorg. Chem. 1998, 47, 371.

(2) Maeda, K. Microporous Mesoporous Mater. 2004, 73, 47.

(3) Mao, J.-G. Coord. Chem. Rev. 2007, 252, 1493.

(4) Matczak-Jon, E.; Videnova-Adrabinska, V. Coord. Chem. Rev.
2008, 249, 2458.

(5) Alberti, G; Constantino, U.; Allulli, S.; Tomassini, N. J. Inorg.
Nucl. Chem. 1978, 40, 1113.

(6) Cao, G,; Hong, H. G,; Mallouk, T. E. Acc. Chem. Res. 1992, 25,
420.

(7) Thompson, M. E. Chem. Mater. 1994, 6, 1168.

(8) Amicangelo, J. C.; Leenstra, W. R. Inorg. Chem. 2005, 44, 2067.

(9) Du, Z.-Y,; Xu, H.-B.; Mao, J.-G. Inorg. Chem. 2006, 45, 9780.

(10) Taylor, J. M.; Mahmoudkhani, A. H.; Shimizu, G. K. H. Angew.
Chem., Int. Ed. 2007, 46, 795.

(11) Chandrasekhar, V.; Azhakar, R; Senapati, T.; Thilagar, P.;
Ghosh, S.; Verma, S.; Boomishankar, R.; Steiner, A.; Koegerler, P.
Dalton Trans. 2008, 9, 1150.

(12) Konar, S.; Bhuvanesh, N.; Clearfield, A. J. Am. Chem. Soc. 2006,
128, 9604

(13) Liu, B; Li, Y.-Z,; Zheng, L.-M. Inorg. Chem. 2005, 44, 6921.

(14) Cao, D.-K; Li, Y.-Z.; Zheng, L.-M. Inorg. Chem. 2005, 44, 2984.

(15) Yao, H.-C.; Li, Y.-Z; Song, Y.; Ma, Y.-S.; Zheng, L.-M.; Xin, X.-
Q. Inorg. Chem. 2006, 45, 59.

(16) Yao, H.-C.; Wang, J.-J; Ma, Y.-S.; Waldmann, O.; Du, W.-X;
Song, Y; Li, Y.-Z,; Zheng, L.-M,; Decurtins, S.; Xin, X.-Q. Chem.
Commun. 2006, 174S.

(17) Anantharaman, G.; Walawalkar, M. G.; Murugavel, R.; Gabor,
B.; BRegine, H.-I; Baldus, M.; Angerstein, B.; Roesky, H. W. Angew.
Chem,, Int. Ed. 2003, 42, 4482.

(18) Anantharaman, G.; Chandrasekhar, V.; Walawalkar, M. G.;
Roesky, H. W.; Vidovic, D.; Magull, J.; Noltemeyer, M. Dalton Trans.
2004, 1271.

(19) Walawalkar, M. G.; Roesky, H. W.; Murugavel, R. Acc. Chem.
Res. 1999, 32, 117.

(20) Chakraborty, D.; Chandrasekhar, V.; Bhattacharjee, M,;
Kritzner, R.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-G. Inorg.
Chem. 2000, 39, 23.

(21) Chandrasekhar, V.; Sasikumar, P.; Boomishankar, R.;
Anantharaman, G. Inorg. Chem. 2006, 45, 3344.

(22) Chandrasekhar, V.; Senapati, T.; Safiudo, C. Inorg. Chem. 2008,
47, 9553.

(23) Chandrasekhar, V.; Senapati, T.; Clérac, R. Eur. J. Inorg. Chem.
2009, 47, 1640.

(24) Chandrasekar, V.; Kingsley, S. Angew. Chem.,, Int. Ed. 2000, 39,
2320.

(25) Chandrasekkar, V.; Nagarajan, L.; Gopal, K; Baskar, V,;
Kogerler, P. Dalton Trans. 2005, 3143.

(26) Murugavel, R;; Shanmugan, S. Chem. Commun. 2007, 1257.

(27) Chandrasekar, V.; Nagarajan, L.; Clérac, R.; Ghosh, S.; Senapati,
T.; Verma, S. Inorg. Chem. 2008, 47, 5347.

(28) Chandrasekar, V.; Nagarajan, L.; Clérac, R.; Ghosh, S.; Verma,
S. Inorg. Chem. 2008, 47, 1067.

(29) Murugavel, R.; Shanmugan, S. Dalton Trans. 2008, S3S8.

(30) Wang, M,; Ma, C.-B;; Yuan, D.-Q.; Wang, H.-S,; Chen, C.-N,;
Liu, Q.-T. Inorg. Chem. 2008, 47, 5580.

(31) Murugavel, R;; Gogoi, N.; Clérac, R. Inorg. Chem. 2009, 48, 646.

(32) Wang, M; Ma, C.; Wen, H.; Chen, C. Dalton Trans. 2009, 994.

(33) Langley, S.; Helliwell, M; Sessoli, R.; Teat, S. J.; Winpenny, R.
E. P. Dalton Trans. 2009, 3102.

(34) Latham, K.; White, K. F.; Szpakolski, K. B; Rix, C. J.; White, J.
M. Inorg. Chim. Acta 2009, 362, 1872.

(35) Coxall, R. A; Harris, S. G.; Henderson, D. K,; Parsons, S.;
Tasker, P. A;; Winpenny, R. E. P. Dalton Trans. 2000, 2349.

(36) (a) Kivekas, R. Finn. Chem. Lett. 1977, 252. (b) Kivekas, R.
Cryst. Struct. Commun. 1977, 6, 483.

(37) Kivekas, R. Finn. Chem. Lett. 1978, 71.

(38) Pajunen, A.; Kivekas, R. Cryst. Struct. Commun. 1979, 8, 38S.

(39) Wang, S.; Smith, K. D. L.; Pang, Z.; Wagner, M. J. J. Chem. Soc.
Chem. Commun. 1992, 1594.

(40) Wang, S.; Trepanier, S. J.; Zheng, J. C.; Pang, Z.; Wagner, M. J.
Inorg. Chem. 1992, 31, 2118.

(41) Wang, S.; Pang, Z.; Smith, K. D. L. Inorg. Chem. 1993, 32, 4992.

(42) Wang, S.; Trepanier, S. J.; Wagner, M. J. Inorg. Chem. 1993, 32,
833.

(43) Wang, S.; Pang, Z.; Zheng, J. C.; Wagner, M. J. Inorg. Chem.
1993, 32, 5975.

(44) Pang, Z.; Smith, K. D. L.; Wagner, M. J. J. Chem. Soc., Dalton
Trans. 1994, 955.

(45) Breeze, S. R; Wang, S.; Thompson, L. K. Inorg. Chim. Acta
1996, 250, 163.

(46) Ribas, J.; Monfort, M.; Costa, R.; Solans, X. Inorg. Chem. 1993,
32, 695.

(47) El Fallah, M. S.; Rentschler, E.; Caneschi, A.; Sessoli, R;
Gatteschi, D. Inorg. Chem. 1996, 35, 3723.

(48) Fleeting, K. A.; O’Brien, P.; Jones, A. C.; Otway, D. J.; White, A.
J. P; Williams, D. J. J. Chem. Soc., Dalton Trans. 1999, 2853.

(49) Ribas, J. Coordination Chemistry; Wiley—VCH Verlag GmbH &
Co. KGaA: Weinheim, Germany, 2008; p 134.

(50) El Fallah, M. S.; Escuer, A.; Vicente, R.; Badyine, F.; Solans, X;
Font-Bardia, M. Inorg. Chem. 2004, 43, 7218.

(51) Escuer, A; El Fallah, M. S.; Vicente, R.; Sanz, N.; Font-Bardia,
M,; Solans, X.; Mautner, F. A. J. Chem. Soc., Dalton Trans. 2004, 1867.

(52) (a) El Fallah, M. S.; Badyine, F.; Vicente, R.; Escuer, A.; Solans,
X.; Font-Bardia, M. J. Chem. Soc, Dalton Trans. 2006, 2934. (b) El
Fallah, M. S.; Badyine, F.; Vicente, R;; Escuer, A.; Solans, X.; Font-
Bardia, M. Chem. Commun. 2006, 3113.

(53) Curtis, N. F.; Gladkikh, O. P.; Heath, S. L.; Morgan, K. R. Aust.
J. Chem. 2000, 53, 577.

(54) Chakrabarti, P.; Puranik, V. G.; Naskar, J. P.; Hati, S.; Datta, D.
Indian J. Chem. 2000, 394, 571.

(55) Ferrer, S.; Aznar, E.; Lloret, F.; Castifieiras, A.; Liu-Gonzalez,
M,; Borras, J. Inorg. Chem. 2007, 46, 372.

(56) Wenzel, M.; Forgan, R. S.; Faure, A.; Mason, K; Tasker, P. A;
Piligkos, S.; Brechin, E. K; Plieger, P. G. Eur. J. Inorg. Chem. 2009,
4613.

(57) Maity, D.; Mukherjee, P.; Ghosh, A.; Drew, M. G. B; Diaz, C;
Mukhopadhyay, G. Eur. J. Inorg. Chem. 2010, 807.

(58) Karmakar, S.; Das, O.; Ghosh, S.; Zangrando, E.; Johann, M,;
Rentschler, E.; Weyhermiiller, T.; Khanra, S.; Paine, T. K. Dalton
Trans. 2010, 39, 10920.

(59) Pascal, P. Ann. Chim. Phys. 1910, 19, S.

(60) Mohamadou, A.; Van Albada, G. A.; Kooijman, H.; Wieczorek,
B.; Spek, A. L,; Reedijk, J. New J. Chem. 2003, 27, 983.

(61) Otwinoski, Z.; Minor, W. In Methods in Enzymology Vol. 276:
Macromolecular Crystallography, Part A; Carter, C. W, Jr., Sweet, R.
M, Eds.; Academic Press: San Diego, 1997; pp 307—326.

(62) Sheldrick, G. M. Acta Crystallogr, Sect. A: Found. Crystallogr.
2008, A64, 112—122.

(63) Addison, A. W.; Rao, T. N.; Reedijk, J.; Rijjin, J. V.; Verschoor,
G. C. J. Chem. Soc,, Dalton Trans. 1984, 1349.

(64) The series of calculations were made using the computer
program CLUMAG which uses the irreducible tensor operator
formalism (ITO): Gatteschi, D.; Pardi, L. Gazz. Chim. Ital. 1993,
123, 231.

(65) Crawford, V. H; Richardson, H. W.; Wasson, J. R.; Hodgson, D.
J.; Hatfield, W. E. Inorg. Chem. 1976, 15, 2107.

(66) Hodgson, D. J. Prog. Inorg. Chem. 1975, 19, 173.

dx.doi.org/10.1021/ic300589h | Inorg. Chem. 2012, 51, 6842—6850



Inorganic Chemistry

(67) (a) Asokan, A.; Varghese, B.; Manoharan, P. T. Inorg. Chem.
1999, 38, 4393. (b) Charlot, M. F.; Jeannin, S.; Kahn, O.; Licrece-
Abaul, J.; Martin-Freere, J. Inorg. Chem. 1979, 18, 1675.

(68) Handa, M.; Koga, N.; Kida, S. Bull. Chem. Soc. Jpn. 1988, 61,
3853.

(69) Kodera, M.; Terasako, N.; Kita, T.; Tachi, Y,; Kano, K;
Yamazaki, M.; Koikawa, M.; Tokii, T. Inorg. Chem. 1997, 36, 3861.

(70) Fry, F. H; Spiccia, K; Jensen, P.; Moubaraki, B.; Murray, K. S.;
Tiekink, E. R. T. Inorg. Chem. 2003, 42, 5594.

(71) Ruiz, E,; Alemany, P.; Alvarez, S.; Cano, J. J. Am. Chem. Soc.
1997, 119, 1297.

(72) Ruiz, E; Alvarez, S.; Cano, J.; Polo, V. J. Chem. Phys. 2005, 123,
164110.

(73) Ruiz, E.; Cano, J.; Alvarez, S. Chem.—Eur. J. 2005, 11, 4767.

(74) Ruiz, E. Struct. Bonding (Berlin) 2004, 113, 71.

(75) Ruiz, E.; Rodriguez-Fortea, A.; Cano, J.; Alvarez, S.; Alemany, P.
J. Comput. Chem. 2003, 24, 982.

(76) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(77) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B; Scuseria, G. E;
Robb, M. A,; Cheeseman, J. R,; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K,; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y,; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A,; ,
Jr, Peralta, J. E,; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E;
Kudin, K. N.; Staroverov, V. N,; Kobayashi, R; Normand, J;
Raghavachari, K;; Rendell, A,; Burant, J. C; Iyengar, S. S.; Tomasi,
J.; Cossi, M,; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J.
B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador,
P,; Dannenberg, J. J; Dapprich, S,; Daniels, A. D; O. Farkas,
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; , Fox, D. J. Gaussian 09
(Revision A.1); Wallingford, CT, 2009.

(78) Vacek, G.; Perry, J. K; Langlois, J.-M. Chem. Phys. Lett. 1999,
242, 543.

(79) Jaguar 7.5: Schrddinger, Inc.: New York, 2008.

(80) Schaefer, A,; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100,
5829.

6850

dx.doi.org/10.1021/ic300589h | Inorg. Chem. 2012, 51, 6842—6850



