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perchlorate with diethyl(pyridin-2-ylmethyl)
phosphonate (2-pmpe) ligand: [Cu(2-pmpe),(Cl1Oy),]
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Copper(II) mononuclear compound [Cu(2-pmpe),(Cl0,),] (2-pmpe = diethyl(pyridin-2-ylmethyl)
phosphonate was synthesized and studied. Examination of the crystal structure by the X-ray diffraction
method revealed two crystallographically unrelated molecules, [Cu(1)(2-pmpe),(ClO4),] (1) and
[Cu(2)(2-pmpe),(Cl04),] (2) in an asymmetric part of the unit cell. The geometry about the Cu(1) and
Cu(2) chromophores shows elongated octahedra, resulting from the didentate N,O-bonded two chelate
2-pmpe ligands and two coordinated perchlorate ions around the Cu(Il) cations (CuN,0O, chromophore).
Similarly to 1, molecules 2 are linked to each other by weak C—H---O hydrogen bonds and m---7 stacking
interactions. Additionally, both 1 and 2 molecules are linked to each other through weak C—H---O hydro-
gen bonds and C—H---w contacts, resulting in a 3D polymeric network arrangement. Magnetic data indi-
cate a very weak intermolecular exchange interaction between copper(Il) ions (zJ =—0.20 cm™) transmit-
ted through non-covalent interactions in the crystal lattice. The spectral properties are in accordance with
the structural and magnetic data.
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1. Introduction

Structure and bond properties of copper(Il) complexes have been of constant in-
terest in inorganic chemistry and biochemistry [1, 2] similarly as various ligand phos-
phonate derivatives due to their broad spectrum of biological properties. In recent
years, much attention has been focused on the synthesis of phosphonate and phosphate
esters of N-heterocyclic systems (pyridine or quinoline) and their platinum(Il) and
palladium(II) complexes, because of their potential applications [3] and significant
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antitumor activity [4-15]. Recently, we have demonstrated a high reactivity of these
phosphonate with transition metal ions [16-23]. Our interest has also been focused on
the magnetic properties of these compounds because it may allow the estimation of the
strength of the magnetic coupling between magnetic centres through intramolecular
covalent and/or intermolecular non-covalent interactions.

Studies of very weak non-covalent intermolecular interactions are of fundamental
importance for further development of inorganic supramolecular chemistry and the
prediction of crystal structures. These contacts generate or have an influence on inter-
esting supramolecular properties such as electrical, optical and magnetic ones, and
play a major role in the functioning of biological macromolecules [24-27].

The present paper is a continuation of our earlier investigation on the coordination
properties of the N-heterocyclic phosphonate diesters including structural, spectro-
scopic and magnetic properties of obtained species.

It is worth mentioning that the interaction of the (pyridin-2-ylmethyl)phosphonate
and (quinolin-2-ylmethyl)phosphonate diesters (2-pmpe and 2-qmpe, respectively)
with some copper(Il) and cobalt(Il) salts leads to copper—picolinate or copper— and
cobalt—quinaldinate systems through the oxidative decomposition of these ligands
with cleavage of the C—P bond [22, 28].

In this work, the crystal structure of the mononuclear copper(Il) compound with
diethyl(pyridin-2-ylmethyl)phosphonate ligand (2-pmpe) was investigated (Fig. 1),
having the formula [Cu(2-pmpe),(ClOy4),]. Spectroscopic and magnetic properties are
presented with reference to the crystal structure.
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Fig. 1. Molecule of the diethyl(pyridin-2-ylmethyl)
phosphonate (2-pmpe) ligand

2. Experimental

Synthesis of the Cu(2-pmpe),(ClO,);] complex”. The diethyl(pyridin-2-ylmethyl)
phosphonate (2-pmpe) ligand was obtained according to procedure described in detail
elsewhere [17]. The perchlorate complex was synthesized by dissolving the hydrated
copper(Il) perchlorate (1 mmol) in ethanol (10 cm’) and adding dropwise under stir-
ring to the solution of the ligand (2 mmol) in ethanol (20 cm®). The crystalline blue
product was obtained by slow evaporation of the solvent at room temperature.

"Although no problem was encountered in this work, perchlorate salts containing organic ligands are
potentially explosive. They should be prepared in small quantities and handled with care.
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Anal. calcd. for C,,H3,C1,CuN,O4P,: C, 33.32; H, 4.48; N, 3.89; Cu, 8.82. Found:
C, 33.55; H, 4.56; N, 3.69; Cu, 8.63 %.

Physical measurements. Metal content was determined using a Carl Zeiss Jena
atomic absorption spectrophotometer and an ARL model 3410 ICP spectrometer.
Elemental analyses were carried out using a Perkin-Elmer elemental analyzer
2400CHN. Solid-state electronic spectrum (28000—4000 cm ') was performed on a
Cary 500 spectrophotometer. Solid state EPR spectra were recorded at room tempera-
ture and at 77 K on a Bruker ESP 300E spectrometer operating at X-band, equipped
with a Bruker NMR gaussmeter ER 0.35 M and a Hewlett Packard microwave fre-
quency counter HP 5350B. Magnetic measurements were carried out with a Quantum
Design SQUID magnetometer (type MPMSXL-5). The measurements were recorded
in a magnetic field of 0.5 T in the temperature range 1.8-300K. Corrections for dia-
magnetic contributions are based on subtracting the sample holder signal and estimat-
ing the contribution }; from the Pascal constants [29]. The effective magnetic mo-
ments were calculated from uer = 2.83(yy7)"* using temperature-independent
paramagnetism of 60x10°° cm’®*mol " for Cu(II) ion [30].

Determination of the crystal structure of [Cu(2-pmpe),(ClO,),]. X-ray data were
collected on a Kuma KM4CCD diffractometer (Mo K, radiation, 4 = 0.71073 A).
X-ray data were collected at 100 K using an Oxford Cryosystem device. Data reduc-
tion and analysis were carried out with the CrysAlice ‘RED’ program [31]. The space
group was determined using the XPREP program. The structure was determined by
direct methods using the XS program and refined using all the F~ data, as implemented
by the XL program [32]. Non-hydrogen atoms were refined with anisotropic displace-
ment parameters. All H atoms were placed at calculated positions. Before the last cycle
of refinement, all H atoms were fixed and were allowed to ride on their parent atoms.

3. Results and discussion

3.1. Description of the structure of [Cu(2-pmpe),(Cl10,),]

Two crystallographically unrelated molecules, [Cu(1)(2-pmpe),(ClO,4),] (1) and
[Cu(1)(2-pmpe),(ClOy), (2), exist in the asymmetric part of the unit cell (Fig. 2). The
Cu(1) and Cu(2) copper ions are located in a special position. The crystallographic
parameters are summarized in Table 1. The selected bond lengths and angles are listed
in Table 2.

Diethyl(pyridin-2-ylmethyl)phosphonate (2-pmpe) ligands acting as a didentate
bonding, chelate to the Cu(1) and Cu(2) atoms through the pyridyl nitrogen and the
phosphoryl oxygen atoms resulting in six-membered rings. The P=O group is arranged
in a trans position. The O atoms of the perchlorate anions complete a distorted octa-
hedral surrounding of Cu(1) and Cu(2) atoms. As presented in Table 2, the Cu-N and
Cu—O bond length between the Cu atoms and the 2-pmpe ligands are shorter than
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Cu-O bonds between Cu atoms and perchlorate anions. It causes a significant distor-
tion of the coordination polyhedron around the Cu(1) and Cu(2) ions (CuN,O, chro-
mophore). In the crystal under investigation, the Cu—O (coordinated perchlorate) dis-
tances (2.482(3) and 2.433(3) A) are longer than the Cu—O (coordinated perchlorate)
distances found in crystals of related Cu(Il) compounds with N-heterocyclic phosphate
ligand (2.409 (2) A) [33].

Table 1. Crystal data and structure refinement for [Cu(2-pmpe),(ClO,),]

Empirical formula | C,oH3,C1,CuN,O 4P, | D,, Mg-nf3 1.680

Formula weight | 720.86 Absorption coefficient, mm™' | 1.137
Temperature, K | 100(2) F(000) 742

Wavelength, A 0.71073 Crystal size, mm 0.26x0.11x0.09
Crystal system triclinic ge;ange for data collection, 3.11-27.00
Space group Pl Ranges of i, k, [ -10=>10, -14=>14, —-19=>18
a, A 8.442(3) Reflections collected 15969

b, A 11.158(3) Independent reflections, R;,, | 6220 (0.0759)

c, A 15.248(4) Completeness to 28 =54.00 [99.7%

a,deg 87.30(3) Absorption correction analytical

B, deg 84.23(3) Data/parameters 6220/373

7, deg 86.35(3) Goodness-of-fit, 1.151

Volume, A® 1424.9(7) Final R/wR indices, I>2 ol 0.0723/0.1028

7 2 Largest diff. peak/hole, e:A> | 0.429/-0.484

Table 2. Bond lengths (A) and angles (°) for [Cu(2-pmpe),(ClO,),]

Molecule (1) Molecule (2)
Cu(1)-N(1) 1.952(3) Cu(2)-O(1A) 1.966(3)
Cu(1)-N(1) 2.058(3) Cu(2)-N(1A) 2.060(4)
Cu(1)-O(11) 2.482(3) Cu(2)-0(21) 2.433(3)

P(1)-N(1) 1.499(3)
P(1)-0(3) 1.546(3)
P(1)-N(1) 1.558(3)
N(1)-P(1)-0(3) 115.50(17)
N(1)-P(1)-N(1) 111.94(16)
0O(3)-P(1)-N(1) 105.98(18)
N(1)-P(1)-C(7) 110.7(2)
0(3)-P(1)-C(7) 102.59(19)
N(1)-P(1)-C(7) 109.64(19)
N(1)-Cu(1)-N(1)" 88.06(13)
N(1)-Cu(1)-N(1) 91.94(13)
N(1)-Cu(1)-0(11) 95.59(11)
N(1)-Cu(1)-0(11) 90.55(12)
N(1)-Cu(1)-O(11)" 84.41(11)
N(1)-Cu(1)-O(11)" 89.45(12)

P(1A)-O(1A) 1.493(3)
P(1A)-O(3A) 1.554(3)
P(1A)-O(2A) 1.564(3)
O(1A)-P(1A)-O(3A) 114.90(18)
O(1A)-P(1A)-O(2A) 113.05(18)
O(3A)-P(1A)-O(2A) 103.93(17)
O(1A)-P(1A)-C(7A) 109.84(19)
O(A)-P(1A)-C(7A) 104.92)
O(2A)-P(1A)-C(7A) 109.74(19)
O(1A)-Cu(2)-N(1A)" 86.90(13)
O(1A)-Cu(2)-N(1A) 93.10(13)
0O(1A)-Cu(2)-0(21) 97.79(12)
N(1A)-Cu(2)-O(21) 88.24(13)
O(1A)-Cu(2)-0(21)" 82.21(12)
N(1A)-Cu(2)-0(21)"91.76(13)

Symmetry transformations used to generate equivalent atoms: (i)
—x+2,—y,—z+1, (ii) —x+1,~y+1,—z
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The P(1)-N(1) and P(1A)-O(1A) bond lengths of the phosphoryl P=O group of
both crystallographically unrelated ligands are equal to 1.499(3) and 1.493(3) A, re-
spectively, and are smaller than the P-O bond lengths of the phosphonate groups
(Table 2). Analysis of the geometric parameters indicates that the environment of the
P(1) and P(1A) atoms is distorted tetrahedral i.e. the angles deviate from the ideal
value of 109.5°, observed for other phosphonate diesters [34].

Fig. 2. Relative orientation of the molecules 1 and 2 in the crystal of [Cu(2-pmpe),(ClO,),]
showing the atomic numbering. Symmetry codes are given in Table 2

Crystalographically unrelated molecules, [Cu(1)(2-pmpe),(ClO4),] (1) and
[Cu(2)(2-pmpe),(ClO4),] (2) are linked by m--- interaction, formed between pyridyl
rings, resulting in ribbons extended in the [100] direction. The ribbons are stabilized
by C-H---O hydrogen bonds formed between the aromatic C—H group of the pyridine
rings and coordinated perchlorate oxygens [C(4)-H(4)--O(11)* and C(4A)-
H(4A)--0(21)"] (symmetry codes are given in Table 3). The ribbons are linked to
each other by C—H:--O hydrogen bonds and C-H---w contacts. Additionally, the mole-
cules 1 and 2 are stabilized by intramolecular C—H---O hydrogen bonds (Table 3).

Table 3. Geometry of the hydrogen bonds [A] and contacts for [Cu(2-pmpe),(ClO,),] [deg]

D-H-A d(D-H) d(H-A) d(D-A) <(DHA)

1 2 3 4 5

Interactions for molecule (1)

Intra
C(7)-H(7B)---O(11) 0.99 2.54 3.286(6) 132
C(6)7H(6)---O(12)" 0.95 2.57 3.338(5) 138
Inter

C(4)-H(4)--0(11)" 0.95 2.45 3.274(6) 144
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Table 3 continued

1 | 2 3 | 4 | 5
Interactions for molecule (2)

Intra

C(8A)-H(8D)---O(23) 0.99 2.33 3.318(6) 174

Inter _

C(4A)-H(4A)---0(21)" 0.95 2.61 3.354(6) 136
Interactions between (1) and (2) molecules

C(3)-H(3)--0(22)" ) 0.95 2.64 3.463(6) 146

C(N)-H(7A)-0(22)" 0.99 2.54 3.472(6) 157

C(11)-H(11A)--0(23)™ 0.98 2.55 3.314(6) 134

C(5)-H(5)-02A)™ 0.95 2.54 3.434(6) 156

C(9)-H(9B)---CP2" 0.98 3.02 3.919(6) 153
Interactions between (2) and (1) molecules

C(10A)-H(10C)--O(13)" 0.99 2.57 3.342(6) 134

C(7A)-H(7C)---0(12)" 0.99 2.28 3.251(6) 167

Symmetry transformations used to generate equivalent atoms: (i) —x+2, —y, —z+1; (ii) —x+1, —-+1, —z;
(1) =x+1, =y, —z+1; (iv) x=1, y+1, z (v) x, y+1, z (Vi) =x, —p+1, =z (vii) —x+2, —y+1, —z; (viii) —x+1, —p+1,
—z+1; (ix) x+1, y, z.

Fig. 3. Arrangement of the molecules 1 and 2 in the crystal of [Cu(2-pmpe),(ClO,),]
and their linkage through weak C—H---O hydrogen bonds and m—r interactions (dashed lines).
Other hydrogen contacts linked to the molecules 1 and 2 are listed in Table 3
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The dihedral angle between planes defined by N(1), N(1), N(1)’, N(1)" and N(1A),
O(1A), N(1A)’O(1A)" atoms is equal to 67.68°. Arrangement of the molecules 1 and 2
in the crystal of [Cu (2-pmpe),(ClOy),] is shown in Fig. 3. The C—H:--O hydrogen
bonds, C—H:--n contacts and 7---% interactions, given in detail in Tables 3 and 4 stabi-
lize the structure and give rise to a three-dimensional (3D) network. Crystal packing of
the molecules 1 and 2 is shown in Fig. 4.

Table 4. - interactions [A] and [deg]

Cp-Cp Interplanar angle Cp (perp) Slippage
Cpl--Cpl’ 3.628 0.00(20) 3.486(3) 1.01
Cp2--Cp2" 3.798 0.00(22) 3.637(3) 1.09

Symmetry transformations used to generate equivalent atoms: (i) —x+2, —y, —z+1, (v) x, y+1, z;
Cpl — centroid of N(1) C(2) C(3) C(4) C(5) C(6) ring; Cp2 — centroid of N(1A) C(2A) C(3A) C(4A)
C(5A) C(6A) ring.

Fig. 4. Crystal packing of the molecules 1 (left) and 2 (right)
in the crystal of [Cu(2-pmpe),(Cl0,),] viewed down the a-axis and b-axis, respectively.
The C—H---O hydrogen bonds are shown with dashed lines

The shortest intermolecular metal-metal separations for Cu(l)--Cu(1)* and
Cu(2)--Cu(2)" (ix = 1+, y, z) are of 8.442(3) A. For Cu(1)~-Cu(2), Cu(1)--Cu(2)" and
Cu(1)--Cu(2)" (x = x, y, 1-z), these separations are: 10.322(4), 9.979(4) and 10,080(4) A,
respectively.

3.2. Spectroscopic properties

In the infrared spectrum of the compound studied, the bands corresponding to the
stretching modes of the pyridine {C=C) and C=N) observed at 1589, 1570 cm ' for
the free ligand are shifted to the higher frequencies in the complex (1610, 1571 cm ™).
The characteristic out-of-plane and in-plane deformation bands of the 2-substituted
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pyridine ring (405 and 602 cm', respectively) are also shifted to higher frequencies
(416 and 616 cm', respectively), suggesting coordination of the pyridyl nitrogen
atom. The band at 967 cm ™' associated with a pyridine ring breathing mode is charac-
teristically shifted to higher energy (972 cm™") on coordination.

A very strong band at 1250 cm', which corresponds to the P=O stretching fre-
quencies of the free ligand in the spectrum of the title compound, is shifted towards
lower frequencies by 75 cm', indicating the coordination of the phosphoryl oxygen
atom to the metal ion and suggests, that 2-pmpe acts as a N,O-bonded chelate ligand.
For monodentate coordination of 2-pmpe through the oxygen atom a shift about 20-30
cm ' is observed [21]. The strong non-splitting absorption band of uncoordinated per-
chlorate anion at about 1110 cm™' in the IR spectrum of [Cu(2-pmpe),(ClOy),] is dis-
tinctly split to two components, observed at around 1090 and 1120 cm'. Also a strong
absorption band characteristic of uncoordinated perchlorate ion, centred at 620 cm™" is
significantly split (610 and 628 cm ') in the spectrum of the compound. These features
indicate unidentate coordination of the perchlorate group [34-36]. The far-IR region
of the compounds reveals one band at ca. 270 cm ' attributed to the U M-N) stretching
vibration.

A broad asymmetric band centred at 14 800 cm™' with a shoulder of ca. 12 700 cm’’
observed in the ligand field spectrum is characteristic of tetragonally distorted octahe-
dral complexes [37], consistent with the structural analysis.

3.3. Magnetic properties

The EPR X-band powder spectrum of the copper compound is of the axial type
with g values of g;=2.284 and g, = 2.064 at room temperature. The spectrum is inde-
pendent of temperature. The g value is in agreement with that observed for CuN,O,
chromophore [38]. The spectrum of copper(Il) compound in a frozen solution of etha-
nol was also recorded. This spectrum shows g values similar to the g values of the
powder spectra, which indicates that the complex is stable in solution.

It is well known that weak non-covalent interactions not only stabilize crystal
structure, but may also provide pathways for magnetic superexchange. Since the
above analysis of the structure of the Cu(Il) compound indicates that small but not
negligible intermolecular magnetic exchange interaction cannot be excluded, we per-
formed a magnetic study of this compound.

The magnetic properties of the compound, represented in the form of jc,T and
1/ ycu vs. temperature plots in the 1.8-300 K temperature range, are shown in Fig. 5
(¥cu 1s the molar magnetic susceptibility per Cu(Il) ions). The effective magnetic mo-
ment fg at room temperature (Legr =1.93 s, yuT = 0.466 cm3-mol’1-K) is within the
usually observed range of experimental values for complexes in the octahedral con-
figuration [39, 40]. At 1.8 K, the effective magnetic moment /i is equal to 1.83p
(xuT = 0.418 cm’*mol ""K). The best fit values of the Curie (C) and Weiss (6) con-
stants, obtained from the equation y = (C/(7-6)] within the measured temperature
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region, are equal to 0.460 cm™K-mol ' and —1.44 K, respectively. The negative Weiss
constant (&)suggests the possibility of a very weak magnetic interaction between mag-
netic centres via the non-covalent bond system in the crystal lattice at lower tempera-

tures.
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Fig. 5. Temperature dependences of yc,7 (1) and 1/ ¢, (2) for [Cu(2-pmpe),(ClOy),].

Solid lines correspond to the best theoretical fit (see text)

Therefore, in order to evaluate the intermolecular interactions of the magnetic cen-
tre of the [Cu(2-pmpe),(ClO,4),] compound, a molecular exchange field model was

used [41]:

N 2 2
2= 55 ) (1)
X = —2’2 Q)
Nﬁzgz M

corr

where y),1s the equation for the magnetic susceptibility of paramagnetic centre, y,,
is the measured experimental susceptibility, zJ/” is the intermolecular exchange pa-
rameter, z is the number of nearest neighbours. In the frame of this model, the best fit
parameters obtained by the least squares fit are the following: zJ” = —0.21 cm’,
@ =2.18 with the value of R = 6.87-10°°, where R is the agreement factor, defined as
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The temperature dependence of the experimental and calculated values of y),T of
the Cu(Il) compound is shown Fig. 5.
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Fig. 6. Molar magnetization in function of the magnetic field, experimental (m).
The solid line represents the Brillouin function, assuming g = 2.18 (the value of the fit)

The molar magnetization M of the studied compound was measured in function of
the applied magnetic field H at 2 K (Fig. 6). The magnetization (M/Nug) per Cu(Il) ion
at 5 kGs (5 T) tending to one electron is close to that expected for an isolated Cu(II)
ion (1 Nug). At intermediate fields, the experimentally determined data points lie be-
low the theoretical curve, indicating a weak antiferromagnetic coupling between the
copper(Il) ions.

4. Conclusions

The reaction of copper(Il) perchlorate with diethyl(pyridin-2-ylmethylphos-
phonate) ligand 2-pmpe leads to crystallization of the [Cu(2-pmpe),(ClO,),] complex.
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There are two crystallographically unrelated [Cu(2-pmpe),(Cl0O,),] molecules in an
asymmetric part of the unit cell. The crystal structure is stabilized by weak C—H:--O,
C—H---m and -7 interactions, resulting in an extensive, three-dimensional network.

Differences between copper(Il) and cobalt(Il) perchlorate complexes with N-hete-
rocyclic phosphonate or N-heterocyclic phosphate ligands are worth mentioning. While
perchlorate anions are coordinated in the Cu(Il) complexes, they are uncoordinated in the
Co(II) complexes, and water molecules are coordinated to Co(II) ions [19, 42].

In conjugation with structural studies, the magnetic properties of the title com-
pound were investigated. A small value of zJ” is compatible with the expected limit
J| < 0.5 cm' for exchange interactions between the copper(Il) ions transmitted
through weak intermolecular noncovalent interactions.

Finally, it is worth mentioning that the studied compound is stable in solution
when exposed to air. According to our earlier observation [22, 28], the didentate coor-
dination of the 2-pmpe ligand stabilizes the complex preventing oxidative cleavage of
C—P bond of the ligand and carboxylate compound formation .
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