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Abstract

The polynuclear copper(II) complexes with the di-2-pyridylamine ligand and the bridging
oxoanions, namely oxalate, hydrogenphosphate and formate have been synthesized and
characterized spectroscopically (IR, VIS and EPR) and their molecular structures determined by
X-ray diffraction analysis. The temperature variable magnetic susceptibilities (5-300° K) are
measured and the magneto-structural correlation investigated and discussed as well as the
superexchange pathways.

The synthesis and characterization of the dinuclear oxalato-bridged copper(Il) complexes
[Cuy(dpyam)y(u-Cr09)J(BF4).3H,0 (1), [Cuy(dpyam)y(p-C204)(ClO4),.3H;0 (M), [Cuz(dpyam),
(H-C0))(PFg)2.2H,O (HHD), [Cux(dpyam)y(p-Cr04)(NO3)((CH;),S0)] (IV), [Cux(dpyam),(p-
Cy0)(NO3){(CH3)NCOH),] (V), [Cux(dpyam)(u-C204)Cly] (VD) and [Cuy(dpyam)(p-Cr04)
Br;] (VII) are described. X-ray analysis of compounds I-V are reported with geometry of I-III
being compressed rhombic octahedral and that of IV and V being e¢longated tetragonal octahedral.
Compound I and II exhibit a very weak ferromagnetic interaction between the Cu(Il) ions while a
strong antiferromagnetic coupling is found for IV and expected for V. This is in agreement with
their structural features found.

In case of the polynuclear hydrogenphosphato-bridged copper(Il) complexes, X-ray
analysis of complexes {[Cu3(dpyam);(p.;,n3-HPO4)(p3,n"-PO4)(HZO)](PF6)~3HgO},, (I),
[Cu(dpyam)(2,n*-HPOY)], (II), [Cu(dpyam)(uz,n>-HaPO4)(HoPO)]; (I), [Cus(dpyam),
(e -HPO)(1-CI))(CD6H:0 (IV), [Cua(dpyam)u(pss,n™-HPO4)(u-Br)y)(Br)6H;0 (V) and
[Cus(dpyam)s(13 1°-HPO,),(NO:),(H,0) J(NO3)»2H,0 (VI) are reported. Compounds I and II
involve the polymeric chain structure while compound III exhibits a dinuclear unit. Compounds
IV-VI display the tetranuclear unit, all of which involve the five-coordinate geometry, but
different in a small structural distortion indicated by T values ranging from 0.001 to 0.57. All

compounds in this series present a singlet ground state. The overall magnetic behaviour for each



compounds indicates a week antiferromagnetic interaction between Cu(ll) ions, in agreement
with their structural features found.

In case of the formato-bridged copper(I1) compounds, the triply-bridged dinuclear copper
(1) complexes [Cux(dpyam)(u-O.CH)(u-OH)(p-OCH3)K(C104) (D), [Cux(dpyam)(u-O.CHYp-
OH)J(CIO4)-H,O (M), [Cux(dpyam)(p-O,CHYu-OOCH)(u-OH))(PFe) (D), [Cux(dpyam)(u-
O,CH)(p-OH)Y(u-CH(CIO,)-0.5H,0 (IV), [Cuy(dpyam),(u-O,CH)(p-OH)p-CI)I(PFe) (V) and
[Cux(dpyam),(pn-O,CHYu-OH)(u-CIH}(BE,) (VI) have been synthesized and characterized. X-ray
analysis of compounds I-V are reported with geometry of I, III, IV and V being distorted trigonal
bipyramidal and that of II being distorted square pyramidal. Compounds I and IV show a very
similar magnetic behaviour (J = +62.5 and 79.1 cm™) and also in case of I and V (J = +30.8 and
+36.7 cm™) which are in agreement with their structural data. That of II is expected to involve a
moderate antiferromagnetic coupling (J = -122.54 cm™) between Cu(Il) ions, based on the
bridging angle following Hodson and Hatfield’s linear relationship which is usually applied

successfully for the planar dihydroxo-bridged complexes.
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Executive Summary

The more insight in the structural aspects of polynuclear transition metal compounds that
influence their magnetic properties has been the primary objective of this research. Because of the
varieties of geometries and coordination numbers displayed by the copper(II) ion and in order to
extend a search to polynuclear copper(ll) complexes with different coordination modes of
bridging ligands, the polynuclear copper(ll) complexes with the terminal di-2-pyridylamine
ligand and three different oxoanion bridging ligands, namely oxalate, hydrogenphosphate and
formate are prepared in order to relate the structural parameters to their magnetic properties,
besides the coordination chemistry of these kinds of complexes. The aim of the research is
twofold, First to synthesize new polynuclear copper(ll) complexes containing the oxalate,
hydrogenphosphate and formate as bridging ligands with variety of coordination and bridging
modes resulting different environments around the copper(Il) ion. The structural modification for
each series is based on the preparative conditions and type of anion and solvent molecule.
Measuring the temperature variable magnetic susceptibilities of these new compounds brings up
the second aim of the research; to investigate structural factors that influence the type and
magnitude of magnetic interaction between copper(Il) ions and the superexchange pathway
investigated and discussed.

This research is divided into three parts. Part 1 describes the synthesis, characterization
(elemental analysis, IR, EPR, and X-ray analysis) and magneto-structural correlation of the
polynuclear oxalato-bridged copper(II) complexes Those of the polynuclear hydrogenphosphato-
bridged and formato-bridged copper(Il) complexes are described in Part IT and Part 111 of the

research, respectively.

Part I addresses the synthesis, characterization and magneto-structural correlation of
seven dinuclear oxalato-bridged copper(Il) complexes [Cux{dpyam)(pu-Cy04))Xa, X = (BF,)
2.3H;0 (@), (C104},.3H,0 (1) and (PF;),.2H,O (1), [Cuy(dpyam),(p-C:0)(NO;)((CH;),S0).]
(IV), [Cuy(dpyam)s(1-C204)(NO;)2((CH;3),NCOH),] (V) and [Cuy(dpyam),(n-C,04)X:],



X= CI (VD) and Br (VII). Compounds I-III display the identical environment, a compressed
rhombic octahedral coordination geometry of the rather unique CuN,O;N,' (4+2) chromophore
with a slightly different distortion in the bond lengths and bond angles. The oxalato bridge links
both copper(ll) ions in the equatorial positions. This axially-compressed octahedral (4+2)
geometry is uncommon as most of other dinuclear p-oxalatodicopper(ll) complexes found in
literature have five-coordinate geometries, a square-pyramidal structure with the counter anion or
solvent molecule occupying the axial position. Some compounds present an additional bond,
giving rise to an axially-elongated octahedral geometry. In addition, I-III are three rare examples
of 4+2 compressed rhombic coordination resulting from a pseudo Jahn-Teller effect, the apparent
compression is due to dynamic interconversion between two of the possible axial elongations.
Complexes I'V and V exhibit an elongated tetragonal octahedral environment of both CuN,0,0’
0" chromophores. Both copper atoms are linked through an oxalato bridge in the equatorial
positions and both axial positions are occupied by the nitrate anion and the DMF or DMSO
solvent molecule for IV and V, respectively. Unfortunately, the crystals of the Cl and Br ‘
compounds (VI and VII) are not good enough for X-ray analysis. Hence, the proposed structures
have been made, based on their spectroscopic properties to be a square pyramidal geometry with
the halide occupying in the axial position.

Compounds 1 and II have the singlet-triplet energy gaps J = +3.38 and +2.42 cm’,
respectively, which confirms a very weak ferromagnetic interaction between two Cu(II) ions
within these complexes. Both compounds involve the compressed rhombic octahedral geometry,
which the unpaired electrons of the Cu centres are not in d,2.,2 orbital but rather in d,2 orbitals.
Therefore, magnetic orbitals are perpendicular to the oxalate plane, hence overlap very poorly
with the oxalato o orbitals, resulting in a weakness of the ferromagnetic interaction. In contrast,
IV has the J value of ~305.1 cm™ which is distinct both in the sign and magnitude of the J value.
This indicates the strong antiferromagnetic interaction between two Cu(Il) centres within the
complex. As IV exhibits an elongated octahedral geometry, the unpaired electrons of the Cu
centres are in d,2.,2 orbitals. Hence, there are well oriented to interact with the oxalate o orbitals
and the maximized antiferromagnetic interaction is expected. However, the magnetic exchange
interaction may be slightly weakened by the structural distortion such as the displacement of the
copper atom out of the basal plane (-0.077 and 0.077 A), the tetrahedral distortiori of the basal
plane (7.2°), the copper atom deviation from the oxalate plane (-0.098 and +0.098 A), and the
dihedral angle of 7.0° between the basal plane and the oxalate plane. It is noted that the structure
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and structural distortion of III is very comparable to those of I and IL, and that of V is very
similar to that of IV. Thus III and V are predicted to have a very weak ferromagnetic and strong

antiferromagnetic interaction, respectively.

Part II of this research describes the synthesis, characterization (elemental analysis,
thermogravimetric analysis, IR, EPR, and X-ray analysis) and magnetic properties of six
polynuclear hydrogenphosphato-bridged copper(Il} complexes {[Cus(dpyam)s(us;,n’-HPO,)
(k3,1 *-PONHL0)](PF) 3H;0}, (), [Cu(dpyam)(pz,n*-HPOR)], (A1), [Cu(dpyam)(p2,n’-H,POy)
(H,PO,)]; (TI), [Cuy(dpyam)a(pie,n’-HPO4){p-Cl)] X2, X = C1-6H,0 (IV) and Br -6H,O (V).and
[Cus(dpyam)s(ps °-HPO ), (NO3 o,(H,O)I(NO3 ) 2H,O  (VI). Compounds I and II exhibit -
polymeric chains of the [Cus(dpyam)s(us,n’-HPO,)(i3,n*-POsXH,0)]" cation and [Cu(dpyam)
(h2n’-HPO,)] unit, respectively with the novel bridging coordination modes ps,n’-HPO, and
u;,n"-PO4 for T and u;,nB-HPO4 for II. The trimeric unit in T involves two CuN,O,0O'
chromophores with a tetrahedrally distorted square-based pyramidal geometry (t = 0.17 and 0.13)
and a CuN,0; chromophore with an intermediate five-coordinate geometry (1t = 0.57). Compound
II displays a distorted square-based pyramidal geometry of the CuN,O,0' chromophore with
© = 0.12. Compound III is a dinuclear compound consisting of the p,,n>-H,PO, bridge and the
monodentate H,PO, group with a distorted square pyramidal CuN,0,0' chromophore (t = 0.12).
IV, V and VI are tetranuclear compounds consisting of the tetrameric units [Cﬁ4(dpyam)4
(e, ™-HPO(p-C1)a)”", [Cua(dpyam)y(pia,n’-HPOs); (1-Br)a]”” and [Cug(dpyam)e(sn’-HPO,),
(NO3)(H,0)]%, respectively. Complexes IV and V are isostructural, both having the w.n>-HPO,
bridging coordination mode with the halide bridges. Each copper(Il) environment are in a range
of the distorted square pyramidal geometry of CuN,;0,X chromophores with © = 0.02-0.05 for IV
and 1= 0.001-0.07 for V. Complex VI exhibits two different geometries, a tetrahedrally distorted
square-based pyramid {t = 0.32) of two CuN,0,0' chromophores and an intermediate five-
coordinate geometry (t = 0.52) of the other two CuN,O; chromophores with an unprecedented p
4,113 -HPO, bridging coordination mode.

The magnetic interaction in I calculated from Curie-Weiss law out of the 3 versus T
plot, results in a Curie-Weiss constant @ = -4 K, indicating a weak antiferromagnetic interaction.
This weak interaction can be understood by the fact that the three Cu ions are not equal to each
other, the Cu(1) distances to Cu(2) and Cu(3) are large (5.218, 5.942 A), while the Cu(2)-Cu(3)
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distance is shorter (4.407 A), so magnetically it can be also understood as a dinuclear identity
which form a polymeric chain via a single Cu ion. Compounds II and III have the singlet-triplet
energy gaps J = -26.20(2) and -2.85(1) cm™, respectively, which confirm the medium and weak
antiferromagnetic interactions, respectively between neighboring Cu(ll) ions. Because of the
square pyramidal geometry in II and III the spin density is mostly in the d,2,2 orbitals of the
copper(1l) ions. Although the H,PO,""™ bridges, join the copper atoms in an equatorial-equatorial
configuration, both square bases are not parallel in the same plane with an anti-anti or syn-anti
configuration of the H,PO,"™" bridges. Consequently, the superexchange coupling through the
phosphate anion (Cu-O-P-O-Cu) can be expected to be non negligible. The antiferromagnetic
couplings found in II and III are thus in agreement with this structural feature and the large Cu-
Cu distances. Compound IV has the singlet-triplet energy gaps 2}, = 2J, = 22(1) em’, 213 =-79.4
(7) em™, 2J, = 46(3) cm™ for different pathways. Those of V are 2J; = 2, = 33.3(7) em’,
2J; = -83.1(5) em’, 2J, = 12(2) em’. This concludes that both compounds present a singlet
ground state. Compound VI has the singlet-triplet energy gaps J; = -20.4(1) cm™ and J, = -10.1(2)
em™”. In light of the longer distance of the inner Cu-Cu ions (Cu(1)-Cu(2)), the found J values
seem to be reasonable. The phosphate bridges in VI join copper atoms in an equatorial-equatorial
modes between two distorted square pyramidal chromophores which have a marked tetrahedral
twist of the square bases and the large Cu-Cu distance and link the copper atoms in the
equatorial-axial and axial-axial configuration modes between two different geometries (t = 0.32
and 0.52). The antiferromagnetic interaction found in V1 is thus in agreement with this structural

feature.

Part III describes the synthesis, characterization and magneto-structural correlation of
six dinuclear formato-bridged copper(Il} complexes [Cu;(dpyam),(p-O,CHYp-OH){(p-OCHs3)]
(C104) (1), [Cux(dpyam)(pu-O,CH)}p-OH),](CIO4)-H;O (@), [Cuxdpyam)(p-O,CH)p-OOCH)
{(#-OH)I(PFs) (II) and [Cuy(dpyam),(u-O,CH)pu-OH)(p-CDHKX), X = ClO, -0.5HO (IV), PFe
(V) and BF, (VI). Complexes I-V are the triply-bridged dinuclear copper(Il) complexes involving
the distorted trigonal bipyramidal geometry of CuN,0; chromophores with the 1 values of 0.61,
0.59, 0.60 and 0.72 for I, III, IV and V, respectively and the distorted square pyramidal
CuN;0,0’ chromophore with 1 = 0.27 for II. The formate anion in all compounds bridges two
copper atoms in a syn-syn arrangement in the trigonal plane. Compound III involves an

additional monoatomic formato bridge, coordinated also in the trigonal plane. The hydroxo bridge
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within I, ITI, IV and V occupies one of the axial positions with the bridging Cu-O-Cu angles of
104.0, 107.2, 104.8 and 105.9° for I, III-V, respectively. The Cu environment in II is found to be
distinct as compared to others in this series and involves some tetrahedral twist of the square
bases, 23.8°. Additionally, the dimeric unit is not exactly planar with a dihedral angle between
~both basal planes of 14.4°. Both hydroxo groups bridge two Cu(ll) ions in an equatorial-
equatorial configuration with the bridging Cu-O-Cu angles of 95.8 and 96.0° while the triatomic
formato group links both Cu(ll) ions in the axial positions. The crystals of VI is not suitable for
X-ray analysis, therefore its structure is characterized by elemental analysis and the spectroscopic
properties, and the distorted trigonal bipyramidal geometry similar to those of [, IIl, IV and V has
been proposed with the molecular formula of [Cu,(dpyam),(u-O;CH)Yu-OHXp-CH(BF,) (VI).
The magnetic properties of compounds I and IV mutually show a very similar behaviour
with the singlet-triplet energy gaps (J) of +62.5 and +79.1 cm™, respectively and the very similar
structure is also found ITIN and V with J values of +30.8 and +36.7 cm™. The ferromagnetic
interaction in the latter two compounds is smaller than that of the former two compounds,
resulting in the conclusion that the bigger the bridging Cu-O(H)-Cu angle and the longer the Cu-
Cu distance, the smaller the ferromagnetic interaction is found. It is noted that the T values in the
studied ranges do not affect the magnitude of exchange interaction. The coordination geometry
around each copper(Il} ion of I, HI, IV and V is distorted trigonal bipyramidal, which the
unpaired electron resides primarily in d,2 orbital with orientation along the apical hydroxo
bridging ligand. In this case a major ¢ pathway via (Cu-OH-Cu) is possible for the electron
delocalization via the d,2 magnetic orbitals, corresponding to the weak or strong ferromagnetic
interaction. The unpair electron of first copper ion couples with an electron in p-orbital of oxygen
atom and the unpair electron of second copper ion couples with an electron in the other p-orbital
of oxygen atom resulting in the existence of two parallel unpair electrons, each from different p-
orbitals. A strong magnetic interaction requires both good ¢ orientation of the magnetic orbitals
and good superexchange properties of the bridging atom(s). Therefore, these complexes
contribute a moderate ferromagnetic exchange. It should be noted that when the copper(ll)
geometry is close to regular square pyramidal, an often strong antiferromagnetic interaction will
be predominant, but a reduction of an antiferromagnetic contribution will be observed when the
geometry becomes closer to trigonal bipyramidal. Compound II exhibits the distinct copper(il)
environment, a distorted square pyramidal geometry, as compared to other complexes which the

unpaired electron is located in a d,2.,2 type orbital. The d,2,,2 magnetic orbital in II is directed
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toward both hydroxo bridges, the Cu-O-Cu angles of 95.8 and 96.0°. For these bridging angles, a
moderate antiferromagnetic coupling (J = -122.54 cm™) should be expected following Hodgson
and Hatfield’s linear relationship which is usually applied successfully for the planar dihydroxo-

bridged complexes.

The results of this research would be used as basis for suggestion for further research in
the field of magnetochemistry research and would benefit as a basic knowledge for structural
modification in order to design the potential magnetic materials. Parts of this research have been

published for publication as attached in the back of the research report.
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1

Synthesis, Crystal Structure, Spectroscopic and Magnetic Properties of
Dinuclear Oxalato-Bridged Copper(Il) Compounds

1.1 Introduction

The oxalate anion is a versatile ligand, having the wide variety of topologies for coordination
geometries with transition metal ions. The oxalate ion has been proven to be a bridging ligand to
design magnetic materials and many oxalato-bridged complexes have been prepared and
characterized' ", The magnetic properties of oxalato-bridged copper(Il) complexes is strongly
dependent on the geometry around the copper ions and the bridging mode of oxalate ligand’.
Eight different coordination modes of oxalate ligand have been reported for the oxalato copper(II)
complexes (Figure 1) *. The coordination modes b and e (Figures 1b and le) are commonly
observed.

A number of dinuclear copper complexes with an oxalato bridge, generally formulated as
[(NN)Cu(m-C,Oy)Cu(NN)] X, , where NN is a chelating ligand, and X is a counter anion or a
solvent molecule, have been structurally characterized” . Analysis of the structural factors that
influence the magnitude of the magnetic interactions allowed to tune the value of the singlet-
triplet energy gap (J values) in oxalato-bridged dinuclear Cu(II) complexes from approximately 0
to approximate -400 cm” by playing on the nature of the terminal ligand (tridentate and/or
didentate nitrogen donors) or of the counter ions, taking advantage of the plasticity effect of the
Cu(1i) coordination sphere”. It is extremely difficult to control the value of structural parameters
during the synthetic process and great difficulties are faced to establish the magneto-structural
correlation. In order to extend the investigation by modifying the terminal ligand to the more
flexible, nitrogen donor didentate dpyam ligand, we now describe the synthesis, the crystal
structure, and the magnetic properties of seven new p-oxalato Cu(Il) complexes, [Cus(dpyam),
(1-C204)]Xs, X = (BF:)3H,0 (@), (Cl04)2.3H0 (M) and (PFe).2H,0 (D), [Cux(dpyam),
(1-C0)(NO3}:((CH3):80);]  (IV), [Cux(dpyam)(p-C:0)(NO1)((CH;).NCOH),] (V) and
[Cuxdpyam),(u-C,04)X;], X= Cl (VI) and Br (VII). The ligand dpyam has been selected
primarily because of the fact that it also has a N- H H-bond donor function that ntight interfere
with the oxalate bridging ligand.
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Figure 1 Different coordination modes of oxalate ligand for the oxalato copper(Il)
complexes

1.2 Aims and Scopes

The objective of the first part of this research is to examine and develop the preparation work
of the polynuclear copper(ll) complexes containing the oxalate oxoanion as a bridging ligand and
the di-2-pyridylamine as a chelate didentate terminal ligand. The products are characterized by

the elemental microanalyses and their spectroscopic properties (IR, solid state VIS, EPR (room
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temperature and liquid nitrogen temperature)). The crystal and molecular structures were
determined by X-ray crystallography. The room temperature magnetic moment and the
temperature variable susceptibilities (5-280 K) are measured and the magneto-structural
correlation together with the superexchange pathways are investigated and discussed in

comparison with other relevant complexes.

1.3 Experimental

1.3.1 Reagents and physical measurements

All reagents are commercial grade materials and were used without further purification.
Elemental analyses(C, H, N) were performed by the Microanalytical Service of Science and
Technological Research Equipment Center, Chulalongkorn University on Perkin-Elmer PE2400
CHNS/O Analyzer. Copper content was determined on atomic absorption spectrophotometer. IR
spectra were recorded with a Biorad FTS-7/PC FTIR spectrophotometer as KBr pellets/and or as
nujol mulls in the 4000 — 450 cm™ spectral range. Solid-state (diffuse reflectance) electronic
spectra were recorded as polycrystalline samples on a Perkin-Elmer Lambda2S
spectrophotometer over the range 800018000 cm™. X-band powder EPR spectra were obtained
on a Jeol RE2x electron spin resonance spectrometer using DPPH (g = 2.0036) as a standard.
Magnetic susceptibility measurements (5-280 K) were carried out using a Quantum Design
MPMS-5 5T SQUID magnetometer (measurements carried out at 1000 Gauss). Data were
corrected for magnetization of the sample holder and for diamagnetic contributions, which were

estimated from the Pascal constants.
1.3.2 Syntheses

[Cux(dpyam)(p-C;04)](BF ), 3H,0 (D)

A solution containing di-2-pyridylamine (0.342 g, 2.0 mmol) in ethanol (20 ml) and
sodium oxalate (0.068 g, 0.5 mmol) in water (10 ml) was added to a solution of copper(Il)
tetrafluoroborate hydrate (0.237 g, 1.0 mmol) in water {10 ml). The resulting green Solution was
allowed to evaporate at room temperature. After two weeks, green crystals of I were obtained,

which were filtered off, washed with mother liquor and were dried in air. Calc. For [Cu;(dpyam),
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(1-C204)](BF,):.3H,0 : C, 44.74; H, 3.76; N, 14.90; Cu, 11.27 %. Found: C, 44.82; H, 3.68; N,
14.85; Cu, 11:33 %,
[Cua(dpyam),(p-C,0,)}(C10,); .3H,O (II)

This compound was prepared by adding a hot methanol (40 ml) of di-2-pyridylamine
(0.342 g, 2.0 mmol) to hot aqueous solution (60 ml) of copper(Il} perchlorate hydrate (0.371 g,
1.0 mmol). The mixture was heated at ca. 70 ¢® with continuous stirring for 10 minutes, then the
solid sodium oxalate (0.134 g, 1.0 mmol) was added. The resulting hot solution was filtered to
remove impurities. After standing at room temperature for a week, green crystals of II were
obtained. They were filtered off, washed with mother liquor and air-dried. Calc. For
[Cux(dpyam)s(p-C204)I(ClO4).3H,0: C, 43.76; H, 3.67; N, 14.58; Cu, 11.03 %. Found: C, 43.69;
H, 3.60; N, 14.61; Cu, 10.87 %.

[Cuy(dpyam)(n-C,0)1(PF); .2H,0O (III)

This'compound was prepared by adding a solution (10 ml) of oxalic acid (0.063 g, 0.5
mmol) to a suspension of copper(Il) hydroxidcarbonate hydrate (0.221 g, 1.0 mmol) in 10 ml
water. The mixture was added by a solution of di-2-pyridylamine (0.342 g, 2.0 mmol) in 20 ml
ethanol and potassium hexafluorophosphate (0.184 g, 1.0 mmol) in 10 ml water. The resulting
blue solution was filtered to remove impurities. After two weeks, green crystals of III were
obtained. They were filtered off, washed with mother liquor and were dried in air. Calc. For
[Cuy(dpyam)s(p-Ca04)](PFs),.2H;0: C, 41.15; H, 3.29; N, 13.71; Cu, 10.37 %. Found: C, 41.38;
H, 3.36; N, 13.71; Cu, 10.08 %.

[Cuz(dpyam)y(p-C;0)(NOs):((CH;),S0);] (IV)

A hot dimethylsulfoxide (10 ml) of di-2-pyridylamine (0.342 g, 2.0 mmol) was added to a
hot aqueous solution containing copper(Il) nitrate trihydrate (0.482 g, 2.0 mmol) and oxalic acid
(0.126 g, 1 mmol) in dimethylsulfoxide (23 ml). The green solution was allowed to evaporate at
room temperature. After a week, green crystals of IV formed. They were filtered off, washed with
mother liquor and were dried in air. Cale. For [Cuy(dpyam),(u-C,0,)(NO;)((CH;),S0),]: C,
3727, H,3.61; N, 13.37; Cu, 15.17 %. Found: C, 37.34; H, 3.55; N, 13.44; Cu, 14.37 %.
|Cux(dpyam),(4-C;0)(NO3),(CH;);NCOH),] (V)

A solution containing di-2-pyridylamine (0.342 g, 2.0 mmol) in 10 ml dimethylformamide
was added to a solution containing copper(Il) nitrate trihydrate (0.482 g, 2.0 mmol) in 20 ml
dimethylformamide and sodium oxalate (0.068 g, 0.5 mmol) in 10 m! water. Then 30 ml of

dimethylformamide was added and the resulting green solution was filtered to remove impurities.
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After four months, green crystals of V were obtained which were filtered off, washed with mother
liquor and air-dried. Calc. For [Cuy(dpyam)(pu-C,O0)(NOs)]: C, 38.77; H, 2.66; N, 16.44; Cu,
18.65 %. Found: C, 39.17; H, 2.35; N, 15.22; Cu, 17.60 %.

[Cux(dpyam)y(p-C;O)CL] (VI)

A solution of oxalic acid (0.063 g, 0.5 mmol) in 10 ml water was added slowly to a
solution containing copper(Il} chloride dihydrate (0.170 g, 1.0 mmol) in 40 ml water and di-2-
pyridylamine (0.342 g, 2.0 mmol) in 40 m! dimethylformamide. The green solution was allowed
to evaporate at room temperature. After a week, green crystals of VI were obtained. They were
filtered off, washed with mother liquor and air-dried. Calc. For [Cux(dpyam)(u-C,04)CL]: C,
42.05; H, 2.88; N, 13.38; Cu, 20.22 %. Found: C, 41.38; H, 2.86; N, 13.35; Cu, 19.76 %.
[Cuy(dpyam);(u-C;04)Bry] (VII)

A solution of sodium oxalate in 10 ml water (0.067 g, 0.5 mmol) was added to a solution
containing copper(Il} bromide (0.223 g, 1.0 mmol) and di-2-pyridylamine (0.342 g, 2 mmol) in
60 ml of 2:1 water/dimethylformamide mixture, yielding a green solution. Slow evaporation of
this solution at room temperature, green powder of VII formed, was filtered off, washed with
mother liquor and dried in air. Calc. For [Cuy(dpyam):(p-C,04)Brs]: C, 36.84; H, 3.53; N, 11.71;
Cu, 17.72 %. Found: C, 36.53; H, 3.49; N, 11.68; Cu, 17.32 %.

1.3.3 Crystallography

Reflection data for I and III were collected at 298 K on a 1K Bruker SMART CCD area—
detector diffractometer using graphite monochromated MoK, radiation (A = 0.71073 A) at a
detector distance of 4.5 ¢cm and swing angle of -35°. A hemisphere of the reciprocal space was
covered by combination of three sets of exposures; each set had a different ¢ angle (0, 88, 180°)
and each exposure of 10 s for I and 30s for III covered 0.3° in @. Data reduction and cell
refinements were performed using the program SAINT?. An empirical absorption correction by
using the SADABS”' program was applied, which resulted in transmission coefficients ranging
from 0.659 to 1.000 for I and 0.5454 to 1.0000 for III. The structure was solved by direct
methods and refined by full-matrix least-squares method on (Fu)* with anisotropic thermal
parameters for all non-hydrogen atoms using the SHELXTL-PC V 6.12% software package. All
hydrogen atoms were geometrically fixed and allowed to ride on the attached atoms. Two BF,’

groups and three water molecules are disordered with site occupancies of 0.5 for both conformers.
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The hydrogen atoms of the lattice water molecules could not be located at all. For II1, one of the
hydrogen atoms of each lattice water molecule could not be located and the hexafluorophosphate
groups are weli ordered.

Reflection data for II were collected using an Enraf-Nonius MACH3 diffractometer with
Mo Ka radiation (A = 0.70183 A) at 298 K. An absorption correction was performed by using the
Psi-scan program, which resulted in transmission coefficients ranging from 0.917 to 1.000. The
structure was solved by direct methods using SHELXS-97" and refined by the least-squares
method F’y, using SHELXL-97%. The non-hydrogen atoms were located on the E map or
successive Fourier difference syntheses and anisotropically refined. All other hydrogen atoms
were geometrically fixed and allowed to ride on the attached atoms except the water hydrogen
atoms, which could not be located at all. One of the perchlorate groups showed disorder which
was resolved in two sets with occupancies of 0.5 for both conformers.

A crystal of compound IV was selected and mounted to a glass fiber using the oil-drop
method. Data were collected on a Rigaku AFC-7S diffractometer (graphite-monochromated
MoKa radiation, ®-20 scans). The intensity data were corrected for Lorentz and polarization
effects, for absorption (psi-scan absorption correction) and extinction. The structures were solved
by direct methods. The programs TEXSAN®, SHELXS-97, SHELXL-97 were used for data
reduction, structure solution and structure refinement, respectively. Refinement of F  was done
against all reflections. The weighted R factor, wR, and goodness of fit § are based on F °. Conven
tional R factors, R, are based on F, with F set to zero for negative F 2 All non-H atoms were
refined anisotropically. The H atoms were introduced in calcuiated positions and refined with
fixed geometry with respect to their carrier atoms.

Reflection data of V were collected on a 4K Bruker SMART APEX CCD area-detector
diffractometer with graphite monochromated Mo Ka radiation (A= 0.71073 A) (at a detector
distance of 6.0 cm and swing angle of -28°) using SMART program. Raw data frame integration
was performed with SAINT, which also applied correction for Lorentz and polarization effects.
Absorption corrections were applied using SADABS, provided an empirical absorption correction
and put the standard deviations of measured intensities onto absolute scale. The structures were
solved by direct methods. The software package SHELXTL V 6.12 was used for structure
solution and structure refinement. All non-H atoms were refined anisotropically except the
nitrate-O atoms and the methyl-C atoms of DMF. The H atoms were introduced in calculated

positions and refined with fixed geometry with respect to their carrier atoms. The nitrate groups

BRG4680012 8 fAlunug 2548



are disordered with site occupancies of 0.48 and 0.52 for both conformers. Both methyl groups of
the dimethylformamide ligands are also disordered with site occupancies of 0.44 and 0.56 for
both conformers and some of the methyl hydrogen atoms could not be located. The crystal and

refinement details for complexes I-V are listed in Table 1, Appendix IA.
1.4 Results and Discussion
1.4.1 Description of the crystal structures

1.4.1.1 Description of [Cuz(dpyam)s(p-C;04)](BF,); .3H,O (I) and [Cux(dpyam),
(1-C204[(C104); .3H,0 (1)

The structures of I and H are¢ made up of oxalate bridged non-centrosymmetric dinuclear
cations [(dpyam);Cu{C,0,)Cu(dpyam),];’, non-coordinating BF,” and ClO, anions and water
molecules of crystallization. The structures are depicted in Figs. 2 and 3 together with the
numbering scheme. Selected bond distances and angles are listed in Table 1, Appendix IB.

Compounds I and IT are found to be isomorphous and isostructural, the copper
coordination spheres in both complexes display an identical environment. Each copper atom in I
and IT has a compressed rhombic octahedral coordination geometry with the equatoﬁal plane
formed by two nitrogen atoms from a dpyam ligand and two oxalate-oxygen atoms (Cu-N
distances vary from 2.094(6) to 2.145(7)A and from 2.095(8) to 2.141(9) A, for I and 1I
respectively, while Cu-O distances vary from 2.189(8) to 2.252(8) A and from 2.141(10) to 2.305
(9) A, for I and I, respectively). The axial positions are occupied by the other nitrogen atoms of
the dpyam ligand (Cu-N distances vary from 2.006(7) to 2.024(6) A and from 2.000(8) to 2.025
(8) A, for I and I1, respectively), resulting in the rather unique CuN;O,N,’ (4+2) chromophore>
' This axially-compressed octahedral (2+4) geometry'' is uncommon as most of other dinuclear
p-oxalatodicopper(Il} complexes found in literature have five-coordinate geometries. This
geometry has only been previously observed in the dinuclear oxalato-bridged Cu" complexes
with a tetradentate terminal ligand. This geometry arise due to the flexible nature of the dpyam

ligand compared to the bpy, phen or other didentate chelate ligands which are found to have a
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square-pyramidal structure with the counter anion or solvent molecule occupying the axial
position and the general formula of [(NN)Cu(u-C204)YCu{NN)]X,,, (in which X = counter anion or
solvent molecule). Some compounds of this formula present an additional bond to X, giving rise
to an axially-elongated octahedral geometry. In addition, the compounds I and II are two rare
examples of 2+4 compressed rhombic coordination resulting from a pseudo Jahn-Teller effect. As
in almost all the cases of observed Jahn-Teller compression examined in detail to date, the
apparent compression is due to dynamic interconversion between two of the possible axial

elongations.

Figure 2 The molecular structure of I
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Figure 3 The molecular structure of H

For compound 1, the lattice is stabilized by hydrogen bonding between the amine-N and
Fpr4 (N---F distances 2.974-3.189 A) and O, (N---O distances 2.750-2.923 A).

For compound I1, the lattice is similarity further stabilized by hydrogen bonding between
the amine-N and Ocigs (N---O distances 3.059-3.334 A) and O,..r (N---O distances 2.828-2.843
A) and between the Oy, and Ogios {(O--OQ distance 3.094 A) and Oy (O---O distance 3.002
A).

1.4.1.2 Description of |[Cuz(dpyam)4(p-C204)](PFs): .2H,0 (IIT)

The structure of IIT consists of a noncentrosymmetric dinuclear {(dpyam),Cu(C,0,)Cu
(dpyam),]** cation, two non-coordinated PF, anions and two crystallization water molecules. An
ORTEP plot, together with the numbering scheme of the compound is shown in Fig. 4, with
relevant distances and angles in Table 2, Appendix IB.

The chromophore of III is very similar to the recently published .compounds
[Cux(dpyam)s(C,04))(C104)x(H,0); and [Cuz(dpyam)s(C:04)I(BF4)(H,0);. The two copper(ll)

ions of the complex cation are linked through an oxalato bridge, leading to a Cu...Cu distance of
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5.737(2) A. The copper atoms are involved in the rather unique CuN,O,;N’; (4+2) chromophore,
and lie in- the uncommon compressed rhombic octahedral environment. The equatorial
coordination positions are occupied by two oxalate oxygen atoms and two nitrogen atoms of the
dpyam ligand (Cu-O and Cu-N distances range from 1.992 to 2.448 A) and the other two nitrogen
atoms from each dpyam ligand in axial positions (Cu-N bond lengths in the range 1.979-2.098 A).
There is a very slight tetrahedral distortion of the equatorial planes [dihedral angles between
CuN, and CuO, planes = 3.2 and 1.2° for Cu(1) and Cu(2) centers, respectively], therefore both
four- donor atoms basal planes are planar [r.m.s.d’s = 0.0263 and 0.0028 A] and the copper atom
are displaced by 0.0350 and 0.0168 A from the basal planes toward N(5) and N(1 1) atoms for the
Cu(1) and Cu(2) centers, respectively. The two basal planes are parallel to each other with
dihedral angle of 1.4°. The oxalate divalent anion is planar (r.m.s.d = 0.0132) and it bridges the
two coppér atoms in the nearly symmetric mode of coordination. The copper atoms deviate by
0.2339, -0.1947 A for the Cu(1) and Cu(2), respectively, from the oxalate plane. The dimeric
entity is slightly folded in a chair form, the basal planes make the angles of 7.2 and 5.7° and with

the oxalate mean plane.

Figure 4 The molecular structure of HI
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The lattice is similarly further stabilized by hydrogen bonding between amine-N and Fpy;
(N---O distances 3.075 - 3.391 A) and O, (N---O distances 2.952 - 2.965 A) and between the
Ouaerand Fpgs  (O---F distance 3.088 A) and Ogyaiae (O—O distances 2.956 ~ 3.348 A).

1.4.1.3 Description of {Cuz(dpyam);(p-C;04)(NO3)2((CH;3)280);] (IV)

The structure of IV consists of centrosymmetric [Cuy(dpyam),{(p-C,04)(NO;):{(CH;3),S0)
2] molecules. The structures are depicted in Fig. 5 together with the numbering scheme. Selected
bond distances and angles are listed in Table 3, Appendix IB. The geometry around the copper
atom can be considered as an elongated tetragonal octahedral environment with the equatorial
plane CuN,O, formed by two nitrogen atoms of dpyam ligand and two oxygen atoms of oxalate
bridge [Cu-N bond lengths = 1.986(2) and 2.002(2) A; and Cu-O bond lengths = 1.994(2) and
1.998(2) A), with the axial sites occupied by an oxygen atom of the nitrato groups [Cu-O 2.502
(2) A] and the oxygen atom of the dimethylsulfoxide group [Cu-O 2.331(2) A)], giving an
approximately CuN,O,0'0Q" chromophore. Both copper atoms are linked through an oxalato

bridge, leading to a copper-copper distance of 5.220(2) A.

Figure 5 The molecular structure of IV
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The axial O,NO-Cu-OS(CHj;), angle is 174.8(7)°. The ‘bite’ angles of dpyam and oxalate
ligands are 93'.3(1) and 82.3(1)°, respectively. The four donor atoms on the equatorial plane are
not perfectly planar, showing a tetrahedral distortion, with dihedral angle of 7.2° formed between
the O-Cu-O and N-Cu-N planes. The copper atoms are displaced by 0.0770 and -0.0770 A from
the basal planes toward O(4) and O{4A) atoms for the Cu(1) and Cu(1A) centers, respectively in
the opposite side. Two basal planes are exactly parallel to each other.

The oxalate divalent anion is exactly planar due to the inversion center halfway along the
bond C(11)-C(11A) and it bridges the two copper atoms in the nearly symmetric mode of
coordination. The copper atom deviates by —0.0981 and 0.0981 A for the Cu(1) and Cu(1A) from

the oxalate plane. The equatorial plane makes an angle of 7.0° with the mean plane of the oxalate

ligand. As a result, the binuclear complex displays a chairlike structure.
The lattice structure is stabilized by hydrogen bonding between the amine-N and an O
(NO3) of a neighbouring unit with a distance of 2.855 A, resulting in a polymeric chain.

1.4.1.4 Description of [Cux(dpyam)2(p-C204)(NO;3)2(CH;3)NCOH),] (V)

The asymmetric unit consists of a non-centrosymmetric dinuclear [Cuy(dpyam),(C,0,)
(NO3)(C3H;NO);] molecules. A drawing of the dimeric structure showing the labeling scheme is
given in Fig. 6. Selected bond lengths and angles are reported in Table 4, Appendix IB.

The compound V has two copper centers bridged by a planar bis(didentate) oxalate

ligand. The geometry around each copper(Il) ion is considered as an elongated octahedral
environment with two nitrogen atoms of dpyam and two oxygen atoms of oxalate bridge (Cu-N/O
distances 1.956(7)-2.012(6) A) in the equatorial plane CuN,O,, with the axial sites occupied by
an oxygen atom of the dimethylformamide group [Cu-O 2.295(7) and 2.254(7) A] and the oxygen
atom of the nitrato group [Cu-O 2.786 and 2.679 A], giving an approximately CuN,0,0’0”
chromophore (Fig. 2). The four basal atoms are not coplanar, showing a slight but significant
tetrahedral distortion with dihedral angles of 10.2 and 12.4° formed between the O-Cu-O and N-
Cu-N planes for Cu(1) and Cu(2) centers, respectively. The copper atoms are displaced by 0.1259
and 0.1530 A from the basal planes toward O(5) and O(6) atoms for Cu(1) and Cu(2) centers,
respectively in the opposite side. The dimeric entity is slightly folded: the equatorial planes make

the angles of 12.5 and 15.4° with the mean plane of the oxalate ligand. As a result, the dinuclear
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complex displays a chairlike structure. However, because of the copper atoms, the central Cu-
OX-Cu core is planar. The copper-copper separation across the oxalate bridge is 5.212 A. The
axial C3H;NO-Cu-ONO; angles are 165.9 and 168.6°. The copper atoms deviate by —0.2651 and

0.2570 A for the Cu(1) and Cu(2), respectively from the oxalate planes.

C27A

C24A

Figure 6 The molecular structure of ¥

The lattice structure is stabilized by hydrogen bonding between the amine-N and the

nitrate-O of a neighboring unit with distances of 2.803 — 3.164 A, resulting in a polymeric chain.

1.4.2 IR spectra

The infrared spectrum of I (as in Appendix IC) displays the characteristic bands of the
oxalate bridging ligand: Vvaqm(C-0) at 1649s, vym(C-0) at 1374m and 5(0-C-O) at 838m cm’
corresponds to those of other oxalato-bridged copper(Il) complexes (Table 6). This indicates that

the oxalate ion is present as a bridging quaridentate ligand. The BF, group vibration near 1100
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cm’' splitting into a sharp peak at ca. 1083 cm™ and a shoulder at ca. 1011 cm™, indicates the BF,
ions in I involving the hydrogen bonding. A sharp band at ca. 3000 cm™' was observed, indicative
of the presence of N-H stretching vibrations in this complex. The infrared spectra of complexes 11
and IIT are given in Appendix [C. That of II display characteristic bands of the asymmetric
oxalate bridging ligand: v,ym (C-O) at 1647s, v, (C-O) at 1375m and 8(O-C-O) at 843m cm’,
The CIO; group vibration near 1100 cm™ splitting into three sharp peaks at 1090s, 1116s and
1142s cm™ and, indicates C1O; ions involved hydrogen bonding.

Compound I displays characteristic bands of the oxalate bridging ligand: v,g, (C-O) at
16555 and vym(C-O) at 1356m. A weak signal of the &(0-C-O) bending at 850m cm’' is
superimposed by the strong band at ca. 849 cm™ of the F-P-F stretching mode of the PFs groups.

Compound IV (Appendix IC) displays the characteristic bands of the symmetric oxalate
bridging ligand Vagmc.o) at 1650s, vamc.oy at 1370m and 3.coat 840m cm™. The bands
observed at 1380s, 1320s, 1080m cm’™ suggest nﬁonodentate coordination of the nitrate ion and
the SO stretching appear at ca. 1023w cm’', indicative of the presence of the dimethylsulfoxide
tigand in IV*®, The infrared spectra of complexes V, VI and VII are given in Appendix IC.

That of V shows the characteristic bands of the oxalate bridging ligand: vam(C-O} at
16535, vgm(C-0) at 1356m and 8(0-C-0) at 823m cm™’ and the absorption frequencies at 1384,
1332 and 1034 cm™ suggesting monodentate coordination of the nitrate ion. The infrared spectra
of VI and VII exhibit the characteristic features of the oxalate bichelate similar to those of V: v
aym(C-0) at 16515, vyn(C-0) at 1354m and 8(0-C-Q) at 842m cm’ for VI; Vasym(C-O) at 1659s,
Vym(C-0) at 1361m and 3(0-C-0) at 835m cm™ for VIL

1.4.3 Electronic Reflectance spectra

The electronic reflectance spectrum of I (Fig. 7) consists of two clearly resolved peaks at
13.97 and 8.70 kK which are very comparable to those of II (14.05 and 8.80 kK) and III (14.49
and 8.90 kK). These spectra are consistent with the compressed rhombic octahedral
stereochemistry and assigned to be the d,2-,2 — d,2 and the d,, , dy d,, — d,2 transitions.

The electronic reflectance spectra of IV and V (Fig. 8) show a broad peak center at 14.14
and 14.22 kK, respectively, with a poorly resolved shoulder to low energy at ca. 10.18 kK,
corresponding to the elongated octahedral geometry. This suggests the assignment of the bands as

the d,,, dy;. dxy = dy2-2 and d,2 — d,2~2 transitions, respectively. However, there is a comparable
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feature in electronic spectra of VI and VII as in Fig. 8, each adopting a broad band at 13.77 kK,

corresponding to the d., dy,, d,, d;2 — d\2-,2 transition, in agreement with the square pyramidal

stereochemistry.
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Figure 7 The electronic reflectance spectra of I-IT1
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Figure 8 The electronic reflectance spectra of IV-VII
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1.4.4 EPR spectra

The X-band powder EPR spectrum at room temperature (Appendix ID) of [Cu,(dpyam),
(1-C204))(BF,),.3H,O (I) displays a broad absorption centered around g of 2.14. At the high-
field side (g = 1.94) a small shoulder is observed, which is due to a signal from the triplet state
with a very small zero field splitting. No half-field signal was observed. Low-temperature (77 K)
solid state spectrum of this complex was not sufficiently magnetically diluted as genuine
dinuclear spectra. The half-field signal at ca. 160 mT of AM = 2 transition was observed, which
indicates that there is an interaction between two Cu(Il) ions within complex L. This feature of the
EPR bands was also observed in spectra of the analogous p-oxalato-bridged copper(Il) dimer.
The EPR spectra of complexes II and III are given in Appendix ID. The EPR spectrum of
complex II is similar to that of complex I suggesting the magnetic interaction between two
copper(Il) centers in this dimer. The room temperature X-band powder EPR spectra of
compounds II and HI display a broad absorption centered around g of 2.14. At the high-field side
(g = approximately 1.94) a small shoulder is observed which is due to a signal from the triplet
state with a very small zero-field splitting. No half-field signal was observed at RT. Compounds
II and III were also measured as solids at 77 K, in which cases the signal appears as more
resolved with non-split signals at g, = 2.10, gy= 2.27 for Il and g, = 2.05, gy= 2.21 for I,
corresponding to the pattern of Cu(Il) in an elongated geometry, g, > g, > 2.0 with the d,2-2
ground state. This suggests that the apparent compressed geometry at room temperature could be
caused by a dynamic Jahn- Teller effect. This is because compounds II and IIT adopt the time
averaged structure found crystallographically which arise due to the short time scale of the X-ray
technique, but the EPR spectra at 77 K are related to the underlying static axial elongated
chromophore. Also the half-field signal at approximately 1600 G, corresponding to AM 2
transition was observed, which indicates that indeed a weak interaction between two Cu{lIl) ions
within these compounds is present.

The EPR spectrum at room temperature of [Cuy{dpyam),(p-C,04)(INO;((CH;),S0),] (IV)
(Appendix ID) displays an asymmetric broad resonance with a center at g = 2.12. The observed
triplet signal is not resolved, apparently due to exchange narrowing resulting from nearby triplet
molecules in the lattice. Lowering the temperature of the sample to 77 K results in a better
resolved spectrum and shows a seven-line hyperfine splitting due to the coupling of the unpaired

electrons with two equivalent copper nuclei’. A weak resolved signal is observed with g, =2.10,
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gr = 2.41, and an average hyperfine spacing A ca. 8.8 mT. No half-field signal was observed in
this case. So the observed signal is typical for triplet Cu(Il) dinuclear in an isolated state. The
EPR spectra of complexes V, VI and VII are given in Appendix ID. The room temperature EPR
spectrum of V appears an asymmetric broad resonance with a center at g = 2.101. The observed
triplet signal is not resolved, apparently due to exchange narrowing, resulting from nearby triplet
molecules in the lattice. The EPR spectrum recorded at 77 K is better resolved than the room-
temperature and shows resolved hyperfine splitting due to the coupling of the unpaired electrons
with two equivalent copper nuclei. A weak signal resolved is observed with gy =237 and g, =
2.07. The EPR spectra of VI and VII at room temperature display a broad absorption for
monomeric impurity at g=2.15 for VI and 2.16 for VII. At 77 K, a seven line copper hyperfine
resonance is not resolved with g,=2.57 and g, =2.11 for VI, and g,= 2.45 and g, = 2.04 for VII,
in agreement with the presence of the exchange-couple of unpaired electrons with equivalent

copper nuclei.

1.4.5 Magnetic properties and superexchange mechanism

'The magnetic susceptibility of [Cux(dpyam)s(p-C204)1(BF4),.3H,O (I) was measured from
5 to 280 K. The temperature dependence of the effective magnetic moment () is shown in Fig.
9. At 280 K, p.q is 2.64 BM, which agrees well with the spin only value of Cu(Il) calculated for
two uncoupled spin = 1/2 centers. This value slowly increases reaching of 2.80 BM at 5 K,
indicating the presence of a very weak ferromagnetically coupled Cu(Il) dinuclear compound.

The data for complex I was successfully fitted to a modified Bleaney-Bowers expression”’

A= (2Ng2BOKT-(223/(3+exp(-JKT)] [3+exp(-WKT)I'(1-p)+ %0

for a dinuclear copper(Il) complex, where J is the singlet-triplet energy gap defined by the
Hamiltonian H = -JS,Sg, with S, = Sp= 4, N, g, B.K and T having their usual meaning, p is the
percent of non-coupled impurity and zJ' is the interaction between neighbouring dinuclear
identities.

Minimization of the expreésion R= E(xobs-xca,c)zlz xobsz, results in the best fit parameters J
=+338 em”, g = 2.10 and zJ' and p = 0 with R = 2.8x10”, which confirms a very weak

ferromagnetic interaction between two Cu(ll) ions within this complex.
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Figure 9 Plots of pgy vs. T of [Cuy(dpyam}y(pn-C;04)])(BF4),.3H,0 (T)

Previous theorethical and experimental works have revealed that the exchange interaction
between the copper ions propagated through the oxalate bridge is strongly dependent on the
geometry around the copper ions, sensitive to the orientation of the magnetic orbital of each
copper(ll), relative to the oxalate plane and the bridging mode of the oxalate group, which
favours the antiferromagnetic interaction. This interaction is weakened by the not strictly
identical coordination geometry around the copper atoms and structural distortions such as the
displacement of the copper atom out of the basal plane, the nonplanarity of the Cu-ox-Cu
framework and the tetrahedral distortion of the basal plane. That it is well known, the
coordinating behavior of the oxalato anion besides the plasticity of the copper(Il) ions affords a
wide variety of polynuclear copper(Il) complexes with oxalato as bridging ligand. Three models
predicting the magnetic interactions in oxalato-bridged Cu(Il) complexes are shown in Fig. 10.
Coordination mode a, the unpaired electron is located in a d,2-,2 type orbital which is contributed
from the square planar, square pyramidal or elongated octahedral geometry, with the oxalato
anion occupying two basal positions, they are coplanar. The d,2~,2 magnetic orbitals will be
ideally directed toward the oxalate o orbitals, and the antiferromagnetic interaction will be
maximized. However, a variety of factors influencing the interaction in dinuclear complexes,
such as, the metal-metal separation, the dihedral angle between the planes containing the
magnetic orbitals, the metal bridged ligand bonds and angies, the metal ion stereochemistry, the
terminal ligand basicity, etc [J from —41 to —400 cm’']. For mode b, the oxalato bridge is

occupying axial and equatorial coordination sites (in short, "axial — equatorial” dimers), the two
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metal centered d,2-,2 magnetic orbitals are parallel but perpendicular to the bridging oxalato
ligand, and consequently the magnetic coupling is very weak [J from +3 to —45 ¢m™]. Finally, for
mode c, the magnetic orbitals can be described by d,2 orbitals (which is contributed from the
compressed octahedral or trigonal pyramidal geometry) perpendicular to the oxalate o orbitals.
Hence, the magnetic orbitals have a poor overlap with oxalate o orbitals, leading to very weak

and of the ferro- or antiferro-magnetic interaction [J from +2 to —37 cm™'].

Figure 10 Three models predicting the magnetic interactions in oxalato-bridged
Cu(Il) complexes, X=0 (1) or N (2)

Complexes I and II involve the compressed rhombic octahedral geometry, which the
unpaired electrons of the Cu centers are not in d,2-,2 orbitals but rather in d,2 orbitals. Therefore
magnetic orbitals are perpendicular to the oxalate plane, hence overlap very poorly with the
oxalate o orbitals. This situation is corresponding to the coordination mode ¢ and consequently a
weakness of the ferromagnetic interaction, with the singlet-triplet energy gap (J) of +3.38 cm™ for
Iand +2.42 cm™ for IL

The structure and structural distortions of compound III is very comparablé to those of

compounds I and II. Thus IIT is suggested to exhibit a very weak ferromagnetic interaction.
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However, the room temperature magnetic moments of I-III (2.64, 2.62 and 2.55 BM,
respectively) are in the typical range of the uncoupled Cu(ll) ions at this temperature.

The structural data and magnetic properties of some of the corresponding complexes are
compared as in Table 1.

The temperature dependence of the molar magnetic susceptibility y,, of IV, measured on a
powdered sample, is shown in Fig. 11. At 280 K, yx, is equal to 1.6x10? cm®mol™ and decreases
when cooling down and reaches almost zero at about 40 K. From 40 K to 5 K the 7, increase a
little to 0.4x10” cm’mol™. The singlet-triplet encrgy gap (J) was deduced from least-squares fit of
the experimental data to the temperature dependence of the molar magnetic susceptibility xm
expressed according to the Bleany-Bowers equation®’ for isotropic exchange in a copper(Il)
dimer.

. Zm =(NE?BKT-(223Y(3+exp(-J/KTH] ' [3+exp(-JKT)](1-p)+ xpp

This equation has been modified to take iﬁto account admixture of paramagnetic impurity,
where the symbols have their usual meaning and p is fraction of non-coupled impurity.
Minimization of the expression R = X(Yobs-Xcatc)"/2 Xobs » resulted in the best-fit parameters J =
-305.1 em™, g=214,2z'=0.07and p = 1x107 with R about 0.6 %, which confirms the strong
antiferromagnetic type of the interaction. The measurements were repeated several times, but

special in the high temperature area the fit is not so good, resulting in a somewhat high R value.
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Figure 11 Plots of ¥y vs. T of [Cuy(dpyam)2(C,0)(INOs }:((CH;3 (SO).] (IV)
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Compound IV exhibits an elongated octahedral geometry. In this case the unpaired
electrons of the Cu centers are in d,2-y2 orbitals. There are well oriented to interact with the
oxalate ¢ orbitals, which is consistent with the coordination mode a (Fig. 10) and the maximized
antiferromagnetic interaction is expected. However, the magnetic exchange interaction may be
slightly weakened by the structural distortion such as the displacement of the copper atom out of
the basal plane (-0.077 and 0.077 A ), the tetrahedral distortion of the basal plane (7.2°), the
copper atom deviation from the oxalate plane (-0.098 and +0.098 A), and the dihedral angle of
7.0° between the basal plane and the oxalate plane. Thus IV exhibits a strongly antiferromagnetic
interaction, which is confirmed by the magnetic susceptibility measurements presented above and
also with similar cases known in the literature'* '* '8,

The structure and structural distortions of compound V is very comparable to those of
compound IV. Thus V is predicted to exhibit a very strong antiferromagnetic interaction.
However, the room temperature magnetic moments of both compounds (2.03 and 2.16 BM for IV
and V, respectively) are in the typical range for the uncoupled Cu(Il) ions at this temperature.

The structural data and magnetic properties of some of the corresponding complexes are

compared as in Table 2. Fig. 12 displays the schematic drawing of the copper chromophore

geometries for this complex system.
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Figure 12 Schematic drawing of
(a) The elongated octahedral CuN;0,0' chromophore
(b) The compressed octahedral CuN,O;N,' chromophore
(c) The square-pyramidal CuN;O,X chromophore
(d) The trigonal-bipyramidal CuN;O, chromophore
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1.4.6 The proposed stereochemistry and magnetic properties of VI and VII

1.4.6.1 Infrared and electronic diffuse reflectance spectra

The infrared spectra of VI and VII exhibit the characteristic features of the oxalate
bichelate similar to those of V: v,n(C-O) at 16518, v,(C-O} at 1354m and 3(0O-C-O) at 842m
cm™! for VI; vaym(C-O) at 16595, ven(C-0) at 1361m and §(0-C-O) at 835m cm™ for VIL

The electronic diffuse reflectance spectra of VI and VII show a broad band at 13.37 kK
for each compound, corresponding to the d.2, dy, dy, dy, — d.2-,2 transition of the square

pyramidal stereochemistry. The proposed stereochemistry of both complexes are given as in

Figures 13(a) and (b), respectively.
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Figure 13 The proposed stereochemistry of (a) [Cuy(dpyam)},(p-C>0,)Cl,] (VI), and
(b) [Cux(dpyam)(p1-C,04)Br] (VI)

1.4.6.2 EPR spectra and magnetic properties

The EPR spectra of VI and VII at room temperature display a broad absorption for
monomeric impurity at g= 2.15 for VI and 2.16 for VII. At 77 K, a seven line copper hyperfine
resonance is not resolved with g,=2.57 and g, = 2.11 for VI, and g, = 2.45 and g, = 2.04 for VII,
in agreement with the presence of the exchange-couple of unpaired electrons with equivalent
copper nuclei. The effective magnetic moments at room temperature of complexes VI and VII
were measured to be 2.17 and 2.13 BM, respectively, which are comparable to the values of IV
and V (2.03 and 2.16 BM, respectively). These values are less than the value of 2.45 BM
expected for two noninteracting d° Cu(II) ions. Therefore complexes VI and VII are predicted to

exhibit a strong antiferromagnetic interaction between copper(lI) ions of a dimeric unit.

BRG4680012 27 nuMAUG 2549



1.5 Conclusions

The first part of this research sets out to examine and develop the preparative work of a
series of dinuclear oxalato-bridged copper(Il) complexes with the di-2-pyridylamine as the
terminal ligand. The spectroscopic and magnetic characterization, the X-ray crystal structure and
the magneto-structural correlation of the complex system are investigated and discussed in
comparison with other relevant complexes.

The dinuclear oxalato-bridged copper(Il) complexes [Cu,(dpyam),(u-Cy04)(BF4),.3H,0

(@), [Cux(dpyam)s(u-C;04)HClO4):3H0  (IN), [Cux(dpyam)s(p-C:04)](PFe)2.2H,O (1),
[Cuz(dpyam)x(u-C204)(NO3)2((CH;):80)] (IV), [Cux(dpyam)y(u-C2O4)(NOs)(CH;3),NCOH),]
(V), [Cuxdpyam),(p1-C;04)Cl>] (VI) and [Cua(dpyam),{p-C204)Br,] (VII) were prepared directly
from the mole ratio in different conditions. Good quality single crystals for X-ray analyses of
complexes 1-V were obtained. All product were analysed by elemental microanalyses and
characterized spectroscopically (IR, EPR, solid state VIS). The room temperature magnetic
moment of all products and the temperature variable magnetic susceptibilities (5-280 K) of
complexes I, II and IV are investigated and discussed together with the magneto-structural
correlation and superexchange pathways.

The crystal structures of I-V are characterized crystallographically, while those of VI
and VII have been proposed by their spectroscopic properties. Complexes I-V contain six-
coordinate copper centers bridged by planar oxalate groups from the equatorial position of one
chromophore to the equatorial position of the other one. Each copper chromophore in I-III
exhibits the compressed rhombic octahedral geometry, whereas IV-V display an elongated
tetragonal octahedral environment. Those of VI and VII have been proposed from the
spectroscopic properties having the square pyramidal geometry of the CuN;O,X chromophore.

Compounds I and II have the singlet-triplet energy gaps J = +3.38 and +2.42 cm’,
respectively, which confirms a very weak ferromagnetic interaction between two Cu(IlI) ions
within these complexes. Both compounds involve the compressed rhombic octahedral geometry,
which the unpaired electrons of the Cu centres are not in d,2.,2 orbital but rather in d,2 orbitals.
Therefore, magnetic orbitals are perpendicular to the oxalate plane, hence overlap very poorly
with the oxalato c orbitals, resulting in a weakness of the ferromagnetic interaction. In contrast,
IV has the J value of —305.1 cm™ which is distinct both in the sign and magnitude of the J value
which indicates the strong antiferromagnetic interaction between two Cu(ll) centres within this

complex. As IV exhibits an elongated octahedral geometry, the unpaired electrons of the Cu
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centres are in d,2.,2 orbitals. Hence, there are well oriented to interact with the oxalate o orbitals
and the maximized antiferromagnetic interaction is expected. However, the magnetic exchange
interaction may be slightly weakened by the structural distortion such as the displacement of the
copper atom out of the basal plane (-0.077 and 0.077 A), the tetrahedral distortion of the basal
plane (7.2°), the copper atom deviation from the oxalate plane (-0.098 and +0.098 A), and the
dihedral angle of 7.0° between the basal plane and the oxalate plane. It is noted that the structure
and structural distortion of III is very comparable to those of I and II, and that of V is very
similar to that of IV. Thus III and V are predicted to have a very weak ferromagnetic and strong
antiferromagnetic interaction, respectively.

Parts of the results of this complex system have been published”
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2

Synthesis, Crystal Structure, Spectroscopic and Magnetic Properties of
Hydrogenphosphato- bridged Polynuclear Copper(Il) Complexes

2.1 Introduction

The hydrogenphosphate anion is a versatile ligand, having the wide variety of topologies for
coordination geometries with transition metal ions. The hydrogenphosphate ion has been proven
to be a bridging ligand to design inorganic-organic hybrid materials and many
hydrogenphosphato-bridged complexes have been prepared and characterized'**. Ten different
coordination modes of hydrogenphosphate ligand have been reported for the hydrogenphosphato
transition metal complexes (Fig. 1)°%. The coordination modes a, b, ¢ and f (Fig. 1a, b, ¢ and f)
are commonly observed.

The synthesis of open-framework metal phosphates has been a subject of intense research
owing to their interesting structural chemistry and potential applications as ion-exchangers,
catalysts, adsorbents, electrical and magnetic properties”'’. A large number of these materials are
synthesised in the presence of organic amines as structure directing (templating) agents. Recently,
many research activities have focused on the synthesis of organic—inorganic hybrid frameworks,
such as phosphates of transition metals'®'®. As compared with organic ligands, the advantage of
using inorganic multidentate anionic ligands in combination with organic polar molecules and
ligands is the efficacy of rational design of crystalline solids through their coordinating properties
and geometries. So far the most extensively studied bridging organic ligand with transition metals
and phosphate is 4,4’-bipyridine"‘s, 2,2’-bipyridine2° and 1,1 O-phenanthn:)line16 with a number of
one-, two- and three- dimensional structures. Now we have extended this research by using the
ligand di-2-pyridylamine (abbreviated as dpyam) and have isolated several new phases in such
organic—inorganic metal-phosphate systems. In the present study, six new examples of the
dpyam-phosphate system, {[Cu;(dpyam);(p.;,nJ-HPO.;)(ug,n4-PO4)(H20)](PF5)-3H20},, (D, [Cu
(dpyam)(pz,n°-HPOL)], (II), [Cu(dpyam)(pz,n’-HPO)(H:PO)L (11D, [Cuy(dpyam)
(Ha*-HPO, ) (1-Cl)s}Xz, X = C1-6H;0 (IV) and Br -6H,0 (V) and [Cuy(dpyam)e(sn’-HPO4),
(NO;3)o(H,0)%1(NO3)-2H;O (V1) are reported.
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Figure 1 Structurally characterized coordination modes of hydrogenphosphate (H,PO,%™)
ligand for the hydrogenphosphato transition metal complexes: Where M = metalic and
L = ligate
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2.2 Aims and Scopes

The objective of the second part is to examine and develop the preparative work of the
polynuclear copper(ll) complexes containing the hydrogenphosphate oxoanion as a bridging
ligand and the di-2-pyridylamine as a chelate didentate terminal ligand. The products are
analyzed and characterized by microanalyses, thermogravimetric analysis, their spectroscopic
properties (IR, solid state VIS, EPR (room temperature and liquid nitrogen temperature)) and the
X-ray crystal structure determined crystallographically. The room temperature magnetic moment
and the temperature variable susceptibilities (5-350 K) are measured in order to investigate the

magneto-structural correlation together with the superexchange pathways.

2.3 Experimental

2.3.1 Reagents and physical measurements

All reagents are commercial grade materials and were used without further purification.
Elemental analyses (C, H, N) were performed by the Microanalytical Service of Science and
Technological Research Equipment Center, Chulalongkorn University on Perkin-Elmer PE2400
CHNS/O Analyzer. Copper content was determined on atomic absorption spectrophotometer. IR
spectra were recorded with a Spectrum One Perkin-Elmer FT-IR spectrophotometer as KBr
pellets in the 4000-450 cm™ spectral range. Solid-state (diffuse reflectance) electronic spectra
were recorded as polycrystalline samples on a Perkin-Elmer Lambda2$ spectrophotometer over
the range 800018000 cm™. Thermogravimetric measurements were performed in Perkin-Elmer
system Pyris diamond TG-DTA instrument. The samples were heated at 10°C min™ under dry air
in the temperature rang 30-1000°C. X-band powder EPR spectra were obtained on a Jeol RE2x
electron spin resonance spectrometer using DPPH (g = 2.0036) as a standard. The room
temperature magnetic moments were carried out using a Faraday-type microbalance. Magnetic
susceptibility measurements (5-350 K) were carried out using a Quantum Design MPMS-5 5T
SQUID magnetometer (measurements carried out at 1000 Gauss). Data were corrected for
magnetization of the sample holder and for diamagnetic contributions, which were estimated

from the Pascal constants.
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2.3.2 Syntheses
{Cus(dpyam)s(j5,m™-HPO )15, *-PO)(H:0)|(PF)-3H,0}, (D

An aqueous solution (30 ml) of copper(ll) acetate (0.181 g, 1.0 mmol) was added to a
solution of di-2-pyridylamine (0.171 g, 1.0 mmol) in ethanol {15 ml) and followed by an aqueous
solution (20 ml) of potassium dihydrogenphosphate (0.272 g, 2.0 mmol) and an aqueous solution
(10 ml) of potassium hexafluorophosphate (0.184 g, 1.0 mmol). The resulting green solution was
allowed to evaporate at room temperature for two weeks, producing dark green needle crystals of
I, which were filtered off, washed with mother liquor and were dried in air. Yield ca. 45%. Calc.
For {[Cuy(dpyam):(ps,n’-HPO)(is,n*-POXH0)](PFe)-3H;0}, (I): C, 32.39; H, 3.26; N, 11.33;
Cu, 17.14%. Found : C, 32.69; H, 3.31; N, 11.69; Cu, 17.21 %.

[Cu(dpyam)(p,1’-HPO,)], (IT)

An aqueous solution (30 ml) of copper(II} nitrate trihydrate (0.241 g, 1.0 mmol) was added
to a solution of dpyam (0.171 g, 1.0 mmol) in ethanol (15 ml) and followed by an aqueous
solution (20 ml) of potassium dihydrogenphosphate (0.272 g, 2.0 mmol). The resulting green
solution was allowed to evaporate at room temperature. After several days, dark green crystals of
II (Anal. Calc. for [Cu(dpyam) (uz,n3-HPO4)],.: C, 36.32; H, 3.05; N, 12.71; Cu, 19.21%. Found:
C, 36.25; H, 2.98; N, 12.67; Cu, 19.28%) were deposited. Yield ca. 45%. Subsequently green
needle crystals of [Cuy(dpyam)(ps,n’-HPO,),(NO3),(H,0),J(NOs),-2H,0 (VI) (4ral. Cale. for
VI: C, 33.13; H, 3.19; N, 15.45; Cu, 17.56%. Found: C, 33.20; H, 3.04; N, 15.52; Cu, 17.91%)
were deposited in the second crystallization. Yield ca. 30%. Greenish-blue crystals of [Cu
(dpyam)(po,n°-H;POXH;PO,)], (III) were obtained in the final crystallization. They were
filtered off, washed with the mother liquid and dried in air. Yield ca. 20%. Calc. For [Cu(dpyam)
(L2 -H:POYHPOL], : C, 28.05; H, 3.03; N, 9.80; Cu, 14.81 %. Found: C, 28.14; H, 2.93; N,
9.74; Cu, 14.37%.

[Cu(dpyam)(pz;n*-H,PO)(HPO,)]: (IID)

A solution containing di-2-pyridylamine (0.171 g, 1.0 mmol) in ethanol (15 ml) and
potassium dihydrogenphosphate (0.272 g, 2.0 mmol) in water (10 ml) was added to an aqueous
solution (20 ml) of copper(I]) tetrafluoroborate hydrate {0.237 g, 1.0 mmol). The resulting green
solution was allowed to evaporate at room temperature. After two weeks, blue green crystals of
IH were obtained, which were filtered off, washed with mother liquor and were dried in air. Yield

ca. 40%.
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[Cuy(dpyam),(um™-HPO ) (-Cl): (), 6H,0 (IV)

Solid potassium dihydrogenphosphate (0.272 g, 2.0 mmol) dissolved in water (20 ml) was
added to a warm solution of di-2-pyridylamine (0.171 g. 1.0 mmol)} in ethanol (15 ml) in order to
avoid precipitation. Its color became greenish by slow addition of an aqueous solution (30 ml) of
copper(Il} chloride dihydrate (0.170 g, 1.0 mmol). The resulting green solution was allowed to
evaporate at room temperature. After several days, green crystals of IV were deposited. They
were filtered off, washed with mother liquid and air dried. Yield ca. 72%. Calc. For [Cus(dpyam),
(p4,n3-HPO4)2(p-C1)2](Cl)g-6[—]20: C,34.79; H, 3.65; N, 12.17; Cu, 18.40 %. Found: C, 34.88; H,
3.42; N, 12.13; Cu, 18.60 %.

[Cuy(dpyam)i(jaen’-HPO,);(1-Br),)(Br),-6H,0 (V)

A solution of potassium dihydrogenphosphate (0.272 g, 2.0 mmol) in 10 ml water was
added slowly to a solution containing copper(If) bromide (0.170 g, 1.0 mmol) in 30 ml water and
di-2-pyridylamine (0.171 g, 1.0 mmol) in 15 ml ethanol. The resulting green solution was allowed
to evaporate at room temperature. After a week, green crystals of V were obtained. They were
filtered off, washed with mother liquid and air-dried. Yield ca. 68%.Calc. For [Cus(dpyam)s(pu,n
L HPO,)(-Br))(Br),-6H,0: C, 32.02; H, 3.16; N, 10.84; Cu, 16.31 %. Found: C, 32.48; H, 2.67;
N, 10.78; Cu, 16.41 %.

[Cuy(dpyam)y(s,m’-HPO),(NO3),(H,0),1(NO3), 2H,0 (V1)

Method A. Solid potassium dihydrogenphosphate (0.272 g, 2.0 mmol) was slowly added
under continuous stirring to solution containing copper(lf) nitratte 2.5hydrate (0.370 g, 1.0 mmol)
in water (25 ml) and di-2-pyridylamine (0.171 g, 1.0 mmol) in ethanol (15 ml), yielding a green
solution. On slow evaporation for two weeks, green needle crystals of VI were obtained. Yield
ca. 50%. Subsequently blue green crystals of [Cu{dpyam)(m2n’-H,PQs)(HoPOg)L, (L) were
deposited which were filtered off, washed with mother liquid and dried in air. Yield ca. 40%.

Method B. This compound was also prepared successfully following the preparation of the

complex [Cu(dpyam)(piz,n*-HPOy)), (II). Yield ca. 30%.

2.3.3 Crystallography
Reflection data of I were collected on a 4K Bruker SMART APEX CCD . area-detector

diffractometer with graphite monochromated Mo Ka radiation (A= 0.71073 A) (at a detector
distance of 6.0 cm and swing angle of -28°) using SMART program. Raw data frame integration
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was performed with SAINT, which also applied correction for Lorentz and polarization effects.
Absorption cerrections were applied using SADABS, provided an empirical absorption correction
and put the standard deviations of measured intensities onto absolute scale. The structures were
solved by direct methods. The software package SHELXTL V 6.12 was used for structure
solution and structure refinement. All hydrogen atoms were located by difference synthesis and
refined isoﬁopical]y.

Reflection data for II and ITII were collected at 298 K while those of IV, V and VI were
collected at 273 K on a 'K Bruker SMART CCD area—detector diffractometer using graphite
monochromated MoK, radiation (A = 0.71073 A) at a detector distance of 4.5 cm and swing
angle of —35°. A hemisphere of the reciprocal space was covered by combination of three sets of
exposures; each set had a different ¢ angle (0, 88, 180°) and each exposure of 10 s for II, III and
IV, 15 s for V and 35s for VI covered 0.3° in ®. Data reduction and cell refinements were
performed using the program SAINT. An empirical absorption correction by using the SADABS
program was applied, which resulted in transmission coefficients ranging from 0.7902 to 1.000,
0.8520 to 1.0000, 0.7123 to 1.0000, 0.7090 to 1.0000 and 0.7891 to 1.0000 for II-VI,
respectively. The structure was solved by direct methods and refined by full-matrix least-squares
method on (Fq,)° with anisotropic thermal parameters for all non-hydrogen atoms using the
SHELXTL-PC V 6.12 software package. All hydrogen atoms in II, III and IV were located by
difference synthesis and refined isotropically except H(22), H(29), H(42), H(52) and H(58) in IV.
These hydrogen atoms were geometrically fixed and allowed to ride on attached atoms. One
water hydrogen atom and two hydrogenphosphate hydrogen atoms of IV were unable to locate.
For V all hydrogen atoms were located and refined isotropically except five water hydrogen
atoms which were unable to locate. Two water oxygen atoms of IV and V are located with site
occupancies of 0.5. All hydrogen atoms in VI were located by difference synthesis and refined

isotropically except for the water hydrogen atoms, which were unablie to locate.
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2.4 Results and Discussion
2.4.1 Description of the crystal structures

2.4.1.1 Description of [Cu;;(dpyam);(p.;,nS-HPO4)(}13,T|4—PO4)(H20)](PF 6)"3H20}, (I)

The structure of I, consists of a polynuclear infinite chain structure of [Cu;(dpyam);
(u;,n3-HPO4)(p3,n4-PO4)(H20)}+ cations, uncoordinated [PFs]" anions and three crystallization
water molecules. The structure is depicted in Fig. 2 together with the numbering scheme. Selected
bond distances and angles are listed in Table 2, Appendix IIB.

The Cu atoms are bridged unsymmetrically through mixed tridentate hydrogenphosphate
and tetradentate phosphate ligands. The HPO,” is tridentate, each group bonds monodentately to
three Cu(ll) ions, giving a ps,n’ coordination mode while PO,> which is a tetradentate bridging
group, bonds didentately to two Cu(ll) ions and monodentately coordinated to the third one
giving a novel pi,n' coordination mode. Complex I has mixed stereochemistries of an
intermediate geometry between regular trigonal bipyramid and regular square pyramid (1 = 0.57),
and a tetrahedrally distorted square-based pyramidal geometry (t = 0.17 and 0.13) within a
polymeric unit. The polynuclear unit involves three independent chromophores: one CuN,O;
chromophore of the former geometry and two CuN,0,0' chromophores of the latter. The Cu...Cu
distances are ranging from 4.408(3) to 5.942(3) A.

For the five coordinate CuN,0; chromophore with an intermediate geometry (t = 0.57),
slightly distorted towards the trigonal bipyramid, the out-of-plane bond lengths, Cu(1)-N(1) and
Cu(1)-O(1), are significantly shorter, with values of 2.008(3) and 1.957(2) A, compared to those
of the in-plane bond lengths, Cu(1)-N(2), Cu(1)}-O(6) and Cu(1)-O(1W), with values of 2.027(3),
1.942(2) and 2.191(3) A, respectively. However, the CuN,0,0' chromophore stereochemistry is
extremely distorted from regular trigonal pyramidal (t = 0.57). The O(1)-Cu(1)-N(1) angle of
166.9(1)° is significantly different from 180° and is distorted away from the Cu(1)-O(1W)
direction, The in-plane angles, O(6)-Cu(1)-O(1W) (0;), N(2)-Cu(1)-O(1 W) (o) and O(6)-Cu(1)- -
N(2) (u3), are all significantly different from 120°, namely 119.1(1), 107.7(1) and 132.8(1)°,
respectively. The extremely distorted trigonal bipyramidal Cu(1) chromophore is linked to the
distorted square pyramidal Cu(2) and Cu(3) chromophores via a HPO,> group in an axial-

equatorial configuration and via a PO, group in an equatorial-equatorial configuration with an
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additional equatorial-axial configuration (pathways Cu(1)-O(6)-P(2)}-O(8)-Cu(2) and Cu(1)-O(6)-
P(2)- O(8)-Cu(3), respectively). However, if the square pyramidal geometry with the axial bond
Cu(1)-O(1W) is considered for the Cu(l) chromophore with T = 0.57, the equatorial-equatorial
configuration is pronounced between Cu(l) and Cu(2) and between Cu(l) and Cu(3)
chromophores, leading to the partial contribution to the magnetic interaction through this
pathway.

For the remaining two distorted square-based pyramidal chromophores (1 = 0.17 and 0.13),
the basal plane consists of two oxygen atoms from different bridging p3,n3-HP04 and pa,n'-PO,
groups, O(7) and O(2A) (1.929(2), 1.920(2) A) for Cu(2) and O(5) and O(4A) (1.924(2), 1.908(2)
A) for Cu(3) and two nitrogen atoms from a dpyam ligand (1.991(3) and 1.978(3) A for Cu(2)
and 1.985(3) and 1.976(3) A for Cu(3)). The second oxygen atom (O(8)) from phosphate group is
bent towards the Cu(2) and Cu(3) ions to complete the fifth coordination sites in the
approximately axial positions at longer distances of 2.912(1) and 2.989(1) A, respectively. Both
Cu ions are liked by the HPO,®> and PO,* groups in an equatorial-equatorial configuration
(pathways Cu(3)-O(5)-P(2)-O(7)-Cu(2) and Cu(3)-O(4A)-P(1A)-O(2A)-Cu(2)) with an additional
axial-axial configuration (pathway Cu(2)-O(8)- Cu(3)). However, the four in-plane atoms (N(4),
N(5), O(2A) and O(7) for Cu(2) chromophore and N(7), N(8), O(4A) and O(5) for Cu(3)
chromophore) are not planar with r.m.s. deviations of 0.804 and 0.598 A. The Cu ion lies above
this plane, 0.079 A for Cu(2) and 0.062 A for Cu(3) toward O(8). The tetragonality, T = 0.671
and 0.651 based on the changes in bond lengths for both chromophores (T = the mean in-plane
bond length/the mean out-of-plane bond length). The t-values defined to describe the degree of
trigonal distortion are 0.13 and 0.17 {t = (ec;-0t,)/60, where oc;= O(4)-Cu(1)-N(2) and «; = O(6)-
Cu(1)-N(1)}. As the regular trigonal bipyramid and square-based pyramid have 1 values of 1.00
and 0.00, respectively, the stereochemistry of the CuN,0,0' chromophore of I is best described
as extremely tetrahedral-distorted square-based pyramidal, with a slight trigonal distortion rather

than square pyramidal distorted trigonal bipyramidal.
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Figure 2 The polymeric structure of 1

The lattice structure is stabilized by the hydrogen-bonding network N-H...O(W yc00r), O
(HPO,™) and OPO"), O(HPO,*)-H...OPOs), O(Weo )-H...O(PO>) and O(Wuncoor)s O
(Wuncoor )-H...O(HPO, ™), O(PO4™), O(Waneoor ) F(PFs) and amine group.

2.4.1.2 Description of [Cu(dpyam)(u,n’-HPO,)],, (IT)

The structure is depicted in Fig. 3 together with the numbering scheme. Selected bond
distances and angles are listed in Table 3, Appendix IIB. The structure consists of a neutral and
polymeric chains of [Cu(dpyam)(i,,n°-HPOy)] bridged by tridentate hydrogenphosphato ligands.
The local molecular structure of the copper atom involves square pyramidal CuN,;0,0'
chromophore in an equatorial-equatorial configuration. The basal plane consists of: two oxygen
atoms from two equivalent bridging hydrogenphosphato groups and of a dpyam ligand

coordinated through two nitrogen atoms. The dpyam ligand chelates in the tetragonal plane,
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almost symmetrically, with Cu-N distances of 1.969(1) and 1.994(1) A, and a bite angle of 92.0
(6)°. The equatorial Cu(1)-O(1) and Cu(1)-O(4) bond distances are slightly shorter with values of
1.946(1) and 1.919(1) A. The third oxygen atom from hydrogenphosphate group is bent towards
the Cu atom to complete a fifth coordination site in an axial position at a much longer distance of
2.719(2) A, generating a distorted square-based pyramidal stereochemistry. The four in-plane
atoms, N(1), N(2), O(1) and O(4) are not planar (r.m.s. deviation 0.562 A) and display a marked
tetrahedral twist (dihedral angles between the CuN; and CuQ; planes amounts to 45.56°). The Cu
atom lies 0.202 A above this plane towards O(2A). The copper chromophore can be described as
having an extremely tetrahedrally distorted square pyramidal geometry with the tetragonality, T
of 0.720 and t-value of 0.12. The Cu-Cu distance is 5.955(2) A.

The hydrogenphosphato group in this compound involves a quite unusual tridentate p;,n’
coordination mode: didentately coordinated to one copper chromophore and monodentately
bonded to another. To the best of our knowledge this coordination mode of the bridging
hydrogenphosphate present in complex I is unique for the transition metal complexes.

The coordinated P=0 bonds, 1.519(1), 1.510(2) and 1.531(1) A, are shorter than the
uncoordinated P-OH bond, 1.588(2) A. This is usually found for the three-coordinate bridging
coordination of the hydrogenphosphate anion. The tridentate hydrogenphosphato group involves
O-P-O angles ranging from 101.9(1) to 111.7(1)°. The lattice structure is stabilized by a
hydrogen-bonding network between the amine N and an oxygen atom of the hydrogenphosphate
group with a short contact distance of 2.663(3) A and between the oxygen atom of the
hydrogenphosphate group to the oxygen atom of another phosphatogroup with a contact distance
of 2.528(3) A. The structure contains chains of Cu ions in the c-direction bridged by the HPO,*
ions in a trigonal way. Two nearest Cu(lIl) ions are bridged by a tridentate hydrogenphosphate
group which is didentately coordinated to one copper(Il) ion, and monodentately coordinated to
another in an equatorial-equatorial configuration in an unusual bridging coordination mode. The
helical arrangement of the Cu-HPO, chain is clearly visible in Fig. 3 with the N ligands at the

outside stacked in the direction of the 3-fold screw axis.
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Figure 3 The polymeric structure of 11

2.4.1.3 Description of [Cu(dpyam)(uz, 1°-H2PO)(H2PO,)]; (I11)

The structure is depicted in Fig. 4 together with the numbering scheme. Selected bond
distances and angles are listed in Table 4, Appendix 1IB. The centrosymmetric dinuclear
compound consists of two [Cu(dpyam)(pz,n*-H,PO,)(H;PO,)] units being doubly bridged by two
didentate dihydrogenphosphato anions. The local molecular structure of the copper atom involves
a square pyramidal CuN,O,0O’ chromophore. The basal plane consists of two oxygen atoms of the
two bridging dihydrogenphosphato groups, O(5) and O(8A) and of dpyam ligand coordinated
through two nitrogen atoms. The dpyam ligand chelates in the square plane, almost
symmetrically, with Cu-N distances of 1.991(1) and 1.997(1) A and a bite angle of 88.1(1)°. The
equatorial Cu(1)-O(8A) and Cu(1)-O(5) bond distances are slightly shorter with values of 1.964
(1) and 1.987(1) A. The fifth axial coordination site is occupied by one oxygen atom of non-
bridging monodentate dihydrogenphosphato group at the Cu-O distance of 2.271(1) A. The four
in-plane atoms, N(1), N(2), O(5) and O(8A) are essentially planar, (r.m.s. deviation 0.0598 A)
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with a slightly tetrahedral twist (dihedral angles between the CuN; and CuQ, planes = 14.0°). The
Cu atom lies 0.16 A above this plane towards O(1). The tetragonality, 7 = 0.874 based on the
changes in bond lengths. The t-value defined to describe the degree of trigonal distortion is 0.12,
so the geometry around the Cu(II) atom can be best described as square-based pyramidal, with
only a slight trigonal distortion. The Cu-Cu distance is 5.136(2) A.

The O(8)-P(2)-O(5) bridging angle of 115.7(1)° is larger than 109.5° of the ideal
tetrahedral geometry, and the remaining angles involve less deviation from 109.5° [O(5)-P(2)-O
(7) 105.9(1), O(5)-P(2)-0(6) 105.6(1), O(7)-P(2)-0(6) 106.8(1) and O(8)-P(2)-O(6) 112.6(1)°].
The coordinated P-O bonds, 1.518(1) and 1.506(1) A, are shorter than the uncoordinated P-OH
bonds, 1.564(1) and 1.559(1) A. These differences arec normally found for the two-coordinate
bridging coordination of the dihydrogenphosphate anion. The non-bridging monodentate
dihydrogenphosphato group involves O-P-O angles ranging from 104.1(1) to 115.1(1)°. The P-
OH bonds, 1.558(1) and 1.581(1) A, are longer than the P=0 bonds, 1.512(1) and 1.519(1) A,
which is in usual observation. The uncoordinated P=O bond distance, 1.519(1) A, is slightly
longer than the coordinated one, 1.511(1) A, which is unusual. This difference arises from the
hydrogen bond involved to the uncoordinated P=0O bond. The P=0O distances in both the
monodentate dihydrogenphosphato group and the dihydrogenphosphato bridge are ranging from
1.506(1) to 1.519(1) A, while the P-OH bond distances vary from 1.558(1) to 1.581(1) A. This
behavior is consistent with the general observation that P-OH bonds are longer than P=O bonds in
primary and secondary phosphates.

The lattice structures are stabilized by a hydrogen bonding network between the amine N
and the oxygen atom of the non-bridged dihydrogenphosphate anion with a distance of 3.1603
(19) A, and between oxygen atoms of different dihydrogenphosphate groups (OO distances
vary from 2.5825(18) to 2.648(2) A).
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Figure 4 The molecular structure of IIT

2.4.1.4 Description of [Cu4(dpyam)4(p4,n3-HPO4)2(p-Cl)2](Cl)z-6H20 (v)
and [Cuy(dpyam)s(pa,n°-HPO4)2(1-Br): ] (Br)»-6H,0 (V)

The structure of IV consists of two independent tetranuclear units of [Cu(dpyam)s(pe,n’-
HPO,):(p-Cl)1*", namely units (1) and (2), four chloride anions and twelve lattice water
molecules. Unit (1) is situated in a general position. whereas unit (2) is situated on a mirror plane.
The unit cell contains four molecules on general positions and two molecules on special
positions. Compound V is isostructural and involves similar asymmetric unit and similar structure
to those of IV, An ORTEP plot, together with the numbering scheme of the compounds are
shown in Figs. 5 and 6, with relevant distances and angles in Tables 5 and 6, Appendix IIB.

The tetranuclear unit of both compounds consists of two pairs of five coordinated copper
(1) ions bridged by two tetrahedral tridentate hydrogenphosphato groups in each molecule. Both
HPO,> groups coordinate monodentately to each copper(Il) ion and bridging via one oxygen to
two other Cu(ll) ions, giving a psn’ coordination mode which is rarely found in the
hydrogenphosphate metals. Each copper ion involves an essentially planar square base of the
CuN,0,X chromophore through the two bridging HPO,” groups and a terminal d;‘)yam ligand
with a slight tetrahedral twist (evident from the dihedral angles of 18.06,19.38, 5.68, 6.66,23.5%
and 6.20° for Cu(l) to Cu(6) chromophores, respectively, for IV and 17.63, 19.21, 4.53, 5.40,
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22.25 and 5.11 for V, between the CuO, and CuN, planes). Consequently, all copper(Il) ions
linked to each other via double-bridged HPO,> groups in an equatorial-equatorial configuration.
Finally, bridging halide ions occupy the fifth coordinate positions (axial for each Cu) at the
distances ranging from 2.559(1) to 2.603(1) A and 2.707(2) to 2.764(2) A for IV and V,
respectively, giving a slightly tetrahedral-distorted square-based pyramidal CuN,0,X
chromophore for both units. Each copper atom is displaced 0.072 to 0.340 A and 0.069 to 0.337
A for Cu(l) to Cu(6) of IV and V, respectively, from the basal plane (N,O,) towards the apical
halide ion. However, as one pair of each unit which involving Cu(3)-Cu(4) and Cu(6)-Cu(6A) has
a non-planar Cu,0O; network, the dihedral angles between two CuO» planes are 50.9 and 51.7° for
IV and 48.0 and 50.3° for V, and the angles between the basal N,O; planes of IV are 45.1 and
45.9° for units (1) and (2), respectively, those of V are 43.3 and 45.6° for units | and 2,
respectively, indicating a roof-shaped structure. The 1 values vary from 0.020 to 0.053 and
0.001 to 0.071 for IV and V, respectively, indicating the nearly perfect square-based pyramidal
geometry for all CuN,O,X chromophores. The Cu...Cu distances in IV are ranging from 2.802(1)
A, in the dinuclear units to 5.224(1) A in the tetranuclear units and those of V are ranging from
2.834(1) to 5.2339(1) A.

The P-OH bonds which are ranging from 1.533(10) to 1.629(10) A for V, are longer than
the P-O bonds (1.475(8)-1.599(10) A V), which are in usual observation except those of P(1)-O
(3) (1.599(10)A), P(2)-O(7) (1.589(9)A), and P(4)-O(12) (1.555(11)A) in V. This arises may be
due to the hydrogen bonding between these oxygen atoms and the hydrogen atoms attached to
carbon atom from the amine groups. These hydrogen bonds may be co-responsible for the evident
longer P-O bonds.

The lattice structure is stabilized by a hydrogen-bonding network (D...A distances) N-
H...X(uncoor., 3.246-3.419 A for IV and 3.369-3.542 A for V), O(HPO,)-H...O(W) (2.590-
2.638 A for IV and 2.588-2.700 A for V), and O(W)-H...Br(uncoor., 3.144-3.274 for IV and
3.276-3.669 A for V) and O(W)-H...O(W) (2.664 A for IV and 2.664-3.738 A for V).

BRG4680012 46 AMNINUE 2549



e c20

C3
c2 C19

Figure 5 The molecular structure of IV
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Figure 6 The molecular structure of V
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2.4.1.5 Description of [Cu4(dpyam)4(p3,1|3-HPO4)2(NO3)2(H20)2](NO:,); 2H,0 (VI)

Single crystal X-ray diffraction shows that VI consists of a centrosymmetric tetranuclear
[Cus(dpyam)s(is,n’-HPO):(NO3 )(H,0),)*" cation, two NO;™ anions and two molecules of lattice
water. The non-coordinated nitrate group involves the N-O distances of 1.233(5), 1.236(6) and
1.23(5) A and O-N-O angles of 119.4(5), 120.0(5) and 120.6(5)°, in good agreement with those
of the free ion previously observed. A drawing of the tetrameric structure showing the labeling
scheme is given in Fig. 7. Selected bond lengths and angles are reported in Table 7, Appendix
iIB.

Four copper ions of the complex cation are linked through a double hydrogenphosphate
bridge, leading to Cu...Cu distances of 4.136(2) to 7.833(2) A. The cation is located on a ¢ glide
plane through the two bridging HPO4* groups. The coordination mode of HPO,” is tridentate
bridging, each group bonds monodentately to two Cu(ll) ions and didentately coordinated to the
third one giving a novel p3,n° coordination mode. Compound VI has mixed stereochemistries of a
tetrahedral distorted square-based pyramid (t = 0.32) and an intermediate geometry between
regular trigonal bipyramid and regular square pyramid (t = 0.52) within a tetranuclear unit. The
tetranuclear unit involves two CuN,0,0' chromophores of the former geometry and two CuN,O;
chromophores of the latter.

For two distorted square-based pyramidal chromophores, the basal plane consists of two
oxygen atoms from different bridging hydrogenphosphato groups, O(4) and O(6) (1.968(2), 1.972
(2) A) and two nitrogen atoms (1.967(3), 2.001(3) A) from a dpyam ligand. The second oxygen
atoms from each hydrogenphosphate group are bent towards the Cu ions to complete the fifth
coordination sites in the approximately axial positions at longer distances of 2.497(2) A. Two Cu
ions are doubly bridged by the HPO,” groups in an equatorial-equatorial configuration. The four
in-plane atoms, N(1), N(2), O(4) and  O(6) are not planar with r.m.s. deviation of 0.473 A and a
marked tetrahedral twist (dihedral angles between the CuN, and CuO; planes = 41.2°). The Cu
ion lies above this plane, 0.163 A toward O(7). The tetragonality, T = 0.791 based on the changes
in bond lengths. The t-value defined to describe the degree of trigonal distortion is 0.32. As the
regular trigonal bipyramid and square-based pyramid have t values of 1.00 and 0.00,

respectively, the stereochemistry of the CuN,0;O' chromophore of VI is best described as
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extremely tetrahedral-distorted square-based pyramidal with a slight trigonal distortion, rather

than square pyramidal distorted trigonal bipyramidal.

Figure 7 The molecular structure of VI

The other two equivalent chromophores within the tetranuclear unit involve a five
coordinate CuN,0O; chromophore, with an intermediate geometry (t = 0.52) but slightly distorted
towards the trigonal bipyramid. The out-of-plane bond lengths, Cu(2)-N(4) and Cu(2)-O(7), are
significantly shorter, with values of 1.979(3) and 1.933(2) A, compared to those of the in-plane
bond lengths, Cu(2)-N(5), Cu(2)-0(10) and Cu(2)-O(11), with values of 2.013(3), 2.145(3‘) and
2.152(3) A, respectively, corresponding to the usual nature of the trigonal bipyramidal geometry.
However, the CuN,0O,0' chromophore stereochemistry is extremely distorted from regular
trigonal pyramidal (t = 0.52). The N(4)-Cu(2)-O(7) (as) angle of 168.6(1)° is significantly
different from 180° and is distorted away from the Cu(2)-O(11) direction. The in-plane angles, N
(5)-Cu(2)-0(11) (o)), N(5)-Cu(2)-O(10) (oz) and O(10)-Cu(2)-O(11) (03), are all significantly
different from 120°, namely 131.1(1), 137.5(1) and 91.2(1)°, respectively. A pair of the extremely
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distorted trigonal bipyramidal Cu(2) and Cu(2A) chromophores is non-bridged, but ecach
chromophore is linked to the distorted square pyramidal Cu(1) and Cu(|A) chromophores via a
HPO,> group in an axial-equatorial configuration. Additionally, the axial-axial configuration
(pathways Cu(1)-O(7)}-Cu(2) and Cu(1A)-O(7A)-Cu(2A)) is also exist between these two types of

the chromophore geometries. However, if the square pyramidal geometry with the axial bond Cu

(2)-0O(11) s considered for the Cu(2) and Cu(2A) chromophores with T = 0.52, the equatorial-

equatorial configuration is pronounced between Cu(2) and Cu(1) chromophores and between Cu

(2} and Cu(lA) chromophores, leading to the partial contribution to the magnetic interaction
through this pathway.

The O(4A)-P(1)-0(6), O(6)-P(1)-O(7), O(4A)-P(1)-O(7), bridging O-P-O coordinated
angles are 111.7(1), 105.3(1), and 115.2(1)° showing tetrahedral geometry. The coordinated P-O
bonds, 1.526(2), 1.526(2) and 1.542(2) A, are shorter than an uncoordinated P-OH bond, 1.574(2)
A. These are normally found for the three-coordinate bridging coordination of the
hydrogenphosphate anion. Both coordinated nitrate anions are planar, the second O atoms are
weakly coordinated to two copper ions (2.497(2) A) in the trigonal planes of both trigonal
bipyramidal chromophores. The coordinated N-O bond length (1.283(4) A) is longer than the
uncoordinated N-O bonds (1.233(4) and 1.249(4) A) as well as the larger O-N-O angles of
122.2(3) and 119.5(3)° compared to the uncoordinated O-N-O one (118.3(3)°), corresponding to
the typical feature of the monodentate nitrite group.

The lattice structure is stabilized by the hydrogen-bonding network N-H...O(HPOy4), O
(HPO4)-H...O(Wiyneoor ) and O(Weer )-H...O(HPOy) and O(W goor }-H. .. O(W yncoor )-

2.4.2 IR spectra
The infrared spectrum of I (as in Appendix IIC) displays the characteristic bands of the

hydrogenphosphate bridging ligand: 8(P-O(H)) in-plane deformation at 1240m and 1164m; v,
(P-O) at 1110s, 1071s and 1056m; v,,.(P-O) at 1015s and 984m; &(P-O(H)) out-of-plane
deformation at 883m; (O-P-O) at 558m and 499m cm™ corresponds to those of other
hydrogenphosphato-bridged copper(Il) complexes. This indicates that the hydrogenphosphate and
phosphate ions are present as a bridging of mixed hydrogenphosphate and phosphate ligands. The

BRG4680012 50 ANANUG 2549



PF¢ group vibration near 900 cm™' splitting into a sharp peak at ca. 842 cm™ indicates the PF,
ions in I. The sharp band at ca. 3000 cm™ was observed, indicative of the presence of N-H
stretching vibrations in this complex. The occurrence of a strong and broad absorption centered at
3419 cm’ (symmetric and antisymmetric OH stretchings) is consistent with the crystallization
water molecules. The highest energy pyridine ring vibration at 1650 cm™ owing to the dpyam
complex.

The infrared spectra of complexes II and III are given in Appendix IIC. The infrared
spectrum of complex II shows characteristic bands of 8(P-O(H)} in-plane deformation at 1238m
and 1156m; vy,m(P-O} at 1092s and 1056s; v,,(P-O) at 1019s, 968m and 907m; 6(P-OH) out-of-
plane deformation at 832m; 8(0-P-O) at 586m, 555m and 534m cm™ corresponds to those of
other hydrogenphosphato-bridged complexes. The sharp band at ca. 3000 cm™ corresponds to the
presence of N-H stretching vibrations in this complex. The highest energy pyridine ring vibration
at 1660 cm™ owing to the dpyam complexes. Complex I shows bands of 8(P-O(H)) in-plane
deformation at 1354w, 1274m and 1232m; vgm(P-O) at 1157s, 1116s and 1049s; v,,,(P-O) at
977s and; 8(P-O(H)) out-of-plane deformation at 879m; 8(O-P-O) at 525m, 508m and 491m cm™
which corresponds to those reported in the literature. The sharp band at ca. 3000 cm™ indicates
the presence of N-H stretching vibrations. The highest energy pyridine ring vibration at 1633 cm’
owing to the dpyam complexes.

The infrared spectrum of IV (as in Appendix IIC) displays the characteristic bands of the
hydrogenphosphate bridging ligand: §(P-O(H)) in-plane deformation at 1349m and 1235m; v,
(P-O) at 1159s, 1096s and 1054s; v,(P-O) at 1019m, 976m and 936m; §(0-P-O) at 529m and
511m em™ corresponds to those of other hydrogenphosphato-bridged copper(II) complexes, Table
2.2. The sharp band at ca. 3000 cm™ was observed, indicative of the presence of N-H stretching
vibrations in this complex. The crystallisation water molecules are consistent with the occurrence
of a strong and broad absorption centered at 3422 cm’ (symmetric and asymmetric OH
stretchings). The highest energy pyridine ring vibration at 1630 cm” owing to the dpyam

complexes.

The infrared spectra of complexes V and VI are given in Appendix IIC. Complex V shows
characteristic bands of 8(P-O(H)) in-plane deformation at 1354m and 1236m; v,,.(P-O) at
1159s, 1098m and 1054m; v, (P-O) at 1019m, 980m and 938m; 3(0-P-O) at 529m and 511m
cm’' corresponds to those of other hydrogenphosphato-bridged copper(Il) complexes. That of VI
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shows band of 8(P-O(H)) in-plane deformation at 1238m; v,,m(P-O) at 1156w, 1110s and 1056s;
Vo(P-0O) at 1012m; 8(P-O(H)) out-of plane deformation at 842m and §(O-P-O) at 530w and
506w cm™ corresponds to those of hydrogenphosphate anions and vg,,,(N-O) at 1384s and vy,
(N-O) at 1312m cm’' attributed to the coordinated nitrate group. The sharp band at ca. 3000 cm”
for V and VI indicates of the presence of N-H stretching vibrations in these complexes. The
occurrence of a strong and broad absorption centered at 3412 cm™ for V and at 3429 cm for VI
(symmetric and asymmetric OH stretchings) are consistent with the presence of crystallization
water molecules in both complexes. The highest energy pyridine ring vibration at 1633 ¢cm™ for V

and at 1643 cm™ for VI is owing to the dpyam complexes.

2.4.3 Electronic Reflectance spectra

The electronic diffuse reflectance spectrum of I (Fig. 8) shows a broad band ranging from
10.02 to 15.60 kK (centred at ca. 12.46 kK) where kK = 1000 cm’’. This observed single broad
peak is consistent with the mixed stereochemistries: the distorted square pyramidal geometry (T =
0.17 and 0.13) which results in a typical main peak around 14.00-15.00 kK and a shoulder around
11.00-12.00 kK, usually observed for the regular square pyramidal geometry and the intermediate
five-coordinate geometry {t = 0.57) which displays a typical single broad peak around 12.00-
13.00 KK, usually observed for the intermediate five-coordinated geometry. If the distorted
trigonal bipyramidal geometry is considered for the intermediate five-coordinate geometry, a
single broad peak appeared at the lower frequency side of a broad band may be assigned as the
dyys A dyg, di2. 42 _, d;2 transition. In addition, that of the distorted square pyramidal geometry
which appeared at the higher frequency side of a broad band may be assigned as the d,2, d,y, ds,,
dy; -, dy2.,2 transition. However, there is a comparable feature with the electronic spectra of II and
III (Fig. 8), in that II also exhibits a main peak at 14.44 kK with a shoulder at 11.20 kK. This
observation corresponds to the d,y, d,2 — d,2.,2 transition for the low-energy peak and the d, dy;
-» dy2.,2 transition for the high-energy peak of the distorted square pyramidal geometry usually
. observed. Complex III displays a broad band at ca. 14.88 kK. This observed single broad peak is _
consistent with the square pyramidal stereochemistry and assigned to be d,2, d,y, dy,, dy, = d,2.,2
transition.

The electronic diffuse reflectance spectrum of IV consists of an unsymmetrical, broad band

centered at ca. 14.97 kK (Fig. 9) which is very comparable to that of V (14.88 kK) (Fig. 9). This
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observed single broad peak is consistent with the square pyramidal stereochemistry and assigned
to be the d,2, d.y, dy;, dy, -, di2.,2 transition. However, there is a comparable feature in electronic
spectrum of VI (Fig. 9), which also shows a broad band ranging from 11.40 to 13.90 kK
(centered at ca. 12.32 kK). The observed single broad peak in VI is consistent with the mixed
stereochemistries: the distorted square pyramidal geometry (t = 0.32) with a remarkable
tetrahedral twist of the square base which results in the lower frequency of the spectrum as
compared to that of the regular square pyramidal geometry (ca. 14.00-15.50 kK) and the
intermediate five-coordinate geometry (1 = 0.52) which exhibits a typical single broad peak
around 12.00-13.00 kK, usually observed for the intermediate five-coordinate geometry. If the
distorted trigonal bipyramidal geometry ié favorably considered for the intermediate five-
coordinate geometry, a single peak which appeared at the lower frequency side of a broad band
may be assigned as the d,y, d,, dy,, d\2.,2 _, d,2 transition. In addition, that of the former geometry
that appeared at the higher frequency side of a broad band may be assigned as the d,2, dy, dy,, dy,
- d,2.,2 transition. Both transitions are superimposed to each other resulting in an observed

single broad band.
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Figure 8 The electronic diffuse reflectance spectra of FIII
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Figure 9 The electronic diffuse reflectance spectra of IV-VI

2.4.4 Thermogravimetric analysis

In order to determine the thermal stability of all products, the thermogravimetric analyses
of I-VI (as in Appendix IID) were carried out in dry air from 30-1000°C using a heating rate of
10°C min™. The result shows two weight losses, two rather broads. For I the first weight loss of
about 17.04% occurring in the region 30-300°C corresponds to the loss of hexafluorophosphate
anions, dehydration of hydrogenphosphato group and four water molecules (calc. 17.53%) and
the second weight loss of 45.24% in the region 300-900°C corresponds to the loss of three amine
groups (calc. 46.17%). The final product of the thermal decomposition of I is a black powder that
appears to be a CuP,0;. The thermal behavior of complexes II and III are given in Appendix IID.
The thermogravimetric analysis of II and III shows two weight losses, two rather broads. The
total weight loss of about 53.20% for II and 49.40% for III occurring in the region 200-850°C
corresponds to the loss of water and amine ligand molecules (calc. 54.40% for IT and 48.40% for
III, respectively). The final product of the thermal decomposition of II and III are a black
powder that appears to be a CuP,0;.
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The overall decomposition reactions based on the weight loss data are summarized below:

4.5H,0 + PF,
{[Cus(dpyam)s(p3,n’~-HPOs)(p3,n*-POs ) H,0)1(PF ) 3H,0} . (T) - Cuy(dpyam);P;0;

-3dpyam
2 Cu2P207
3 -1/2H,0 -dpyam
[Cu{dpyam}(p;,m"-HPO,)], (II) = 1/2 Cup(dpyam);P;0O;, —> 172 Cu,P0

-4H;0 -2dpyam
[Cu(dpyam)(pz,n*-HoPONH,PO)L (I —  Cuy(dpyam),P,0; —  CuP20;

The thermogravimetric analysis of IV (as in Appendix 1ID) shows two weight losses, two
rather broads. The first weight loss of about 7.90% occurring in the region 30-100°C corresponds
to the loss of twelve water molecules (three from twelve water molecules are considered with site
occupancy factor of 0.5, calc. 6.91%) and the second weight loss of 61.90% in the region 150-
580°C corresponds to the loss of chloride anions, amine groups and dehydrate of
hydrogenphosphato groups (calc. 61.77%). The final product of the thermal decomposition of IV
is a black powder that appears to be a CuP;0,.

The thermal behaviors of complexes V and VI are given in Appendix IID. The
thermogravimetric analysis of V is similar to that of complex IV suggesting that the total weight
loss of about 69.70% corresponds to the loss of water molecules, bromide anions and dehydrate
of hydrogenphosphate groups (calc. 71.90%). While complex VI shows two weight losses, two
rather broads as in the proposed decomposition reactions below. The total weight loss of about
70.30% occurring in the region 100-600°C corresponds to the loss of water and dehydrate of
hydrogenphosphate groups, nitrate anions and amine ligand molecules (calc. 70.50%). The final
product of the thermal decomposition of V and VI are also a black powder that appears to be a

CUP207.
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The overall decomposition reactions based on the weight loss data are summarized below:

-10.5H;0
2 [Cug(dpyam)s(u-HPO),(u-C1)(CLY-6H,0 (IV) = 2 Cuy(dpyam),(HPO, ) Cly

-Bdpyam + 4Cl + 2H,0
- 4 Cu,P,04
-10.5H,0
2 [Cuy(dpyam)s(u-HPO)y(u-Br)J(Bry)-6H,0 (V) © =" 2 Cuy(dpyam)(HPO,),Br,
-8dpyam + 48r + 2H,0O
- 4 Cu,P0,
-4H,O
[Cua(dpyam)o(u-HPO4)2(H,0)(NO;3 ), J(NO5 ). 2H0 (V) - Cuy(dpyam)s(HPO,),

-4dpyam + 4NO,+H;0O
(NO3),(NO3), - 2 CuyP,0,

2.4.5 EPR spectra

The polycrystalline EPR spectra of [Cus(dpyam)s(ps,n’*-HPOg) (3,1 *-PO,)(H0)](PFe):
3H,0 (T) at both room temperature and liquid nitrogen temperature (77 K) (as in Appendix IIE)
are very broad isotropic with g = 2.12 giving no information regarding to the electronic ground
state, due to the misalignment of the CuN,0,0' chromophores. This single signal can be due to
exchange narrowing and also to the compound containing three different copper sites. No half-
field signal was observed.

The EPR spectra of complexes II and III are given in Appendix IIE. The EPR spectrum of
compound II at room temperature shows an unresolved isotropic signal with g= 2.127. No half-
field signal was observed. At liquid nitrogen temperature a more resolved signal is obtained for
compound IT with g, =2.291 and g, = 2.084. Compound III displays an axial signal at both room
temperature (g, = 2.270 and g, = 2.027) and liquid nitrogen temperature (g, = 2.273 and g, =
2.022). No triplet signal has been observed. Apparently the dinuclear units in III are not isolated
from one another, resulting in exchange narrowing. The signals for compounds II and III are
consistent with the d,2.,2 ground state and a distorted square-based pyramidal geometry.

The EPR spectra of IV (as in Appendix IIE) at both room temperature and liquid nitrogen
temperature exhibit four features at 70, 120, 270 and 400 mT and at 50, 110, 250 and 400 mT,
respectively. The spectra are qualitatively similar to that reported for other dinuclear copper(Il)
compounds for other coupled copper(Il) pairs with a | D | > h. The feature at 270 mT is most
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certainly from a mononuclear copper(Il) impurity, which is always present in polynuclear species
and the weak absorption at low field (120 mT) is the A M, =+ 2 transition. The presence of the
peaks at high field values is as expected when the value of the axial zero-field splitting parameter
| D} is larger than the incident quantum (about 0.3 cm™). At the high-field side (g = 2.004 at
both temperatures) a small shoulder is observed, which is due to a signal from the triplet state
with a very small zero field splitting, which indicates that there is an interaction between the Cu
(11) ions within complex IV.

The EPR spectra of complexes V and VI are also given in Appendix IIE. The EPR
spectra of complex V is similar to that of complex IV suggesting the magnetic interaction
between two copper(II} centers in this tetramer. This type of EPR spectrum is also observed in V,
which shows four features at 60, 135, 270 and 400 mT at room temperature and at 50, 100, 250
and 400 mT at 77 K. While VI reveals a very broad isotropic signal with g = 2.13 at room
temperature and 77 K giving no information regarding to the electronic ground state, due to the
misalignment of the CuN,0,0' chromophores. This unresolved signal might be able to be due to

exchange narrowing and also to the fact that the compound contains two different copper sites.

2.4.6 Magnetic properties and superexchange mechanism

The magnetic susceptibility of a powdered sample was measured from 5 to 350 K. The
magnetic susceptibility plots of {[Cu3(dpyam)3(p.3,’r|3-HPO4)(u3,1]4-P04)(H;O)](PF(,)-jHzO},, @
are depicted in Figs. 10 (a) and (b) in the form of p.4 versus T and "' versus T for three Cu(II)
ions.

From 350 K to about 30 K the g,y stays almost constant between 3.1-2.90 BM. This value
is lower than the spin-only value of three uncoupled copper(Il) S = % ions (theoretical value for g
=2, Heir = 3.88 BM). At about 30 K the u.g starts to decrease slightly to a value of 1.95 BM at 5

K. This overall behaviour indicates a very weak antiferromagnetic interaction between the Cu(II)

ions.
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Figure 10 Magnetic susceptibility plot of g versus T (2) and y' versus T (b) for
compound [Cus(dpyam)s(p3,n*-HPO) (13,1 *-POs)(H;0)1(PFs)3H,0} . (D)

The magnetic interaction calculated from Curie-Weiss law out of the ' versus 7' plot,
results in a Curie-Weiss constant @ = -4 K, also indicating a weak antiferromagnetic interaction.
This weak interaction can be understood by the fact that the three Cu ions are not equal to each
other, the Cu(1) distances to Cu(2) and Cu(3) are large (5.218, 5.942 A), while the Cu(2)-Cu(3)
distance is shorter (4.407 A), so magnetically it can be also understood as a dinuclear identity

which form a polymeric chain via a single Cu ion.
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Complex I involves both the square pyramidal geometry with an unpaired
electron in d,2.,2 orbital and an intermediate five-coordinated geometry with an unpaired electron
partially delocalized in both d,2.,2 and d,2 orbitals. In addition, the u;,rﬁ-HPOf' and p3,1‘|4-PO43'
bridges joins copper(ll) ions in an equatorial-equatorial and an equatorial-axial configurations
between two distorted square pyramidal chromophores and two different geometry
chromophores. Hence a weak antiferromagnetic interaction is occurring through the Cu-O-P-O-
Cu pathways. The other hydrogenphosphato-bridged complexes with related structures to that of
complex I are compared as in Table 1.

The magnetic susceptibility plots of complexes II and III are depicted in Figs 11 and 12
in the form of y and 7 versus T plots. For compound II, from 300 K onwards the magnetism
is steadily decreasing down to 0.01 cm’mol'K at 5 K, indicative for a medium antiferromagnetic
coupling between neighbouring Cu(Il) ions. The maximum in yy, expected for such couplings, is
observed at 45 K, and a small Curie tail indicative of paramagnetic impurity is detected below 15
K. The data were fitted using the theoretical expression for a uniform Heisenberg chain. The
resulting best fit parameters, corresponding to the full lines were J = -26.20(2) cm’. For
compound III the yyT value at 300 K of 0.805 cm’mol'K, is in agreement with uncoupled spin
¥ centres (0.375 cm’mol 'K per centre with g = 2). Decrease of yuT is observed upon lowering
the temperature starting from 50 K down to 0.69 em” mol"'K at 5 K, which is indicative for a very
weak antiferromagnetic interaction. The magnetic data were fitted for two interacting S = '
centres, based on the general Hamiltonian: A = -J §,-S;, in which the exchange parameter J is
negative for antiferromagetic and positive for ferromagnetic interaction. The data were fitted to
the equation given in the literature. Also a Temperature Independent Paramagnetism (TIP) of the
Cu(Il) ions has been considered. The resulting best fit parameters, corresponding to the full lines

were J = -2.85(1) em™.
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Figure 11 Plots of temperature dependence of the molar magnetic susceptibility ;s (©) and the
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Figure 12 Plots of temperature dependence of the molar magnetic susceptibility z (©) and the
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Because of the square pyramidal geometry in compounds II and III the spin density is
mostly in the d,2.2 orbitals of the copper(ll) ions. The H,PO,"™ bridges, joining the copper
atoms in an equatorial-equatorial configuration, the superexchange coupling through the
phosphate anion (Cu-O-P-O-Cu) can be expected to be non negligible. The antiferromagnetic
couplings found in compounds IT and III are thus in agreement with this structural feature and the
large Cu-Cu distances. The compounds together with a number of related complexes IT and III
are listed in Table 2 and 3, respectively.

The magnetic susceptibility of a powdered sample for [Cu4(dpyam)4(p.4,n3-HPO4)2 (p-Cl)]
(Cl),6H,0 (IV) was measured from 5 to 350 K. The molar magnetic susceptibility, yu, and the
product yuT are plotted in Fig. 13.

In this case py gradually increases upon lowering temperature from values at high
temperatures in agreement with four uncoupled spin ¥ centres. A maximum is reached around 55
K, at which temperature that yy decreases sharply. This behaviour is indicative of an
antiferromagnetic coupling between some of the copper ions. For simplicity, the two similar
tetranuclear units contained in the structure will be considered as identical for the rationalisation
of these magnetic propertics. Moreover, the diagonal coupling pathways through phosphato
groups will also be assumed identical. The magnetic coupling scheme for IV proposed in Fig. 14

and the corresponding Hamiltonian writes

H= _ZJI(SA 'SC +SB 'SD)_2J2(SA 'SB)_2J3(SB 'SC +SA 'SD)““2J4(SC 'SD) (1)
Although the topologies of the compounds differ, this Hamiltonian is identical to one

solved for a linear tetranuclear copper compound.
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Figure 13 Plots of temperature dependence of the molar magnetic susceptibility yu (©) and the

2l product (o) for [Cu4(dpyam)4(u4,n3—HPO4)2(1.1—C1)2](CI)2 6H,0 (IV)

Figure 14 Scheme of the magnetic interactions used in the calculations for [Cus(dpyam),

(Las*-HPO, ) 1-C ) )(CT)y6H;0 (IV) and [Cug(dpyam)a(ps,n’-HPOs)(p-Br)](Br)y:
6H,0 (V)

BRG4680012 65 AUMAUE 2549



The energy levels and their spin quantum numbers derived are given in the
§=2  E==-Af2-J-J,/2
S=1  E=J-J/2+),-J/2

=1 E=@riy2efi-ay+a-ay|
S=1 E=Gri)2-fa-ay -]
S;=0 Ey=td Y2 R+ By -2+ 24 T2 0, -0 )20, ]
§=0  Ey=+ kit 4L Y2 [+ By S+ S -2+ 2+ Y20 -0 )-200 |

Considering also that the g values are identical for all copper ions, the molar magnetic

susceptibility is then:
g TGS Dol B )
Mo 3k,T (S, +1)exp(- E, /k,T)

z

A term taking into account a small monomeric paramagnetic impurity was added to this
expression and evaluated from the low temperature data as 0.07%. To avoid over-
parameterisation, these terms were held constant during the fitting procedure as well as the g
value, which was fixed at 2. For this compound, the experimental data were first fitted to eq. 2
letting the coupling constants vary by groups of 2 and 3 and holding the other(s) to 0. This way, it
was found first that 2./; had to be negative of the order of -90 K, and second, that the other
coupling constants should be positive with J; and ./, of the same order, to obtain a good fit. At
this point one has to remark that apart for the Cus-Cuc and Cup-Cup, pairs, the basal planes of the
other pairs of copper ions are almost perpendicular to each other. This indicates that the overlap
between the spin-rich d,2.,2 orbitals of these copper ions cannot be expected to be important. In
addition, Cuc-O-Cuy, angles are close to 90°, value yielding ferromagnetic interaction in alkoxo-
or hydroxo- bridged copper dimers. Finally, chloride bridges between Cu, and Cug and Cu¢ and
Cup respectively correspond to the axial coordination site of the copper ions where the spin
density is negligible. Therefore, the participation of this pathway to the interactions should be
negligible.

Hence the data were then fit by forcing J; = J, and letting the three remaining coupling
constants free, starting from <0 and J; and Ji>0. The two sets of best fit parameters,
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corresponding to the full lines in Fig. 13, were obtained as 2./; = 2, = 22(1) cm’!, 24, = -79.4(7)
cm™, 2.J; = 46(3) cm™'. This concludes that the compound presents a singlet ground state with a

first excited triplet state at E4-E, (eg. 76 cm™) above it. The molar magnetic susceptibilities of

complexes V and VI are depicted in Figs. 15 and 16.
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Figure 15 Plots of temperature dependence of the molar magnetic susceptibility yv (©)and the
amT product (o) for [Cu4(dpyam)4(u4,n3-HPO4)2(p-Br)2](Br)2 -6H,0 (V)
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Figure 16 Plots of temperature dependence of the molar magnetic susceptibility y (©) and the
amT product () for [Cuy(dpyam)s(p13,n*-HPO)2:(NO3)(H;0):J(NO3), -2H;0 (VI

Compound V is isostructural with compound IV and involves a similar asymmetric unit
and similar distorted square pyramidal geometry. Hence the data were then fit by forcing J, = .,
and letting the three remaining coupling constants free, starting from J/;<0 and J, and J>0. The
two sets of best fit parameters, corresponding to the full lines were obtained as 2/, = 2., = 33.3(7)
em’, 2, = —83.1(5) em™, 2.J; = 12(2) cm™. This concludes that the compound presents a singlet
ground state with a first excited triplet state at E(-E; (and 84 cm™) above it.

Fig. 17 shows the magnetic interaction scheme of VI, which was used for the fitting
procedure and is based on the assumption that the magnetic coupling of the outer Cu ions (Cu(1)-
Cu(2), Cu(1)-Cu(2A)) is identical. This is understandable as the main difference lies in a long Cu-

O apical bond, where no spin density is expected. The corresponding Hamiltonian is then :

H= _JI(SI S+ 88y + 8,08, + 8, 'Sz')_Jz(Sz 'Sz')
Applying the Kambe vector coupling method with S, = §,+8)- and Sg = §;+5» (1 is for outer
magnetic Cu-Cu interaction and 2 for inner magnetic Cu-Cu interaction, see Fig. 17) yields the

following expression for the energy levels:
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E(S;,8,:.84)= —%(ST(ST +1)=5,(S, +1)— Sp(S, + 1))~ % (S5 (S5 +1))

and after inserting in the van Vleck equation the expression for the molar susceptibility :

2+2exp —= |+ [Qexp ——==
2 D{Jz ] {@M)} o
Z,e;m(l“P)Aisz‘,_ch{{ J+5 p[(' J)J {4 jJ + 0375 T

which includes terms to take into account: Temperature Independent Paramagnetism (TIP) and a

monomeric paramagnetic impurity (p). Fitting the experimental data to this expression yields the
full lines corresponding to the parameters g = 1.99(1), Ji= -20.4(1) em”, S, =-10.1(2) em™. In
light of the longer distance of the inner Cu-Cu ions (Cu(1)-Cu(1A)) in contrary to the outer Cu-
Cu distance (Cu(1)~-Cu(2)), the found J values seem to be reasonable.

Cu(2A)

Figure 17 Scheme of the magnetic interactions used in the calculations for [Cuy(dpyam),
(3,1°-HPO:(NO3)(Hy0)2](NO3 )y 2H:0 (VI)

Because of the square pyramidal geometry in compounds IV and V the spin density is
mostly in the d,2.,2 orbitals of the copper(Il} ions. The H,PO,""™ bridges join the copper atoms in
an equatorial-equatorial configuration, the superexchange coupling through the phosphate anion
(Cu-O-P-0O-Cu) can be expected to be non negligible. The antiferromagnetic couplings found in
compounds IV and V are thus in agreement with this structural feature and the large Cu-Cu
distances. The magnetic susceptibility measurements (5-350 K) reveal an antiﬁ;rromagnetic
interaction. While the phosphate bridges in compound VI join the copper atoms in an equatorial-

equatorial and an equatorial-axial modes between two distorted square pyramidal chromophores
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with an unpaired electron in d,2.,2 orbital and link the copper atoms in an axial-equatorial mode
between an -intermediate five-coordinate chromophore and a distorted square pyramidal
chromophore with an unpaired electron partially delocalized in both d,2.,2 and d,2 orbitals for an
intermediate five-coordinate chromophore. Hence, a weak antiferromagnetic interaction is

occurring through the Cu-O-P-O-Cu pathways.
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2.5 Conclusions

The second part of this research sets out to examine and develop the preparative work of a
series of polynuclear hydrogenphosphato-bridged copper(ll) complexes with di-2-pyridylamine
(dpyam) ligand. The spectroscopic and magnetic characterization, the crystal structure
determination and the magneto-structural correlation of this complex system are investigated and
discussed.

The polynuclear hydrogenphosphato-bridged copper(Il) complexes {[Cus(dpyam)s(us,n’-
HPO)(u3,n*-POYH.0))(PFs) 3H,0}, (I), [Cu(dpyam)(p2n’-HPO,)l, (I, [Cu(dpyam)(ps,n’-
HPOXH,PO,)]; (I, [Cug(dpyam)s(pe,n’-HPO):(p-C1):](CD26H,0 (IV), [Cus(dpyam)s(ju.n
>-HPO,)(u-Br),](Br),6H,0 (V) and [Cuy(dpyam)e(i3 n*-HPO):(NO3),(H;0),)(NO3),-2H;0 (VI)
were prepared directly from the mole ratio in various solvents. All products were analyzed by
elemental microanalyses and TG-DTA and characterized spectroscopically (IR, EPR, solid state
and VIS). The X-ray crystal structures of all products are determined and reported in details in
comparison with those of the related complexes.

Complexes I and II exhibit polymeric chains of the [Cus(dpyam)s(us,n’-HPOg)(psn*-
PO,)H;0)]" cation and [Cu(dpyam)(i,,n*-HPO,)] unit, respectively with the novel bridging
coordination modes p3,n°-HPO, and ;.L3,n4-PO4 for I and p,,1n*-HPOQ; for I1. The trimeric unit in I
involves two CuN;0,0' chromophores with a tetrahedrally distorted square-based pyramidal
geometry (t = 0.17 and 0.13) and a CuN;O; chromophore with an intermediate five-coordinate
geometry (t = 0.57). Complex II displays a distorted square-based pyramidal geometry of the
CuN0,0' chromophore with T = 0.12. Complex III is a dinuclear compound consisting of the p
»N*-H,PO, bridge and the monodentate H,PO, group with a distorted square pyramidal
CuN,0,0' chromophore (t = 0.12). Complexes IV, V and VI are tetranuclear compounds
consisting of the tetrameric units [Cu4(dpyam)4(p4,'r]3-HPO4)2(u-Cl)2]2+, [Cu4(dpyam)4(u4,r|3-
HPO,), (u-Brh]” and [Cug(dpyam)s(ps 1°-HPO, ), (NOs (H,0),1, respectively. Complexes IV
and V are isostructural, both having the p,,n’-HPO, bridging coordination mode with the halide
bridges. Each copper(Il) environment involves a range of the distorted square pyramidal
geometry of CuN,O,X chromophores with 1 = 0.02-0.05 for IV and t = 0.001-0.07 for V.
Complex VI exhibits two different geometries, a tetrahedrally distorted square—ba-sed pyramid

(t = 0.32) of two CuN,0,0' chromophores and an intermediate five-coordinate geometry
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(1 = 0.52) of the other two CuN,O; chromophores with an unprecedented w,n*-HPO, bridging
coordination mode.,

The magnetic interaction in I calculated from Curie-Weiss law out of the y' versus T
plot, results in a Curie-Weiss constant & = -4 K, also indicating a weak antiferromagnetic
interaction. This weak interaction can be understood by the fact that the three Cu ions are not
equal to each other, the Cu(1) distances to Cu(2) and Cu(3) are large (5.218, 5.942 A), while the
Cu(2)-Cu(3) distance is shorter (4.407 A), so magnetically it can be also understood as a
dinuclear identity which form a polymeric chain via a single Cu ion. Compounds IT and III have
the singlet-triplet energy gaps J = -26.20(2) and -2.85(1) cm’', respectively, which confirm the
medium and weak antiferromagnetic interactions, respectively between neighboring Cu(ll) ions.
Because of the square pyramidal geometry in II and III the spin density is mostly in the d,2.,2
orbitals of the copper(I) ions. Although the H,PO,""" bridges, join the copper atoms in an
equatorial-equatorial configuration, both square bases are not parallel in the same plane with an
anti-anti or syn-anti configuration of the H,PO,®™ bridges. Consequently, the superexchange
coupling through the phosphate anion (Cu-O-P-O-Cu) can be expected to be non negligible. The
antiferromagnetic couplings found in II and III are thus in agreement with this structural feature
and the large Cu-Cu distances. Compound IV has the singlet-triplet energy gaps 2J, = 2J, = 22(1)
em’, 2J; =-79.4(7y em™, 21, = 46(3) cm™ for different pathways. Those of V are 2J, = 2J, = 33.3
(7) em™, 2J3 = -83.1(5) em™, 2J, = 12(2) cm™. This concludes that both compounds present a
singlet ground state. Compound VI has the singlet-triplet energy gaps J, = -20.4(1) cm™ and J, =
-10.1(2) em™. In light of the longer distance of the inner Cu-Cu ions (Cu(1)-Cu(2)), the found !
values seem to be reasonable. The phosphate bridges in VI join copper atoms in an equatorial-
equatorial modes between two distorted square pyramidal chromophores which have a marked
tetrahedral twist of the square bases and the large Cu-Cu distance and link the copper atoms in the
equatorial-axial and axial-axial configuration modes between two different geometries (t = 0.32
and 0.52). The antiferromagnetic interaction found in VI is thus in agreement with this structural

feature.

The results of all products obtained in this complex series have been published®” 4549
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3

Synthesis, Crystal Structure, Spectroscopic and Magnetic Properties of
Dinuclear Formato-Bridged Copper(II) Compounds

3.1 Introduction

The triply-bridged dinuclear copper(ll) carboxylato complexes involving
didentate chelate ligand are reported in the literature' . These complexes exhibit many types
of bridging conformations of the carboxylato bridges (Fig. 1) and various geometries of
copper(Il} ions. The previous reports have established that the type (antiferromagnetic or
ferromagnetic) and magnitude of magnetic exchange interaction are influenced by the bridge
identity, the coordination geometry of copper(ll) ion, the Cu---Cu separation, the bond angles
at the bridging atoms, the dihedral angle between the planes containing the copper(ll) ions
and the copper-bridging ligand bond lengths’. Among the copper(ll) carboxylato complexes,
the copper(ll) acetates form a large family with many structurally characterized complexes for
which magnetic and spectroscopic propertics have been measured. In contrast, a closely
related structure in formate and propionate families is rarely reported. Because of the variety
of the geometries displayed by the copper(Il) ion and also because of the structurally
dependent magnetic properties, an attempt has t;een made to prepare the copper(Il) complexes
containing the chelate di-2-pyridylamine (dpyam) ligand and involving the formato bridge.
The triply-bridged dinuclear copper(ll) complexes [Cuxdpyam);(p-O.CH) (u-OH)(pu-OCHs;)]
(Cl05) (), [Cux(dpyam)(s-O;CH)(-OH):)(CIO)-H:0 (D), [Cuy(dpyam)y(p-O:CH)
(1-OOCH)(p-OH)J(PFs) (IIN), [Cuy(dpyam),(u-O,CH)(p-OH)p-CDI(CIO,)-0.5H,0 (V)
[Cux(dpyam);(u-O,CH)(u-OHYp-CN](PFe) (V) and [Cuy(dpyam)(p-O,CH)(u-OH)(p-C)]
(BF,) (VI) are reported.
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Figure 1 Different coordination modes of carboxylato ligand

3.2 Aims and Scopes

The objective of the third part of this research is to examine and develop the
preparation work of the dinuclear copper(ll) complexes containing the formate as a bridging
ligand and the di-2-pyridylamine as a chelate didentate terminal ligand. The products are
characterized by elemental analyses and their spectroscopic properties (IR, solid state VIS,
EPR (room temperature and liquid nitrogen temperature)). The molecular and crystal
structures were determined by X-ray diffraction method. The room temperature magnetic
moment and the temperature variable susceptibilities (5-350 K) were measured and the
magneto-structural correlation together with the superexchange pathways are investigated and

discussed in comparison with other relevant complexes.
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3.3 Experimental

3.3.1 Reagents and physical measurements

All reagents are commercial grade materials and were used without further purification.
Elemental analyses(C, H, N) were performed by the Microanalytical Service of Science and
Technological Research Equipment Center, Chulalongkorn University on Perkin-Elmer
PE2400 CHNS/O Analyzer. Copper content was determined on atomic absorption
spectrophotometer. IR spectra were recorded with a Biorad FTS-7/PC FTIR
spectrophotometer as KBr pellets/and or as nujol mulls in the 4000 — 450 cm™ spectral range.
Solid-state (diffuse reflectance) electronic spectra were recorded as polycrystalline samples
on a Perkin-Elmer Lambda2$ spectrophotometer over the range 8000-18000 cm™. X-band
powder EPR spectra were obtained on a Jeol RE2x electron spin resonance spectrometer
using DPPH (g = 2.0036) as a standard. Magnetic susceptibility measurements (5-280 K)
were carried out using a Quantum Design MPMS-5 5T SQUID magnetometer (measurements
carried out at 1000 Gauss). Data were corrected for magnetization of the sample holder and

for diamagnetic contributions, which were estimated from the Pascal constants.

3.3.2 Syntheses
[Cuy(dpyam),(p-O,CH)(-OH)(p-OCH3)(CI1O) (D)

A hot methanol solution (10 mli) containing dpyam (0.171 g, 1.0 mmol) was added to
a hot aqueous solution (10 ml) of Cu(Cl0,),-6H;O (0.371 g, 1.0 mmol), after which solid
HCOONa (0.272 g, 4.0 mmol) was added. The resulting green solution was allowed to
evaporate at room temperature. After one week, green polygon-shape crystals of T were
obtained which were filtered off, washed with the mother liquid and air-dried. Yield ca. 80%.
Calc. for [Cuy(dpyam),(p-O,CHYu-OH)(u-OCH3))(CIOy) (I): C, 39.92; H, 3.50; N, 12.70;
Cu, 19.20%. Found: C, 39.80; H, 3.62; N, 12.90; Cu, 18.99%.
[Cux(dpyam);(p-O,CH)(p-OH),](C10,)-H,O (II)

A hot methanol solution (10 ml) of dpyam (0.171 g, 1.0 mmol) was added to a hot
aqueous solution (20 m!) of Cu(COOH), (0.154 g, 1.0 mmol). Then a solid of HCOONa
(0.204 g, 3.0 mmol) was added, followed by a solid of NaClO, (0.195 g, 1.0 mmol). The
green powder immediately formed, after which the mixture was warmed and the methanol
solution (10 ml) and the aqueous solution {10 ml) were added, yielding a clear green solution.
On slow evaporation at room temperature for two weeks, the product IT was isolated as blue

rod-shape crystals. They were filtered off, washed with the mother liquid and air-dried. Yield
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ca. 30%. Calc. for [Cuy(dpyam),(u-O,CH)(u-OH)L)(Cl0,4)-H,O (II): C, 37.87; H, 3.48; N,
12.62; Cu, 19.08%. Found: C, 37.59; H, 3.33; N, 12.53; Cu, 18.87%.
[Cuy(dpyam);(1-O,CH)(u-OOCH)(1-OH)|(PF) (I1T)

This complex was prepared by adding a hot DMSO solution (5 ml) of dpyam (0.171
g, 1.0 mmol), to a hot aqueous solution (10 ml) of Cu(COOH), (0.154 g, 1.0 mmol), after
which a hot methanol solution (10 ml) of KPF, (0.184 g, 1.0 mmol) was added. The resulting
green solution was allowed to evaporate at room temperature. After two weeks, green
hexagon-shape crystals of III were obtained which were filtered off, washed with the mother
liquid and air-dried. Yield ca. 75%. Calc. for [Cuy{(dpyam)y(pu-O,CHYp-OOCH)p-OH)]
(PF¢): C, 36.62; H, 2.93; N, 11.65; Cu, 17.62%. Found: C, 36.13; H, 2.58; N, 11.81; Cu,
17.12%.

[Cuy(dpyam),(u-O,CH)(u-OH)(p-CDI(CI0,)-0.5H,0 (IV)

A hot DMF solution (20 ml) of dpyam (0.171 g, 1.0 mmol) was added to a hot
aqueous solution (10 ml) of CuCl,-2H,0 (0.171 g, 1.0 mmol). Then a hot aqueous solution
(10 ml) of HCOONa (0.136 g, 2.0 mmol) was added to the mixture yielding a dark green
solution, after which the solid KCIO4 (0.416 g, 3.0 mmol) was added. The resulting green
solution was allowed to evaporate at room temperature. After a month, green polygon-shape
crystals of IV were formed which were filtered off, washed with the mother liquid and air-
dried. Yield ca. 75%. Cale. for [Cuy(dpyam),(u-O,CH)(u-OH)p-ClJ(CIG4)-0.5H;0: C,
37.34; H, 3.13; N, 12.44; Cu, 18.82%. Found: C, 37.66; H, 3.40; N, 12.50; Cu, 18.49%.
[Cux(dpyam),(1-0;CH)(-OH)(u-CD)| PF) (V)

A hot DMF solution (10 ml} of dpyam (0.171 g, 1.0 mmol) was added to a hot DMF
solution (10 ml) of CuCl,-:2H,0 (0.171 g, 1.0 mmol). Then solid HCOONa (0.136 g, 2.0
mmol) was added to the mixture yielding a brown solution. Its color became green by
addition of an aqueous solution (5 ml) of KPF, (0.184 g, 1.0 mmol). After a month, green
hexagon-shape crystals of V were obtained, which were filtered off, washed with the mother
liquid and air-dried. Yield ca. 81%. Calc. for [Cux(dpyam),(p-O,CHY u-OH X u-CHI(PFs) (V):
C,35.43; H, 2.83; N, 11.81; Cu, 17.85%. Found: C, 35.65; H, 2.7I; N, 11.61; Cu, 17.71%.
|Cuy(dpyam),(u-O;CH)(p-OH)(-Cl)| (BF.) (VD)

This complex was prepared by adding a hot DMF solution (10 ml) of dpyam (0.171 g,
1.0 mmol) to a hot aqueous solution (10 ml) of CuCl»-2H,O (0.171 g, 1.0 mmol), then an
aqueous solution (5 ml) of HCOONa (0.136 g, 2.0 mmol) was added. The resultant solution
was then warmed and a solid of NaBF, (0.329 g, 3.0 mmol) was added. The resulting green

solution was allowed to evaporate at room temperature. After two weeks, green polygon-
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shape crystals of VI were formed which were filtered off, washed with the mother liquid and
air-dried. Yield ca. 76%. Calc. for [Cuy(dpyam);(u-O,CHXp-OH)(u-ChH](BF,): C, 38.58; H,
3.08; N, 12.85; Cu, 19.44%. Found: C, 38.11; H, 3.24; N, 12.57; Cu, 19.12%.

3.3.3 Crystallography

Five expected complexes I-V are obtained and have been crystallographically
characterized to be a dinuclear copper(Il) complexes containing formato bridged while VI
was characterized spectroscopically because the crystals of this complex were not of good
enough quality to carry out a single-crystal X-ray diffraction structure determination.

Reflection data of I-V complexes were collected on a 4K Bruker SMART APEX
CCD area-detector diffractometer with graphite monochromated Mo Ka radiation (A=
0.71073 A) (at a detector distance of 6.0 cm and swing angle of -28°) using SMART program.
Raw data frame integration was performed with SAINT, which also applied correction for
Lorentz and polarization effects. An empirical absorption correction by using the SADABS
program was applied, which resulted in transmission coefficients ranging from 0.654 to
1.000, 0.8520 to 1.000, 0.7123 to 1.000, 0.773 to 1.000 and 0.7891 to 1.000 for I-V,
respectively. The structure was solved by direct methods and refined by full-matrix least—
squares method on (F,)” with anisotropic thermal parameters for all non—hydrogen atoms
except disordered O atoms of the ClO, group and disordered F atoms of the PFg" groups
using the SHELXTL-PC V 6.12 software package. The O atoms of the ClO; group of I and
I1 showed disorder; the occupancies of the disordered positions were initially refined and later
fixed at 0.45 and 0.55 for I and 0.50 and 0.50 for II. The O atoms of the ClO4 group of IV
also showed disorder. Attempts to model disordered positions into two sets are unsuccessful.
However, their thermal parameters are substantially reasonable. For the structure
determination of IIl and V, the two F atoms of each PF¢ group showed disorder; the
occupancies of the disordered positions were initially refined and later fixed at 0.47 and 0.53
for III and 0.49 and 0.51 for V. Furthermore, for III, one O atom of a formato group is also
disordered and refined with site occupancies of 0.5. All hydrogen atoms of the dpyam ligands
in I and III including one of formato ligand-in I were geometrically fixed and allowed to ride
on the attached atoms. Those of the bridging hydroxo and bridging methoxo groups in I, the
bridging hydroxo and two bridging formato groups in IIT were located geometrically. All
hydrogen atoms in II, IV and V were located geometrically and refined isotropically. The

crystal and refinement details for complexes I-V are listed in Appendix IIIA.
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3.4 Results and Discussion
3.4.1 Description of the crystal structures

3.4.1.1 Description of [Cux(dpyam),(p-O,CH)(p-OH)(u-OCH;)(C1Oy) (1)

Complex I is a dinuclear unit copper(Il) complex bridging by three different ligands.
The structure of I consists of symmetric dinuclear [Cuy(dpyam);(n-O,CH)(u-OH)(n-OCH;)]"
cations with a single ClO, counteranion. This unit is depicted in Fig. 2 together with the
numbering scheme. Selected bond distances and angles are listed in Appendix IIIB.

Each copper(Il) ion involves a CuN,O; chromophore. The coordination geometry
around each copper(Il) ion is distorted trigonal bipyramidal (t = 0.61). The structure index is
defined as 1 = (3-&)/60, where B and a are the largest coordination angles'’. The three longer
bonds in the trigonal planar plane are a nitrogen atom of the dpyam ligand (Cu-N(2) distance
2.010(4) A), an oxygen atom of the bridging formato ligand (Cu-O(3) distance 2.175(3) A)
and an oxygen atom of the bridging methoxo ligand (Cu-O(2) distance 2.169(5) A). The two
shorter bonds in the axial positions involve the other nitrogen atom of the dpyam ligand {Cu-
N(1) distance 1.961(4) A) and an oxygen atom of the bridging hydroxo ligand (Cu-O(1)
distance 1.918(4) A). This is typical for the trigonal bipyramidal geometry. The formate anion
bridges two copper atoms in a syn-syn arrangement. The Cu-Cu distance is 3.023(1) A. The
bridging Cu(1)-O(1)-Cu(1A) and Cu(1)-O(2)-Cu(1A) angles are 104.0(3) and 88.3(2)°,
respectively. The dpyam ligands are essentially planar, with only a dihedral angle of 6.9°
between the individual pyridine rings. The bite angles of the dpyam ligands (N-Cu-N, 91.4
{2)°) are only slightly greater than 90°.

The lattice is further stabilized by hydrogen bonding between the amine N and the

oxygen atom of bridging formato group with a N---O contact of 2.869 A.
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3.4.1.2 Description of [Cux(dpyam)(pu-O,CH)(p-OH)}(C1O4)-H>O (1)

The structure of II consists of a symmetric dinuclear [Cux{dpyam),(u-O,CH)(u-OH)
2] cation, with CIO; counter anions. This uﬁit is depicted in Fig. 3, together with the
numbering scheme. Selected bond distances and angles are listed in Appendix I1IB.

Both copper(1l) ions of the complex cation are linked through double hydroxo and a
formato bridges, leading to a Cu—Cu distance of 2.902(1) A. The coordination environment
around each copper(ll) ion can be best described as tetrahedrally distorted square pyramidal
CuN;O;0" chromophore with a t value of 0.27. The four shorter bonds in the basal plane
involve two nitrogen atoms of the dpyam ligand (Cu-N 2.005(3) and 2.030(3) A), two oxygen
atoms of bridging hydroxo ligands (Cu-O 1.952(3) and 1.955 A). An oxygen atom of the
triatomic bridging formato ligand completes five-coordination at Cu(1) atom (Cu-O(3) 2.345
(3) A), consistent with the typical square pyramidal geometry. The four basal atoms are not
coplanar, showing a significant tetrahedral distortion with a dihedral angle of 23.8° formed
between CuQ; and CuN, planes and the copper atom is displaced by 0.189 A from the basal
plane toward the O(3) atom. The dinuclear unit is slightly planar and the dihedral angle
between the basal N,O, planes is 14.4°. The bridging Cu(1)-O(1)-Cu(1A) and Cu(1)-O(2)-Cu
(1A) are 95.8(1) and 96.0(1)°, respectively. The dpyam ligands are essentially planar with
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small dihedral angles of 6.6° between the individual pyridine rings. The bite angles of the

dpyam ligands (N—Cu—N, 91.9(1)°) are only slightly greater than 90°.

Figure 3 The molecular structure of 11

3.4.1.3 Description of |Cuy(dpyam)(p-O:CH)(u-OOCH){(u-OH))(PFg) (I1I)

Complex III is made up of one-half [Cu(dpyam)(p-O,CH):(u-OH)]" moiety, which
the other half being inversion related and a disordered PF¢ anion. This unit is depicted in Fig.
4 together with the numbering scheme. Selected bond distances and angles are listed in
Appendix IIIB.

The formato ligands. which one of them is in a disordered position, in ITI exhibit
different coordination mode. Both copper(li) ions within the dinuclear unit are bridged by
three ligands, i.e. a hydroxo group and two formato ligands, which one formato ligand is in a
familiar didentate syn,syn n': n': p,-bridging mode and the other is in the monoatomic
bridging mode. A terminal dpyam ligand completes five coordination at each copper atom,
which has a distorted trigonal bipyramidal geometry (t = 0.59) of the CuN,O; chromophore.
An oxygen atom of the monoatomic bridged formato ligand (Cu(1)-0(2) 2.144(6) A), an
oxygen atom of the ': m': p>-bridging formato ligand (Cu(1)-O(4) 2.200(3) A) and a nitrogen
atom of the dpyam ligand (Cu(1)-N(2) 2.029(4) A) comprise the trigonal planc. These
equatorial distances are considerably longer than the two axial bonds occupied by an oxygen
atom of the bridging hydroxo ligand (Cu(1)-O(1) 1.934(5) A) and another nitrogen atom of
the dpyam ligand (Cu(1)-N(1) 1.972(4) A) corresponding to the typical environment of the
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trigonal bipyramidal geometry. The Cu---Cu separation is 3.113(5) A. The bridging Cu(1)-O
(1-Cu(1A), Cu{1)-O(2)-Cu(1A) angles are 107.2(4), 93.1(4)°, respectively. The dihedral
angle between the two equatorial planes 1s 90.3°. The dpyam ligands are essentially planar,
with only a dihedral angle varies from 6.1° the individual pyridine rings.

An alternative description could be made if the Cu(1)--O(3) interaction is considered.
The monodentate-bridged formato group is also coordinated to both copper(Il) ions in a
didentate chelating fashion, leading to the tetrahedraily-distorted elongated octahedral with
off-the-z-axis coordination in the axial positions. The coordination mode of this formato
group is novel as it is simultaneously coordinated as a monodentate bridging and didentate
chelating to both copper(ll) ion. This only arises due to the symmetrical disorder of the
second O atom of this formato group. However, this interaction Cu(!)---O(3) is considered to
be weak due to an extremely-off-the-z-axis coordination and a half site of the O(3) atom.
Hence, the preferred environment coordination around copper(1l) ions could be best described

as a distorted trigonal bipyramidal geometry.

Figure 4 The molecular structure of 111

The lattice is further stabilized by hydrogen bonding: between the amine N and the
oxygen atom of bridging formato group with a N---O contact of 2.917 A, between the carbon

atom of dpyam ligand and the fluoride atom of PF,” anion with C---F distance of 3.099 A.
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3.4.1.4 Description of [Cuz(dpyam)(pu-O,CH)(p-OH)(pu-Ch](C10,)-0.5H,0 (IV)

The structure of I'V consists of symmetric dinuclear [Cuy(dpyam),(p-O,CH)(p-OH)
(u-CD)]" cation, a ClO, counter anion and half a molecule of lattice water. This unit is
depicted in Fig. 5 together with the used numbering scheme. Selected bond distances and
angles are listed in Appendix IIIB.

In the dinuclear unit the copper(I} ions are triply bridged through three different
ligands, i.e. formate, chloride and hydroxide anions. Each copper(ll) center is coordinated by
two oxygen atoms and an chloride atom of the triple bridges and two nitrogen atoms of a
dpyam ligand, leading to the five-coordinated, distorted trigonal bipyramidal geometry with
CuN,0,Cl chromophore (t = 0.60). The trigonal plane consists of a nitrogen atom of the
dpyam ligand (Cu-N(2) distance 2.027(2) A), a bridging chloro ligand (Cu—CI(1) distance
2.478(2) A) and an oxygen atom of the bridging formato ligand (Cu—O(2) distance 2.158(1)
A). The apical coordination sites are occupied by another nitrogen atom of the dpyam ligand
(Cu—N(1) distance 1.975(1) A) and an oxygen atom of the bridging hydroxo group (Cu—O(1)
distance 1.916(1) A). The Cu-Cu distance is 3.036(1) A. The bridging Cu(1)-O(1)-Cu(1A)
and Cu(1)-CI(1)-Cu(1A) angles are 104.8(1) and 75.6(1)°, respectively. The dpyam ligands
are planar, the dihedral angle between the individual pyridine rings is as low as 6.6°. The
lattice is further stabilized by hydrogen bonding: between the amine N and the oxygen atom
of bridging formato group with a N---O distance of 2.864 A, between the oxygen atom of
bridging hydroxo group and the oxygen atom of perchlorate molecule with an O----O contact

of 2.922 A,

Figure 5 The molecular structure of IV
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3.4.1.5 Description of [Cuz(dpyam):(u-O,CH)(p-OH){(u-CD](PFs) (V)

The structure of compound V is made up of a centrosymmetric dinuclear [Cu,
(dpyam),(u-O>,CH)(u-OH)(u-C1)]* cation and a disordered PFy counteranion. This unit is
depicted in Fig. 6 together with the numbering scheme. Selected bond distances and angles
are listed in Appendix IIIB.

Each copper(I) ion has a distorted trigonal bipyramidal geometry (tr = 0.72, the
structure index is defined as T = (B-a)/60, where [ and o are the largest coordination angles),
of the CuN,O,Cl chromophore, with a nitrogen atom of the dpyam ligand (Cu(1)-N(1) 2.031
(3) A), an oxygen atom of the bridging formato ligand (Cu(1)-O(1) 2.183(2) A) and a
bridging chloro ligand (Cu(1)-CI(1) 2.451(1) A) forming the trigonal plane. The axial site of
each copper(Il) atom is occupied by another nitrogen atom of the dpyam ligand (Cu(1)-N(2)
1.983(2) A) and an oxygen atom of the hydroxo ligand (Cu(1)-O(2) 1.918(2) A, which are
shorter than those of the equatorial plane corresponding to the typical environment of the
trigonal bipyramidal geometry. The symmetric syn, syn-coordinated formato ligand bridges
the two equatorial planes, leading to a Cu--Cu distance of 3.061(5) A. The dihedral angle
between the equatorial planes is 86.8°, The bridging angles (Cu(1)-O(2)-Cu(1A) and Cu(1)-Cl
(1)-Cu(1A) are 105.9(1) and 77.2(1)°, respectively. The dpyam ligands are essentially planar,

with only a dihedral angle of 4.4° between the individual pyridine rings.

Figure 6 The molecular structure of V
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The lattice is further stabilized by hydrogen bonding: between the amine N and the
oxygen atom of bridging formato group with a N---O distance 2.857 A, between the oxygen
atom of bridging hydroxo group and the fluoride atom of PFs anion with O--F contact of
2961 A

3.4.2 IR spectra

The infrared spectra display a broad band at 3467, 3500, 3580, 3449 and 3563 cm’
for I-V, respectively, which can be assigned to the bridging OH vibrations of the hydroxo
bridged. The spectra also exhibit the broad and intense bands at 1570 cm™ for I and IV, 1571
em™ for I1 and V corresponding to the v,(COO") vibration and a medium broad band at 1344
em’™ for I, 1350 cm™ for IL, 1357 cm™ for IV and 1354 cm™ for V corresponding to the v,
(COQ") vibration, the difference A [A = v,(COO") - v{(COO'); 226 cm’' for I, 220 cm for II,
213 em™ for IV and 217 em™ for V] is close to that of NaO,CH (201 ¢m™) as expected for the
triatomic bridging coordination mode of the formate group within a dinuclear species. Due to
the formato bridges in III are present in different coordination modes, two v,(COO") 1603,
1586 cm™ and two v, (COO’) 1411, 1346 cm’ bands are observed in the IR spectrum. The
bands at 1603, 1346 cm” (A = 257 cm™) are assigned to the stretching modes of the
monoatomic formato bridges. The vibrations observed at 1586, 1411 cm™ (A = 175 em™) are
consistent with the triatomic carboxylato bridge. Moreover, the spectra exhibit the broad and
intense bands at ca. 1104—1078 cm™ for I, 1089-1100 c¢m™ for II, 1104-1082 c¢m™ for IV
corresponding to the characteristic vibration of non-coordinated ClO, group, while those
appear at ca. 845-840 ¢m™ for ITI and 847-839 cm™ for V indicating to the characteristic band
of PF, anion. The v(CO) of methoxy group expected at ca. 1030 cm” in I is masked by

perchlorate vibration. The spectra for each compound are given in Appendix IIIC.

3.4.3 Electronic reflectance spectra

The electronic diffuse reflectance spectrum of I displays a broad asymmetric band at
ca. 12.20-14.49 kK, centered at 12.74 kK, which is comparable to that of III (ca.11.49-14.60
kK, centered at 12.81 kK). These spectra are typical for the distorted trigonal bipyramidal
geometry (1 = 0.61 and 0.59 for I and TTI, respectively). A broad band of each complex is
assigned to be the dy2.y2, dyy, dy;, dy; —> d,2 transition, since the principal absorption peak and
a higher energy shoulder of the trigonal bipyramidal chromophore for I and III could not be
resolved. A regular trigonal bipyramidal geometry is usually characterized by an asymmetric

broad peak at ca. 11.50 kK with a possible high-energy shoulder at ca. 14.50 kK. The
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principal absorption may be assigned as a d,2 ,2 — d,2 transition, with the high-energy
shoulder assigned as a d,, ~ d,, - d,2. The spectra of IV and V show broad asymmetric peaks
at approximately 11.96 and 11.98 kK, respectively, with some evidences for a possible high-
energy shoulders at ca. 14.29 and ca. 14.30 kK consistent with the distorted trigonal
bipyramidal geometry (1 = 0.60 for IV and 0.72 for V). The principal absorption may be
assigned as a d,2,2 — d,2 transition, with the high-energy shoulder assigned as a d,, = d; —
d,2.

The electronic diffuse reflectance spectrum of IT show a broad band centered at 13.99
kK. This observed single broad peak is consistent with the tetrahedrally-distorted square

pyramidal stereochemistry®'® and assigned to be the d,2, dyy, i, dyz —> dy2.,2 transition.

11.98

14.30

Absorbance

' ' 14 ! 12 ' 10
16 Energy (kK)

Figure 7 The electronic diffuse reflectance spectra of the triply-bridge dinuclear

copper(Il) complexes I and III-V
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Figure 8 The electronic diffuse reflectance spectra of the triply-bridge dinuclear
copper(Il) complexes [Cux{(dpyam)>(j1-O2CH)(p-OH)»](Cl04)-H, 0 (IT)

3.4.4 EPR spectra

The X-band polycrystalline EPR spectra of [Cuy(dpyam),(p-C,CHYpu-OH )Y u-OCH;)]
(Cl04) (I) (Appendix [1ID) at room temperature and liquid nitrogen temperature (77 K) are
either very weak and display an isotropic copper(II) signal at 2.10 and 2.10, respectively,
while a triplet state signal at g =6.96 (=160 mT) are not observed properly. The former feature
is most certainly from a monomeric Cu(Il) impurity, which is always present in dinuclear
species. The isotropic-typed EPR of the almost compounds spectra give no information
regarding to the ground state, due to the misalignment of the CuN,O; chromophore. A triplet
state signal usually attributed to intramolecular exchange interaction between two unpair
electrons of copper atoms, AM; = + 2 transition. The room temperature and 77 K EPR spectra
of complexes {Cux(dpyam)(p-O,CH)(p-OOCH)(u-OH)(PFe) (IH), [Cua(dpyam),(p-O.CH)
{U-OHYp-CDHKCI0y)-0.5H,O (IV) and [Cuy{dpyam),(u-O,CH)(p-OH)(p-C1)](PFs) (V) also
indicated isotropic signal, while those of [Cuy(dpyam),(u-O;CHYp-OH):](Cl04)-H>O (11) is

silent. The spectra for each compound are given in Appendix IIID.

3.4.5 Magnetic properties and superexchange mechanism

The effective magnetic moment (t.g) measuring by the Faraday method at room
temperature are 2.50, 2.54, 2.50 and 2.53 p3 for I, ITI, IV and V, respectively, which is close
to the normal value (2.45 pg) of the uncoupled d° copper(Il) ions suggesting noninteraction

between the copper(II) centers in dimeric complexes at room temperature.
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The magnetic properties of compounds I and IV mutually show a very similar
behaviour and are depicted in in the form of pr versus T for two copper(ll) ions (Figs. 9 and
10 respectively), also in the form of pey versus T for two Cu(ll) ions. At 280 K, pes is 2.561 p
s for compound I (2.781 pg for compound IV) which agrees well with the spin-only value of
Cu(Il) calculated for two uncoupled spin =1/2 centres. Upon cooling, it raises gradually to
reach 2.741 pg and 2.97 at 30 K, for compounds I and IV, respectively. This is typical for a
ferromagnetically coupled Cu(Il) dinuclear compound. Below that temperature, ps then
diminishes till a value of 2.631 pg at 5 K for compound I (2.76 for compound IV), which may
originate from intermolecular antiferromagnetic interactions, or from zero-field splitting of
the S = 1 state of the dinuclear species.

The theoretical expression for the magnetic susceptibility for two interacting S = 1/2
centres, which is based on the general Hamiltonian'®, is H,, = -JS,S,, in which the exchange
parameter J is negative for antiferromagnetic and positive for ferromagnetic interaction. The
magnetic data were fitted to the equation given in the literature for dinuclear copper
compounds

Am= N PIATL2 27"/ (3 + expG-JEDN] [3 + exp(-/KkD)T' (1-p) + xop +TIP
in which &, g, £, k and T have their usual meanings. The parameter p denotes the fraction of
paramagnetic impurity in the sample and zJ' the interaction between neighboring dinuclear
identities. A temperature independent paramagnetism (TIP) was also considered and fixed at
60 x 10" per copper ion. The best fit was obtained with the following values: J = 62.5 cm’, g
=1.99, zJ'=-3.80 cm™, p = 0.06, with a final R of 1.4 x 107 (Fig. 9). For compound IV, these
values are ] = 79.1 cm™, g =2.14, 2/’ = -4.27 cm™, p = 0.025, with a final R of 1.6 x 10° (Fig.
10).

2,78
2.70

2.65

3 -
p {cm’ mol™)

2.60

2.55

Figure 9 A plot of the temperature dependence of peg vs. T for compound I
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Figure 10 A plot of the temperature dependence of p vs. T for compound IV

The magnetic properties compounds; Il and V mutually show a very similar
behaviour. At 280 K . is 2.45 py for compound I (2.45 g, for V) which agrees reasonable
with the spin-only value of Cu(Il) calculated for two uncoupled spin = %2 centres. Upon
cooling it raises gradually to reach 2.59 and 2.60 at around 30 K, for compounds III and V,
respectively. This is typical for a ferromagnetically coupled Cu(Il) dinuclear compound.
Below that temperature, p.¢ then diminishes till a value around 2.45 pg at 5 K for compounds
III and V, which may originate from intermolecular antiferromagnetic interactions, or from
zero-field splitting of the S = | state of the dinuclear species.

The theoretical expression for the magnetic susceptibility for two interacting S = 1/2
centres, which is based on the general Hamiltonian is: H,, = -J§,S,, in which the exchange
parameter J, is negative for antiferromagnetic and positive for ferromagnetic interaction. The
magnetic data were fitted to the equation given in the literature for dinuclear copper
compounds

A= N BIKT(2 2" 1 (3 + exp(-JAD)]" [3 + exp(-JkD)] " (1-p) + yp +TIP
in which N, g, 8, &k and T have their usual meanings. The parameter p denotes the fraction of
paramagnetic impurity in the sample and zJ' the interaction between neighbouring dinuclear
identities. A temperature independent paramagnetism (TIP) was also considered and fixed at
60 x 107 per copper ion.

The best fit was obtained for compound III with the following values: /= 30.8 cm™,
g =195, zJ= -8.29 cm’, p = 0.00, with a final R of 3.0 x 10 (Fig. 11). For compound V
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these values are J=36.7 cm™, g = 1.95, zJ*= -6.32 cm™, p = 0.06, with a final R of 5.7 x 107
(Fig. 12).

v . 1 v L S T
0 50 100 150 20

Figure 11 A plot of the temperature dependence of pr vs. T for compound III

265

Mu (o’ md™)

Figure 12 A plot of the temperature dependence of peg vs. T’ for compound V

The obvious explanation for the triply-bridged dinuclear copper(1l) complexes lies in
the fact that the most complexes have a distorted square pyramidal stereochemistry with d,2_,2
ground states. A hydroxo ligand bridges from an equatorial position at one copper(Il) ion to

an equatorial positions at the other and contribute the antiferromagnetic interaction, which is
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the general trend for increased antiferromagnetic coupling with increasing hydroxide bridge
angle. The considerably reduced antiferromagnetic contribution is attributed to the reduced o
overlap between the oxygen p orbital and the copper(II) d,2.,2 orbital. This relation would be
expected for the intermediate geometry with possibly some mixture of the d,2 character in the
axial position that reduce electron density in the d,2.,2 orbital. A change in electron density of
the magnetic orbital can have a pronounced effect on the sign and magnitude of a magnetic
exchange interaction.

The coordination geometry around each copper(Il) ion of I, III, IV and V is distorted
trigonal bipyramidal, which the unpaired electron resides primarily in d,2 orbital with
orientation along the apical hydroxo bridging ligand. In this case a major ¢ pathway via (Cu-
OH-Cu) is possible for the electron delocalization via the d,2 magnetic orbitals, corresponding
to the weak or strong ferromagnetic interaction (Fig. 13). The unpair electron of first copper
ion couple with an electron in p-orbital of oxygen atom and the unpair electron of second
copper ion couple with an electron in other p-orbital of oxygen atom resulting to two unpair
electrons in p-orbital. A strong magnetic interaction requires both good ¢ orientation of the
magnetic orbitals and good superexchange properties of the bridging atom(s). Therefore this

case indicates a moderate ferromagnetic exchange.

Figure 13 The proposed superexchange mechanism in I through oxygen p-orbitals of

hydroxo bridging ligand

It should be noted that when the copper(ll) geometry is close to regular square
pyramidal, an often strong antiferromagnetic interaction will be predominant, but a reduction
of an antiferromagnetic contribution will be observed when the geometry becomes closer to
trigonal bipyramidal (Table 1).

The complex [Cuy(dpyam),(p-O.,CH)(u-OH),](C10,4)-H,O (II) exhibits a distorted

square pyramidal geometry, which the unpaired electron is located in a d,2.,2 type orbital. The
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d,2.,2 magnetic orbital in II is directed toward the dihydroxo-bridged, the Cu-O-Cu angles of
95.8 and 96.0°. For these bridging angles, a moderate antiferromagnetic coupling (J =-122.54
cm’') should be expected following Hodgson and Hatfield’s linear relationship'’ which is

usually applied successfully for the planar dihydroxo bridge complexes (Fig. 14).

Figure 14 The proposed superexchange mechanism in IT through oxygen p-orbitals of hydroxo

bridges
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3.4.6 The proposed stereochemistry of [Cu;{(dpyam),(u-O,CH)(u-OH)(u-CD)](BF,) (VI)

3.4.6.1 The stoichiometry and IR spectrum

The stoichiometry of the complex [Cuy(dpyam),(u-O,CHYn-OH)p-CH(BF,) (VI)
has been characterized by microanalyses. The infrared spectrum of VI (Appendix IIIC)
exhibits a broad band at 3455 cm™, which can be assigned to the bridging OH vibrations of
the hydroxo group. A broad and intense band at 1562 cm™ corresponds to the v, (COO")
vibration and a medium broad band at 1356 cm’ corresponds to the v(COQ") vibration, the
difference A [A = v(COO") - v(COO"); 206 cm™] is close to that for NaO,CH (201 cm™) as
expected for the triatomic bridging coordination mode of the formate group. The spectrum
also displays a broad and intense band at approximately 1090-1083 cm™, consistent with the
characteristic peak of BFy anion. This spectrum is comparable to those of IV and V
suggesting the comparable functional groups in these complexes except that of the ClO4 and

PFs in IV and V, respectively.

3.4.6.2 The ¢lectronic diffuse reflectance spectrum

The electronic diffuse reflectance spectrum of VI (Fig. 15) displays a broad
asymmetric band at ca. 11.56-12.76 kK, centered at 12.74 kK, corresponding to the distorted
trigonal bipyramidal copper(Il) stereochemistry: This feature is assigned to be the d,2 2, dy,

dy., dy; — d;2 transition.

T 12. 74
]
-
x
£
[T
2
L
<
1 1 1| L L T LI
16 14 12 10
Energy (kK)
Figure 15 The electronic diffuse reflectance spectrum of [Cu{dpyam);(p-O,CH)(u-OH)
(u-CDI(BF,) (VI)
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3.4.6.3 The EPR spectrum

The X-band polycrystalline EPR spectra of VI (Appendix 111D) at room temperature
and liquid nitrogen temperature (77 K) are either very weak and display an isotropic copper
(II) signal at 2.09 and 2.10, respectively. These spectra give no information regarding to the

ground state (Appendix I{ID).

Taken together, microanalysis and infrared spectrum suggest the stoichiometry of
[Cux(dpyam),(pu-O,CHYpu-OH)(p-CDJ(BF,) (VI) which is consistent with the formato
complex. The electronic properties of VI are consistent with a distorted trigonal bipyramidal
geometry. The isotropic-type EPR spectra give no information regarding to the electronic
ground state. Consequently, the possible stereochemistry for VI is suggested as shown in Fig.

16.
H

|
O/C\O
N\(\:u /CI\C { /N
N/ \O/ N

Figure 16 Suggested possible stereochemistry of [Cuy(dpyam)(p-O,CHYp-OHYp-CI)J(BF,) (VI)

3.4.6.4 Magnetic properties and superexchange mechanism

The effective magnetic moment (u.q) of VI measuring by the Faraday method at
room temperature is 2.43 pig, which is close to the normal value (2.45 yg) of the uncoupied d°
copper(Il) ions suggesting noninteraction between the copper(Il) centers in a dimeric unit at
room temperature. However, the ferromagnetic behavior is expected for this complex at low

temperature which occurs via the Cu-O-Cu pathway similar to those of the closely related
complexes, [Cux(dpyam){p-O,CHY(u-OH)(u-OCH3)I(CIO,) (@), [Cux(dpyam)y(u-O,CH)
(1-OOCH)(1-OH)[(PF¢) (IT), [Cux(dpyam)y(pt-0,CH)(p-OH)(-CH)(CIO,)-0.5H,0 (IV) and
[Cu(dpyam)(p-O;CH)(p-OH)(p-C)I(PFs) (V).
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3.5 Conclusions

The triply-bridged dinuclear copper(Il) carboxylato complexes [Cux(dpyam){u-
0,CH)Y(u-OH)(u-OCH3)](CIO) (X), [Cux(dpyam)y(p-0,CH)A{p-OH)J(PFs) (IID), [Cuy(dpyam)
Ap-0CHY(u-OH)(i-ChH](C10,)-0.5H,0 (IV) and [Cuy(dpyam)y(p-0:CH)(p-OH)(u-C1)](PFe)
(V) have been synthesized from their components by the mole ratio method. The crystal
structures of all four complexes were determined by X-ray crystallography in this laboratory.
All complexes involve the five coordinate distorted trigonal bipyramidal copper(ll} ion
stereochemistry. The copper(Il) environment in I and III are similar with CuN,O;
chromophore, while IV and V display the CuN,0,Cl chromophore. The formato bridging
ligands in I, IV and V are in a familiar didentate syn,syn n': n'; p,-bridging mode. Whereas
two formato ligands in III exhibit different coordination modes, which one formato ligand is
in a familiar didentate syn,syn n': 1)': p,-bridging mode and the other is in the monoatomic
bridging mode.

All complexes have the magnetic d,2 orbitals with lobe directed toward the bridging
hydroxo group, which is positioned in the apical site of each trigonal bipyramidal copper(Il)
chromophore. This feature should cause the superexchange pathway that can occur through
this bridging ligand contributing to a ferromagnetic interaction between two copper(II} ions.

Complex VI has been characterized by spectroscopy and microanalysis to be the
triply-bridged dinuclear copper(Il} formato complex, [Cuy(dpyam){(p-O,CH)(u-OH)(p-Cl)]
(BF,) (VI). The suggested coordination environment around copper(Il) ion involves a
distorted trigonal bipyramidal geometry. The expected magnetic behavior is ferromagnetic
interaction due to the Cu-OH-Cu superexchange pathway.

The magnetic properties of compounds I and TV mutually show a very similar
behaviour with the singlet-triplet energy gaps (J) of +62.5 and +79.1 cm’, respectively and
the very similar structure is also found I and V with J values of +30.8 and +36.7 cm™. The
ferromagnetic interaction in the latter two compounds is smaller than that of the former two
compounds, resulting in the conclusion that the bigger the bridging Cu-O(H)-Cu angle and
the longer the Cu-Cu distance, the smaller the ferromagnetic interaction is found. It is noted
that the 1 values in the studied ranges do not affect the magnitude of exchange interaction.
The coordination geometry around each copper(Il) ion of I, IIL IV and V is distorted trigonal
bipyramidal, which the unpaired electron resides primarily in d,2 orbital with orientation
along the apical hydroxo bridging ligand. In this case a major ¢ pathway via (Cu-OH-Cu) is
possible for the electron delocalization via the d,2 magnetic orbitals, corresponding to the

weak or strong ferromagnetic interaction. The unpair electron of first copper ion couples with
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an electron in p-orbital of oxygen atom and the unpair electron of second copper ion couples
with an electron in the other p-orbital of oxygen atom resulting in the existence of two parallel
unpair electrons, each from different p-orbitals. A strong magnetic interaction requires both
good o ori:entation of the magnetic orbitals and good superexchange properties of the bridging
atom(s). Therefore, these complexes contribute a moderate ferromagnetic exchange. It should
be noted that when the copper(Il) geometry is close to regular square pyramidal, an often
strong antiferromagnetic interaction will be predominant, but a reduction of an
antiferromagnetic contribution will be observed when the geometry becomes closer to
trigonal bipyramidal. Compound II exhibits the distinct copper(Il) environment, a distorted
square pyramidal geometry, as compared to other complexes which the unpaired electron is
located in a d,2.,2 type orbital. The d,2.,2 magnetic orbital in II is directed toward both
hydroxo bridges, the Cu-O-Cu angles of 95.8 and 96.0°. For these bridging angles, a moderate
antiferromagnetic coupling (J = -122.54 cm™) should be expected following Hodgson and
Hatfield’s linear relationship which is usually applied successfully for the planar dihydroxo-

bridged complexes.
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APPENDIX 1A
Crystal and Refinement Data for

[Cux(dpyam)4(u-C204)] X2, X = BF, (I), C1O4” (IT) and PF¢ (11I)
and [Cuz(dpyam)y(u-C:04)Y1], Y = NO;* DMSO (IV),
NOy DMF (V), CI (VI) and Br’ (VII)



Table 1 Crystal and refinement data for complexes I-V

Complexes

Molecuiar formula

Molecular weighi
1K)

Crystal system
Space group
a(A)

b(A)

c(A)

a(®)

B(®)

(%)

Ve gl )

z

Dearc (g cm”)

H (mm)

F {000)

Crystal size (mm)

Reflection collected
Unique reflections

Observed ref,
[1>20(1}]
Data/restraints
/parameter
Goodness-of-fit
Final R indices
[1>26(D)]

R indices (all data)

Largest difference
peak and hole (e A™)

I

[Cux(dpyam),
(u-C,04)]
(BF3)(H,0);
1126.5
293(2)
Triclinic

P-1

9.629(2)
11.170(2)
12.381(2)
73.81(2)
78.15(2)
76.59(2)
1229.7(2)

|

1.516

(0.956

569
0.33x0.45
x0.75

9078

7711

(Rin =0.0179)
6519

7711/3/679

1.020

R1 =0.0464,
wR, = 0.1401
R1 = 0.0547,
wR,=0.1497

0.946 and —
0.455

H

[Cuz(dpyam),
(u-C>04)]
(Cl04)x(H:0h
1152.8
293(2)
Triclinic

P-1

9.599(2)
11.206(2)
12.480(3)
73.22(3)
77.84(3)
76.88(3)
1236.5(4)

I
1.542

1.046

588

0.30 x 0.42

x 0.45

4834

4834

(Riy, = 0.0000)
4349

4834/3/694

1.076

R1=10.0383,
wR, = 0.1079
R1=0.0442,
wR;=0.1170

0.854 and —
0.472

I

[Cux(dpyam),
(1-C204)](PF¢)2
(H20),
1223.86
293(2)
Monoclinic
P2,/c
8.5712(2)
11.3170(2)
25.8680(5)
90
82.6150(10)
90

2488.39

2

1.633

1.025

1236

0.25x 0.30

x 0.43

17857

7076

(Rin: = 0.0487)
7695

7076/2/474

1.139

R1 =0.06006,
wR; = 0.1480
R1 =0.0878,
wR;=0.1614

1.058 and —
0.424

R=JJF S JFWEIF i Ru=[EwWlF|-[FfFrwiF ST’
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v

[Cux(dpyam),
(n-Cz04)NOs),
((CH;):S0),]
837.76
297.76
Triclinic

P-1

8.719()
3.980692)
11.421(0)
68.58(0)
77.79%0)
80.58(0)
808.87(1)

1

1.720

3.495

428
0.35x0.35
x0.22

317

25964

{Rint = 0.0281}
2828

2964/0/228

1.247
R1=0.0512,
wR; =0.1363
Rl =
0.060747,
wR,=0.1615
0.968 and —
0.554

v

[Cuz(dpyam),
(H-C04)(NOs),
{CH;);NCOH),]
412.85

293(2)
Triclinic
P-1
$.353(2)
9.100(2)
12.245(3)
72.035(4)
75.228(4)
78.552(4)
848.8(4)

2

1.615

1.330

422

0.303 x 0.253
x 0.106

7532

3939

(Rim = 0.0150)
6045

3939/0/373

1.061

R1 =0.0407,
wR;=0.1120
R1=0.0459,
wR; = 0.1161

0.676 and —
0.494
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APPENDIX IB
Selected Bond Lengths (A) and Angles (°) for
[Cuz(dpyam)s(u-C204)]1X2, X = BF4 (I), C1O4 (II) and PF¢ (III)
and [Cuz(dpyam):(u-C204)Y:], Y = NO3; DMSO (IV),

NO;™ DMF (V), CI' (VI) and Br' (VII)



Table 2

Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of

[Cux(dpyam)s(C,04)1(BF4)2(H;0)s (D) and [Cux(dpyam)s(C,04)1(C104)(H,0); (1)

Bond lengths
Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-N(4)
Cu(1)-N(5)
Cu(1)-0(1)
Cu(1)-0(2)
Cu(2)-N(7)
Cu(2)-N(8)
Cu(2)-N(10)
Cu(2)-N(11)
Cu(2)-0(3)
Cu(2)-0(4)
Cu(1)-Cu(2)

Bond angles
N(1)-Cu(1)-N(4)
N(2)-Cu(1)>-0(1)
N(5)-Cu(1)-0(2)
N(2)-Cu(1)-N(5)
O(1)-Cu(1)-0(2)
N(7)-Cu(2)-N(10)
N(8)-Cu(2)-0(3)
N(11)-Cu(2)-0(4)
N(8)-Cu(2)-N(11)
0(3)-Cu(2)-0(4)

BRG4680012

()

2.008(8)
2.111(7)
2.024(6)
2.134(8)
2.229(8)
2.252(8)
2.021(8)
2.145(7)
2.006(7)
2.094(6)
2.208(9)
2.189(8)
5.745(3)

173.43)
170.7(3)
166.0(2)
97.1(3)
74.8(2)
175.5(3)
166.1(2)
170.1(3)
97.6(3)
73.9(3)

119

I

2.020(9)
2.136(8)
2.000(8)
2.095(8)
2.141(10)
2.305(9)
2.010(9)
2.141(9)
2.025(8)
2.107(8)
2.225(9)
2.229(8)
5.752(3)

175.4(3)
165.8(3)
171.4(3)
97.5(3)
74.7(3)
173.2(4)
168.9(3)
166.8(3)
97.3(3)
73.73)
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Table 3 ,
Sele.cted bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cua(dpyam)s(C204)](PFe)2(H,0), (IIT)

Cu(1)}N(4)  1.992(10) Cu(1)-N(2)  1.995(9)

Cu()-O(1)  2.029(9) Cu(1)-N(5)  2.049(7)
Cu(1)N(1)  2.191(6) Cu(1)}0Q2)  2.424(6)
Cu(2)}N(8)  1.979(9) Cu(2)-0(4)  2.025(8)
Cu)}N(7)  2.027(7T) Cu(2)-N(11)  2.098(8)
Cu(2)-N(10)  2.249(8) Cu(2)-0(3)  2.448(8)
Cu(1)...Cu(2) 5.737(2)

N(4)-Cu(1)-N(2) 93.0(4) N(4)-Cu(1)-O(1) 174.7(3)
N(2)-Cu(1)-0(1) 86.6(4) N(4)-Cu(1)-N(5) 87.1(3)
N(2)-Cu(1)-N(5) 170.4(3) O(1)-Cu(1)-N(5) 92.5(3)
N(4)-Cu(1)-N(1) 96.8(3) N(2)-Cuf1)-N(1) 87.4(3)
O(1)-Cu(1)-N(1) 88.4(3) N(5)-Cu(1)-N(1) 102.1(3)
N(4)-Cu(1)-0(2) 99.7(3) “N(2)-Cu(1)-0(2) 88.6(3)
O(1)-Cu(1)-0(2) 75.003) N(5)-Cu(1)-0(2) 82.0(3)
N(1)-Cu(1)-0(2) 163.1(3) N(8)-Cu(2)-O(4) 90.9(3)
N(8)-Cu(2)-N(7) 88.7(4) O(4)-Cu(2)-N(7) 173.8(3)
N(8)-Cu(2)-N(1)1 171.5(4) 0(4)-Cu(2)-N(11) 89.4(3)
N(7)-Cu(2)-N(11) 90.1(3) N(8)-Cu(2)-N(10)  101.5(3)
O(4)-Cu(2)-N(10) 87.2(3) N(7)-Cu92)-N(10) 98.9(4)
N(11)-Cu(2)-N(10) 87.0(3) N(8)-Cu(2)-0(3) 79.9(4)
O(4)-Cu(2)-0(3) 75.0(2) N(7)-Cu(2)-0(3) 98.8(3)
N 1D-Cu(2)-0(3) 91.9(3) N(10)-Cu(2)-0(3) 162.2(3)
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Table 4

Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cux(dpyam);(C;04)(NOs):((CH3),SO),] (IV)

Bond lengths

Cu(1)-N(1) 1.986(2) Cu(1)»-N(2) 2.002(2)
Cu(1)-0(1) 1.998(2) Cu(1)-0(2) 1.994(2)
Cu(1)-0(3) 2.331(2) Cu(1)-O(4) 2.502(2)
Cu(1)}-Cu(tA) 5.220¢2)

Bond angles

N(1)-Cu(1)-0(2) 92.3(2) N(1)-Cu(1)-O(1)
O(2)-Cu(1)-0(1) 82.2(7) N(1)-Cu(1)-N(2)
O(2)-Cu{1)-N(2) 170.9(3) O(1)-Cu(1)-N(2)
N(1)-Cu(1)-0(3) 88.2(6) 0O(2)-Cu(1)-0(3)
O(1)-Cu(1)-0(3) 93.5(5) O(4)-Cu(1)-N(1)
O(4)-Cu(1)-N(2) 85.5(7) O(4)-Cu(1)}-0(1)
0O(4)-Cu(1)-0(2) 87.7(7) 0(4)-Cu(1)-0(3)

Symmetry code: A= -x, -y+l, -z.

BRG4680012
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174.3(8)
93.3(2)
91.8(7)
93.5(7)
86.6(7)
91.7(7)
74.8(7)
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Table 5

Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cux(dpyam)y(pu-C204)NO3 ), ((CH3),NCOH),] (V)

Cu(1)N@2)  1.979(7) Cu(1)-N(1)  1.990(6)
Cu(1)-0(2)  2.005(6) Cu()-0(1)  2.012(6)
Cu(1)-0(5)  2.254(7) Cu2N@)  1.956(7)
Cu(1)-O(10B) 2.786(2) Cu(1)-O(8B)  2.679(2)
Cu2)N(S)  1.973(7) Cu(2)-0(4)  1.978(5)
Cu(2)-0(3)  2.002(6) Cu(2)-0(6)  2.295(7)
Cu(1)...Cu(2) 5.212(2)

N(2)-Cu(1)-N(1) 90.8(3) N(2)-Cu(1)-0(2)
N(1)-Cu(1)-0(2) 92.1(2) N(2)-Cu(1)-0(1)
N(1)-Cu(1)-0(1) 170.4(3) O(2)-Cu(1)-0(1)
N(2)-Cu(1)-0(5) 89.2(3) N(1)-Cu(1)-O(5)
O(2)-Cu(1)-0(5) 96.8(2) O(1)-Cu(1)-0(5)
N(4)-Cu(2)-N(5) 92.1(3)  N(4)-Cu(2)-0(4)
N(5)-Cu(2)-0(4) 92.8(2) N(4)-Cu(2)-0(3)
N(5)-Cu(2)-0(3) 169.2(3) O(4)-Cu(2)-0(3)
N(4)-Cu(2)-0(6) 90.0(3) N(5)-Cu(2)-0(6)

O(4)-Cu(2)-0(6) 97.8(2)

Symmetry code: B=x, y, z-1

BRG4680012

0(3)-Cu(2)-0(6)
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173.1(3)
93.2(2)
82.9(2)
92.7(3)
96.1(3)

170.6(3)
91.0(3)
82.8(2)
93.03)
97.4(3)
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APPENDIX IC
The Infrared Spectra for
[Cuz(dpyam)y(u-C204)]X>, X = BFy (I), C104 (II) and PF¢ (II1)
and [Cuz(dpyam):(u-C204)Y:], Y = NO;* DMSO (1V),
NO3;” DMF (V), CI' (VI) and Br" (VII)



Transmittance (,,, )

20 -
v(OH) 3372
09 val C-0) 5(0-C-0)
1649\, T 838
v{C-0) vs(BFy) 1083,1011
Piridine rins 1638 e-0) B
f T T T T

4600 3000 2000 1500 1000 500 wave number (cm™}

(a}  The IR spectrum of [Cuy{dpyam)y(u-C>04)](BF4}.3H:0 (I)

204
>
¥
g
E
g
g 10
=

v C-0) 1653
wi(ClO,) 1118, 1101
ol | | > l

4000 3000 2000 1500 1000 500 wave number {cm™)

b) The IR spectrum of [Cux{dpyam)s(u-Cy04):](C10O4),.3H,0 (II)
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3
g
E
£ HO-C-0)
& 850
= 10
v{(C-0)
v {C-0) 1655— 1156
?
w{F-P-F) 849
0 I T | 1 I ]
4000 3000 2000 1500 1000 500 wave number (cm™)

(c) The IR spectrum of [Cuy(dpyam)s(u-C504),](PFs),.2H,0 (III)
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Transmittance {,)

va(C-0) 1659

vas(NO)
1384

] ] | } 1
4000 3000 2000 1500 1000 500 wave number (cm'l)

(d) The IR spectrum of [Cuy(dpyam),(n-C20)(NO:s)((CH3):50):).] (V)
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Transmittance (,,,)

20

10
0
€—v(NO) 1332
—v{C-0) 1356
val C-0) 1663~ N
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4000 3000 2000 1500 1000

500 wave number (cm™}

(e) The IR spectra of [Cuy(dpyam }2{p-CrO4}NO;3)2(CH;3}:,NCOH),] (V)

204

) The IR spectrum of [Cuy(dpyam),(p-C204)(Cl)2] (VI)
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Transmittance (,,,)
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{2) The IR spectrum of [Cuy(dpyam),(p-C204)(Br),] (VII)
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APPENDIX ID
The EPR Spectra for
[Cuz(dpyam)y(pu-C204)1X5, X = BF, (I), C104 (II) and PF; (1II)
and [Cuy(dpyam)(n-C,0,)Y3], Y = NO3;” DMSO (1V), NO; ' DMF (V),
CI' (V]) and Br (VII)



500- g=19%4

Intensity

0 250 500 750 Field (mT)

(a) The EPR spectrum at room temperature of [Cuy(dpyam),(p-C,04),J(BF4):.3H,O (I)

500-
z
oy
=
o
=

0

-5004

I |' I T

100 150 200 250 Field (mT)

(b) The EPR spectrum at 77 K of [Cuy(dpyam){pt-C2O04),}(BF4),.3H,0 (1)
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(c) The EPR spectrum at room temperature of [Cuy(dpyam}4(u-C;0,),}(C10,4),.3H,O (II)
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(d) The EPR spectrum at 77 K of [Cuy(dpyam)4(u-C;04),1(C104),.2H,0 (II)

BRG4680012

132

uMNUE 2549



1000

Intensity

-1000

i T T : T
250 300 350 400 Field {mT)

(e) The EPR spectrum at room temperature of [Cux(dpyam),(u-C;04);[(PF)2.2H,0O (IH)
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(f) The EPR spectrum at 77 K of [Cux(dpyam),(p-C,04)](PF¢)..2H,0 (III)
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APPENDIX ITA
Crystal and Refinement Data for
{[Cus(dpyam)s(us,n’*-HPO,)(t3,n*-PO,)(H,0)| (PF4)-3H; 0}, (I)
{Cu(dpyam)(p2,n’*-HPOy)], (11),
[Cu(dpyam)(pz,n’-H:PO4)(H,POY)]2 (11D),
[Cus(dpyam)a(pan’-HPO,)2(n-C1);}(CD)26H20 (IV),
[Cuy(dpyam)s(pa,n*-HPO4)2(p-Br);](Br)6H0 (V) and
[Cug(dpyam)(s,n’-HPO,)2(NO3)2(H,0)2](NO3)22H20 (V1)
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APPENDIX IIB
Selected Bond Lengths (A) and Angles (°) for
{[Cus(dpyam)s(s,n*-HPO)(3,m*-PO)(H,0)](PF)-3H;0}, (T)
[Cu(dpyam)(u2,m*-HPO,)], (I1),
[Cu(dpyam)(pz,n’-H;PO4)(HzPO,)}; (TID),
[Cuy(dpyam)(pe,n*-HPO )2(u-C1);] (Cl)26H,O (IV),
[Cu4(dpyam)4(p.4,1'|3-HP04)2(|.t-Br)2](Br)2-6H20 (V) and
[Cus(dpyam)s(p3,n’*-HPO)2(NO3):(H,0),](NOs),-2Hz0 (V)



Table 2 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
{[Cus(dpyam)s(pts,n*-HPO)(u3,n*-POYH,0))(PF4)-3H;0},, ()

Cu(3)-0(4A) 1.908(2) Cu(3)-0(5) 1.924(2)
Cu(3)-N(8) 1.976(3) Cu(3)-N(7) 1.985(3)
Cu(2)-0(2A) 1.920(2) Cu(2)-0(7) 1.929(2)
Cu(2)-N(5) 1.978(3) Cu(2)-N(4) 1.991(3)
Cu(1)-0(6) 1.942(2) Cu(1)-0(1) 1.957(2)
Cu(1)-N(1) 2.008(3) Cu(1)-N(2) 2.027(3)
Cu(1)-0(1W) 2.191(3) P(2)}-0(6) 1.515(2)
P(2)-0(8) 1.541(2) P(2)-0(5) 1.547(2)
P(2)-0(7) 1.560(2) P(1)-0(2) 1.516(2)
P(1)-0(4) 1.523(2) P(1)-0(1) 1.524(2)
P(1)-0(3) 1.601(2)

O(4A)-Cu(3)-0(5) 91.3(1) O(4A)-Cu(3)}-N(8)  148.0(1)
O(5)-Cu(3)-N(8) 94.4(1) O@AY-Cu(3)»-N(T)  94.9(1)
O(5)-Cu(3)-N(7) 155.8(1) N(8)-Cu(3)-N(7) 92.7(1)
O(2A)-Cu(2)-0(7) 98.7(1) OQA)-Cu(2)-N(5)  91.6(1)
O(7)-Cu(2)-N(5) 150.7(1) O(2A)-Cu(2)-N(4)  140.3(1)
O(7)-Cu(2)-N(4) 97.1(1) N(5)-Cu(2)-N(4) 92.1(1)
O(6)-Cu(1)-0(1) 97.3(1) 0(6)-Cu(1)-N(1) 91.9(1)
O(1)-Cu(1)-N(1) 166.9(1) 0(6)-Cu(1-N(2)  132.8(1)
O(1)-Cu(1)-N(2) 91.6(1) N(1-Cu(1)}-N(2) 89.0(1)
O(6)-Cu(1)-0(1W) 119.1(1) O(D)-Cu(1)}-0(1W)  85.4(1)
N(1)-Cu(1)-0(1W) 82.0(1) N@)-Cu()-0(1W)  107.7%(1)
0(6)-P(2)-0(8) 111.2(1) 0(6)-P(2)-0(5) 108.9(1)
O(8)-P(2)-0(5) 108.8(1) O(6)-P(2)-0(7) 110.4(1)
O(8)-P(2)-0(7) 107.6(1) O(5)-P(2)-0(7) 109.9(1)
0(2)-P(1)-0(4) 113.0(1) 0(2)-P(1)-0(1) 112.4(1)
O@)-P(1)-0(1) 114.3(1) O(2)-P(1)-0(3) 102.6(1)
O(4)-P(1)-0(3) 105.1(1) O(1)-P(1)-0(3) 108.3(1)
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Table 3 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of [Cu(dpyam)
(k2n’-HPO,)), (ID)

Cu(1)-0(4) 1.919(1) Cu(1)-0(1) 1.946(1)
Cu(1)-N(1} 1.969(1) Cu(1)-N(2) 1.994(1)
P(1)-O(3) 1.510(1) P(1)-0(1) 1.519(1)
P(1)-O(4)A 1.531(1) P(1)-0(2) 1.588(2)
Cu(1)-0(2)A 2.719( 3) Cu(1)-Cu(1)A 5.955(2)
O(4)-Cu(1)-0(1) 101.6(1) O(4)-Cu(1)-N(1) 149.7(1)
O(1)-Cu(1)-N(1) 91.4(1) O(4)-Cu(1)-N(2) 93.6(1)
O(1)-Cu(1)-N(2) 142.6(1) O(1)-Cu(1)}N(2) 92.0(1)
0(3)-P(1)-0(1) 111.7(1) O(3)-P(1)-O(4)A 111.1(D)
O(1)»-P(1)-O(4)A 111.6(1) O(3)-P(1)-0(2) 110.7(1)
O(1)-P(1}-0(2) 109.3(1) O(4)A-P(1)-0(2) 101.9(1)

Symmetry code: A = —x+ty+1, -x+1,z+1/3
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Table 4 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cu(dpyam)(2,n’-HaPO,}(H2PO)], (11D

Cu(1)-O(8A) 1.964(1) Cu(1)-0(5) 1.987(1)
Cu(1)-N(1) 1.991(1) Cu(1)-N(2) 1.997(1)
Cu(1)-0(1) 2.271(1) P(1)-0(1) 1.512(1)
P(1)-0(3) 1.519(1) P(1)-0(4) 1.558(1)
P(1)-0(2) 1.581(1) P(2)-O(8) 1.506(1)
P(2)-0(5) 1.518(1) P(2)-0(7) 1.558(1)
P(2)-0(6) 1.564(1) Cu(1)-Cu(1)A 5.136(2)
O(B)A-Cu(1}-0(5) $9.7(1) O(8)A-Cu(1)-N(1) 89.0(1)
O(5)-Cu(1)}-N(1)  174.1(1) O(8)A-Cu(1)-N(2) 167.0(1)
O(5)-Cu(1)-N(2)  91.8(1) N(D-Cu(1)-N(2) 88.1(1)
O(8)A-Cu(1)-0(1} 96.0(1) 0(5)-Cu(1)-0(1) 91.9(1)
N(I1)-Cu(1)-0(1)  94.1(1) N(2)-Cu(1)-0(1) 96.8(1)
O(1)-P(1}-0(3)  115.1{1) O(1)-P(1)-0(4) 112.2(1)
0(3)-P(1)-0(4)  106.9(1) O(1)-P(1)}-0(2) 109.2(1)
OG)-P(1)-0(2)  108.5(1) O()-P(1)-0(2) 104.1(1)
O(8)-P(2)-0(5)  115.6(1) 0(8)-P(2)-0(7) 109.6(1)
OG)-P@)-O(T)  105.9(1) O(8)-P2)-0(6) 112.6(1)
O(5)-P(2)-0(6)  105.6(1) O(T)-P2)-0(6) 106.8(1)
P(2)}-0(5)-Cu(l)  130.9(1) P(1)-0(1)-Cu(1) 122.9(1)

Symmetry code: A= -x+1, -y+1, -z+1
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Table 5 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cui(dpyam)y(pe,n’-HPO)2(u-C1)1(Chy 6H:0 (IV)

Cu(6)-N(17) 1.962(4) Cu(6)-N(16) 1.965(4)
Cu(6)-0(9) 2.011(3) Cu(6)-0(12) 2.021(3)
Cu(6)-CI(4) 2.604(3) Cu(6)-Cu(6A) 2.802(3)
Cu(5)-0(10) 1.947(3) Cu(5)-0(13) 1.966(3)
Cu(5)-N(14) 1.993(4) Cu(5)-N(13) 2.012(4)
Cu(5)-CI(3) 2.560(3) Cu(4)-N(10) 1.970(4)
Cu(4)-N(11) 1.982(4) Cu(4)-0(7) 2.012(3)
Cu(4)-0(3) 2.026(3) Cu(4)-CI(2) 2.592(3)
Cu(3)-N(8) 1.971(4) Cu(3)-N(7) 1.981(4)
Cu(3)-0(7) 2.012(3) Cu(3)-0(3) 2.030(3)
Cu(3)-Cl(2) 2.598(3) Cu(3)-Cu(4) 2.816(3)
Cu(2)-0(6) 1.950(3) Cu(2)-0(2) 1.969(3)
Cu(2)-N(5) 1.996(4) Cu(2)-N(4) 2.009(4)
Cu(2)-CK(1) 2.556(3) Cu(1)-0(5) 1.948(3)
Cu(1)-0(1) 1.965(3) Cu(1)-N(1) 1.993(3)
Cu(1)-N(2) 2.001(4) Cu(1)-CK1) 2.551(3)
P(3)-0(11) 1.565(4) P(3)-0(10) 1.509(3)
P(3)-0(9) 1.553(5) P(4)-0(12) 1.558(4)
P(4)-0(13) 1.512(3) P(2)-0(6) 1.503(3)
P(4)-0(14) 1. 587(5) P(2)-O(7) 1.560(3)
P(2)-0(5) 1.504(3) P(1)-0(2) 1.499(3)
P(2)-0(8) 1.580(3) P(1)-0(3) 1.563(3)
P(1)-0(1) 1.501(3) Cu(5)-Cu(5A) 3.917(3)
P(1)-0(4) 1.584(3) Cu(6)-Cu(6A) 2.802(1)
Cu(1)-Cu(2) 3.882(3) Cu(5A)-Cu(6A) 5.232(3)
Cu(3)-Cu(4) 2.8163(6) Cu(2)-Cu(4) 4.027(3)
N(17)-Cu(6)-N(16) 91.4(2) O(10)-Cu(5)-0(13) 91.8(2)
N(16)-Cu(6)-0(9) 171.7(2) 0(10)-Cu(5)-N(14) 164.02)
N(I7)»-Cu(6)-0(12) 172.9(2) O(13)-Cu(5)-N(13) 162.5(2)
0(9)-Cu(6)-0(12) 78.9(2) N(14)-Cu(5)-N(13) 87.4(2)
N(10)-Cu(4)-N(1 1) 90.6(2) 0(6)-Cu(2)-0(2) 91.6(2)
N(11)-Cu(4)-0(7) 171.6(2) 0(6)-Cu(2)-N(5) 162.6(2)
N(10)-Cu(4)-0(3) 173.3(2) 0(2)-Cu(2)-N(4) 164.8(2)
O(7)-Cu(4)-0(3) 79.0(2) N(5)-Cu(2)-N(4) 87.3(2)
N(8)-Cu(3)-N(7) 91.3(2) 0(5)-Cu(1)-0(1) 91.6(2)
N(7)-Cu(3)-0(7) 171.7(2) O(5)-Cu(1)-N(1) 164.5(2)
N(8)-Cu(3)-0(3) 173.4(2) O(1)-Cu(1)}N(2) 161.3(2)
O(7)-Cu(3)-0(3) 78.9(2) N(1)-Cu(1)-N(2) 87.1Q2)
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Table 6 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cus(dpyam)a(pug,n’-HPO,)(p-Br),](Br)y6H,0 (V)

Br(4)-Cu(6)
Cu(6)- N(16)
Cu(6)- N(17)
Cu(6)- 0(12)
Cu(6)- O(9)
Cu(6)- Cu(6A)
Cu(5)- 0(10)
Cu(5)- 0(13)
Cu(5)- N(14)
Cu(5)- N(13)
Cu(5)- Br(3)
Cu(4)- N(10)
Cu(4)- N(11)
Cu(4)- O(7)
Cu(4)- O(3)
Cu(4)- Br(2)
Cu(4) Cu(3)
Cu(1)- O(1)
Cu(1)-O(5)
Cu(1)- N(1)
Cu(1)- N(2)
Cu(1)- Br(1)
Cu(2)- 0(2)
Cu(2)- O(6)
Cu(2)- N(5)
Cu(2)- N(4)
Cu(2)- Br(1)
Cu(3)- N(®)
Cu(3)- O(7)
Cu(3)- N(7)
Cu(3)- 0(3)
Cu(3)- Br(2)
P(4)- O(13)
P(4)- O(12)
P(4)- O(14)
P(3)- O(10)
P(3)- (9)
P(3)- O(11)
P(2)- O(5)
P2)- O(6)
P(2)- O(7)
P(2)- O(8)
P(1)- O(1)
P(1)- O2)
P(1)- O(4)
P(1)- O(3)
N(17)- Cu(6)- O(12)
N(16)- Cu(6)- O(9)
O(13)- Cu(5)- N(14)
BRG4680012

2.766(2)
1.960(9)
1.977(9)
2.039(8)
2.045(7)
2.834(2)
1.937(9)
1.974(9)
2.008(10)

2.019(10)
2.7077(19)
1.981(10)
1.998(10)
2.005(7)
2.029(8)
2.7450(19)
2.8507(17)
1.974(7)
1.988(8)
2.003(10)
2.021(10)
2.7154(19)
1.970(8)
1.979(8)
1.987(10)
2.023(9)
2.719%(19)
1.984(10)
1.993(7)
2.005(10)
2.033(8)
2.7577(18)
1.506(8)
1.555(11)
1.612(12)
1.523(8)
1.529(11)
1.544(14)
1.475(8)
1.492(8)
1.589(9)
1.629(10)
1.497(7)
1.510(7)
1.533(10)
1.599(10)
173.1(4)
173.2(4)
165.0(4)

O(10)- Cu(5)- N(13)
O(13)- Cu(5)- N(13)
N(14)- Cu(5)- N(13)
N(10)- Cu(4)- N(11)
N(10)- Cu(4)- O(7)
N(11)- Cu(4)- O(7)
N(10)- Cu(4)- O(3)
N(10)- Cu(4)- Cu(3)
N(11)- Cu(4)- Cu(3)
O(5)- Cu(1)- N(1)
O(1)- Cu(1)- N(2)
0(2)- Cu(2)- O(6)
O(2)- Cu(2)- N(5)
O(6)- Cu(2)- N(5)
0(2)- Cu(2)- N(4)
N(8)- Cu(3)- O(7)
N(8)- Cu@3)- N(7)
O(7)- Cu(3)- N(7)
N(8)- Cu(3)- O(3)
0(7)- Cu(3)- 0(3)
N(7)- Cu(3)- O(3)
N(8)- Cu(3)- Cu(4)
O(7)- Cu(3)- Cu(4)
N(7)- Cu(3)- Cu(d)

"O(3)- Cu(3)- Cu(4)

Cu(4)- Br(2)- Cu(3)
0(13)- P(d)- O(13A)
O(13)- P(4)- O(12)
O(13)- P(4)- O(14)
0(12)- P4)- O(14)
O(10)- P(3)- O(10A)
0(10)- P(3)- O(9)
0(10)- P(3)- O(11)
O(9)- P(3)- O(11)
O(5)- P(2)- O(6)
0(5)- P(2)- O(7)
O(6)- P(2)- O(T)
O(5)- P(2)- O(8)
0O(6)- P(2)- O(8)
0(7)- P(2)- O(8)
O(1)- P(1)- O(2)
O(1)- P(1)- O(4)
O(2)- P(1)- O(4)
0(2)- P(1» O(3)
0(4)- P(1)- O(3)

149

163.3(4)
87.9(4)
87.5(4)
90.9(4)
97.2(4)

170.8(4)

174.2(4)

132.8(3)

130.6(3)

165.3(4)

162.3(4)
91.8(4)
88.6(4)

164.5(4)

164.9(4)
97.4(4)
90.9(4)

170.8(4)

175.1(4)
78.6(3)
92.9(4)

132.8(3)
44.7(2)

130.003)
45.4(2)

62.40(5)

115.3(7)

111.3(4)

108.0(5)

101.9(7)

115.8(7)

109.8(4)

110.3(4)
99.8(8)

116.7(6)

111.4(4)

110.6(5)

107.1(5)

106.3(5)

103.7(5)

117.9(5)

109.6(5)

109.5(5)

108.2(5)

102.3(6)
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Table 7 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cus(dpyam)y(p3,1°-HPO),(NO3)2(H,0),]J(NO; ) 2H,0 (V)

Cu(1)-0(6) 1972(2) Cu(1)-0(4) 1.968(2)
Cu(1)-N(1) 1.967(2) Cu(1)-N(2) 2.001(3)
Cu(1)-0(7) 2.497(2) Cu(2)-0(7) 1.933(2)
Cu(2)-N(5) 2.013(3) Cu(2)-N(4) 1.979(3)
Cu(2)-0(10) 2.145(2) Cu(2)-0(11) 2.152(3)
Cu(2)-0(9) 2.743(2) Cu(1)...Cu(2) 4.136(2)
Cu(1)...Cu(24A) 4.895(2) Cu(1)...Cu(1A) 4.560(2)
Cu(2)...Cu(2A) 7.833(2) P(1)-0(7) 1.525(2)
P(1)-O(4A) 1.526(2) P(1)-0{(6) 1.542(2)
P(1)- O(5) 1.574(2) N(8)-0(8) 1.233(4)
N(8)-0(9) 1.249(4) N(8)-0(10) 1.283(3)
N(1)-Cu(1)-0(6) 161.7(1) O(4)-Cu(1)-N(2) 142.4(1)
0(6)-Cu(1)-N(2) 95.3(1) O(7)-Cu(2)-N(5) 90.6(1)
N(5)-Cu(2)-N(4) 89.6(1) O(7)-Cu(2)-0(10) 91.8(1)
N(5)-Cu(2)-0(10) 137.5(1) N(4)-Cu(2)-0(10) 95.5(1)
O(7)-Cu(2)-0(11) 86.4(1) N(5)-Cu(2)-0(11) 131.1(1)
N(@)-Cu(2)-0(11) 84.7(1)

A, x+2, -y, -z+1
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APPENDIX IIC
The Infrared Spectra for

{[Cus(dpyam)s(us,n’-HPO4)(u3,n *-POYH,0)|(PF¢)3H;0},, (I)
[Cu(dpyam)(pz,n’*-HPOy,)], (II),
[Cu(dpyam)(uz,n’-H:PO4)(H2PO,)]: (ITD),
[Cus(dpyam)(pe,n*-HPO,)o(1-C1)) (C1)26H0 (IV),
[Cu4(dpyam)4(p4,n3-HPO4);(|.1-Br)2](Br)z'GHzO (V) and
[Cua(dpyam)y(ps,n’-HPO4)2(NO3)2(H20):](NO3)22H0 (VT)



8(P-O(H)) out - of plane
deformation 883

20

L‘_J

Transmittance (,,,)

Pyridine
ring 1650 —»

_+
v(O-H)
3419 1100 - 1056
| | I 1
4000 3000 2000 1500 1000 500

Wave number (cm™)

(a) The infrared spectrum of {[Cu3(dpyam)3(p.3,n3-HPO4)(1.13,n‘1-PO4)(I-I;,,O)](PF6)-3H20},1 (I

HP-O(iH)) &P-O(H))
in-plane  out - of plane
deformation  deformation
- 1238, 1156 832

[\
(=]
[

8

g

g L/

@ O-P-0)
E 586 - 534

v, (P-0) 1019 - 907

Vs h-JO) 1092 - 1056

4000 3000 2000 1500 1000 500 Wave number (cm™)

(b} The IR spectrum of [Cu(dpyam)(u,n’-HPOy)], (IT)
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Transmittance (,,)
[ =)
S

&(P-O(H)) in- plane
deformation
1354 - 1232

]
HO-P-0)
T 525-491
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3078 out - of plane
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4000 3000 2000 1500 1000 500 Wave number (cm’')

(c) The IR spectrum of [Cu(dpyam)(uz,n>-H;PO4 Y(H,PO4)]; (IIT)
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(d) The infrared spectrum of [Cu4(dpyam)4(u4,r|3-HPO¢)2(p-Cl)2](CI)2-6H20 (Iv)
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in- plane deformation
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(e) The IR spectrum of [Cuy(dpyam)s(pe,n’*-HPO,)2(u-Br),](Br)y6H,0 (V)
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(f) The IR spectrum of [Cm(dpyam)4(;.L3,1'|3-HPO4)2(N03)2(H20)2](NO3)2-2H20 (VI-)
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APPENDIX IID

The Thermal Analysis for

{ICus(dpyam)s(u3,n -HPO) (3,1 *-PO)(H20)}(PFe)-3H0} » (1)

[Cu(dpyam)(uzn*-HPO,)]., (II),

[Cu(dpyam)(p2,n*~H2PO4)(H,POL)): (1TD),

[Cus(dpyam)q(pus,n’-HPO)2(-Ch2](C2-6H20 (IV),

[Cus(dpyam)s(pe,n>-HPO4)2(p1-Br)2](Br)26H;0 (V) and
[Cuy(dpyam)y(us,n’*-HPO)2(NO3)2(H,0)2](NO3)2-2H20 (VT)



DTA uV

T = T T T
200 400 600 800 1000 Temperature (°c)

(a) The TG-DTA curve of {[Cu3(dpyafn);(p;,n3-HPO4)(p3,n4-P04)(H20)](PF6)-3HgO},, 1))

60 -1
4{-20
404
>
= -
=
a2+ 14 &
Q0
= =
0.0+
B 4- 60
204
— — T L N T T
200 400 600 800 1000 Temperature (*c)

(b) The TG-DTA curve of [Cu(dpyam)(u.,n’*-HPOQ], (ID
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(d) The TG-DTA curve of [Cus(dpyam)s(is,n°-HPO)2(1-Cl)}(C1)-6H,0 (IV)
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APPENDIX IIE
The EPR Spectra for
{{Cus(dpyam);(us,n’-HPO) (3,1 *-PO)(H,0)}(PF,)-3H, 0}, (1)
[Cu(dpyam)(uz,n’-HPOY)],» (IT),
[Cu(dpyam)(p2,n*-H;PO)(HPOY)); (I1T),
[Cuy(dpyam)y(pe,n’-HPO)2(p-C1)2](CH'6H,0 (IV)
[Cug(dpyam)y(jue;n’-HPO,)2(u-Br)](Br)26H,0 (V) and
[Cus(dpyam)y(ps,n°~HPO4)2(NO3)2(H20):} (NO3)2H, O (VI)



Intensity

-500 N\

I I T
0 200 400 Field (mT)

(a) The EPR spectrum at room temperature of {[Cus(dpyam)s(ps,n’-HPO,)(ps,n*-PO,)XH;0)]
(PFe)3H,04, (D)

(b)
500 g=2.121
 g=2004
z o :
E
£ 4
-500 N
= B T
0 200 400 Field (mT)

(b) The EPR spectrum at 77K of {[Cug(dpyam)3(u3,1]3-HPO4)(u;,n‘-PO4)(H20)}(PF6)- 3H,O, (I)
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{c) The EPR spectrum at room temperature of {Cu(dpyam)(uz,n3-HP04)],, (II)
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(d) The EPR spectrum at 77K of [Cu(dpyam)}(pz,n°-HPO,)], (IL)
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(e) The EPR spectrum at room temperature of [Cu(dpyam)(pg,n2-H2P04)(H2P04)]2 (1)
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(f) The EPR spectrum at 77K of [Cu(dpyam)(pg,nz—HzPO4)(H2PO4)]2 (IIT)
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(g) The EPR spectrum at room temperature of [Cu4(dpyam)4(p.4,n3-[—IPO4)2(P-'Cl)z](Cl)2-6H20 av)
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(h) The EPR spectrum at 77K of [Cus(dpyam)s(pe,n°-HPO)x(11-CI)1(Cl)r6H:0 (IV)
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(j) The EPR spectrum at 77K of [Cu4(dpyam)4(u4,n3-HPO4)2(p—Br)2](Br)2-6H20 V)
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(k) The EPR spectrum at room temperature of [Cu4(dpyam)4(p3,n3-HP04)2(N03)2(H20)2]
(NO3),2H,0 (VD
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(1) The EPR spectrum at 77K of [Cu4(dpyam)4(p.3,n3-HPO4)2(NO3)2(H20)2](NO3)2-2H20 (Vl)
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APPENDIX IIIA
Crystal and Refinrement Data for
[Cuy(dpyam),(1-0,CH)(p-OH)(u-OCH,)[(CIO,) (1)
[Cuy(dpyam),(p-O,CH}p-OH), |(Ci0,4)-H,0 (II)
[Cux(dpyam);(p-O,CH)(u-OOCH)(u-OH) |(PF,) (11D
[Cux(dpyam);(1-0,CH)(u-OH)(p-CH(CIO,)-0.5H;0 (IV)
and [Cuy(dpyam);(1-0,CH)(u-OH)(p-CDI(PFy) (V)
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APPENDIX IIB
Selected Bond Lengths (A) and Angles (°) for
[Cuy(dpyam);(p-O,CH)(p-OH)(p-OCH,)|(CIO) (D)
[Cu;(dpyam),(u-0,CH)(u-OH),|(CI10,)-H,O (II)
[Cuy(dpyam),(p-O.CH)Y(u-OOCH)(u-OH)|(PF) (IL)
[Cux(dpyam);{(p-O,CH)(u-OH)p-C)J(CLO,)-0.5H, 0 (IV) and
[Cu(dpyam),(1-0,CH)(p-OH)(u-CD](PFs) (V)



Table1  Selected bond lengths (A) and angles (°) with es.d.s. in parentheses for
[Cus(dpyam),(u-O;CHY(p-OH)(p-OCH;)](CIO,) (1)

Cu(1)-N(1) 1.961(4) Cu(1)-0(2) 2.169(5)
Cu(1)-N(2) 2.010(4) Cu(1)-0(3) 2.175(3)
Cu(1)-0(1) 1.918(4) Cu(1)-Cu(1A) 3.023(1)
0(2)-C(12) 1.196(1) O(3)-C(11) 1.257(4)
O(1)-Cu(1)-0(2) 81.9(2) N(t)-Cu(1)-Cu(1A) 138.2(1)
O(1)-Cu(1)-0(3) 88.5(2) N(1)-Cu(1)-N(2) 91.1(2)
O(1)-Cu(1)-N(1) 173.8(1) N(2)-Cu( )-0(2) 133.0(3)
O(1)-Cu(1)-N(2) 93.7(2) N(2)-Cu(1)-0(3) 135.7(2)
O(1)-Cu(1)-Cu(1A) 38.0(1) N(2)-Cu(1)-Cu(1A) 125.3Q1)
0(2)-Cu(1)-0(3) 91.1(2) Cu(H-0(1)-Cu(1A) 104.0(3)
0(2)-Cu(1)-Cu(1A) 45.8(1) Cu(1)-0(2)-Cu(1A) 88.3(2)
0(3)-Cu(1)-Cu(1A) 79.7(1) C(11)-0(3)-Cu(l1) 126.5(3)
N(1)-Cu(1)-0(2) 95.6(2) 0(3)-C(11)-0(3A) 126.6(6)
N(1)-Cu(1)-0(3) 86.9(2)

Symmetry code: A=-x,y, z
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Table 2 Selected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cux(dpyam),

{(H=0,CH)}pu-OH),LJ(CIO,).HO (1)

Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-0(1)

O(1)-Cu(1)-0(2)
O(1)-Cu(1)-0(3)
O(1)-Cu(1)-N(1)
O(1)-Cu(1)-N(2)
0(2)-Cu(1)-0(3)
C(1-0(3)-Cu(1)

Cu(1)-0(1)-Cn(1A)

" Symmetry code: A = -x+2,y,z

2.003(3)
2.005(3)
1.955(3)

79.55(13)
89.07(15)
95.88(13)
172.20(13)
100.62(14)
124.4(3)
95.89(17)

Cu(1)-0(2)
Cu(1)-0(3)
Cu(1)-Cu(1A)

N(1)-Cu(1)-0(2)
N(1)-Cu(1)-0(3)
N(1)»-Cu(1)-N(2)
N(2)-Cu(1)-0(2)
N(2)-Cu(1)-0(3)
O(3)-C(11)-0(3A)
Cu(1)-0(2)-Cu(1A)

1.952(3)
2.345(3)
2.9027(10)

156.04(16)
102.81(13)
91.92(15)
93.28(13)
89.25(13)
127.6(6)

96.09(17)

Table 3 Selected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cux(dpyam),
(n-OCH)(u-OOCH)Yu-OH))(PFs) (1)

Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-0(1)
Cu(1)-0(3)

O(1)-Cu(1}-0(2)
O(1)-Cu(1)}-0(4)
O(1)-Cu(1)-N(1)
O(1)-Cu(1}-N(2)
0(2)-Cu(1)-0(4)
C(12)-0(4)-Cu(1)

Cu(1)-O(1)-Cu(1A)

Symmetry code: A =-x+2,y,z

BRG4680012

1.972(4)
2.029(4)
1.934(5)
2.246(5)

78.2(2)
96.6(2)
173.6(2)
93.3(2)
89.7(3)
127.4¢4)
107.2(4)

178

Cu(1)-0(2)
Cu(1)-0(4)
Cu()-Cu(1A)

N(1)-Cu(1)-0(2)
N(1)-Cu(1)-0(4)
N{1)-Cu(1)}-N(2)
N(2)-Cu(1)-0(2)
N(2)-Cu(1)}-0(4)
O(4)-C(12)-0(4A)
Cu(1)-0(2)-Cu(1A)

2.144(6)
2.200(3)
3.113(5)

100.5(2)
87.2(1)
91.7(1)
138.3(3)
130.9(1)
127.5(7)
93.1(4)
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Table 4 Selected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cux(dpyam),
(1-0,CH)(u-OH)(p-CD](C10,)-0.5H;0 (IV)

Cu(1)}-N(1) 1.975(1) Cu(1)-0(1) 1.916(2)
Cu(1)-N(2) 2.027(2) Cu(1)-0(2) 2.158(1)
Cu(1)-CI(1) 2.478(2) Cu(1)-Cu(1A) 3.036(1)
O(1)}-Cu(1)-N(1) 173.8(1) N(D-Cu( 1)-CH( 1) 96.4(1)
O(1)-Cu(1)-N(2) 94.1(1) N(1)-Cu(1)-Cu(1A) 138.0(1)
O(1)-Cu(1)-0(2) 88.1(1) N(2)-Cu(1}-0(2) 133.6(1)
O(1)-Cu(1)-CI(1) 82.5(1) N(2)-Cu(1)-Ci(1) 119.K(1)
O(1)-Cu(1)-Cu(1A) 37.6(1) N(2)-Cu( 1)-Cu(1A) 126.3(1)
0(2)-Cu(1)-CI(1) 107.2(1) Cu(1)-0(1)-Cu(1A) 104.8(1)
0(2)-Cu(1}-Cu(1A) 79.4(1) Cu(1)-CI(1)-Cu(1A) 75.6(1)
N(1)»-Cu(1}-N(2) 91.7(1) C(11)-0¢2)-Cu(1) 126.8(1)
N(1)-Cu(1)-0(2) 86.4(1) 0(2)-C(11}-0(2 A) 127.13)

Symmetry code: A= -x+2, v,z

Table 5 Sclected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cuy(dpyam)(u-
O;CH)(p-OH)(u-CH](PFs) (V) )

Cu(1)-N(1) 2.031(3) Cu(1)-0(1) 2.183(2)
Cu(1)-N(2) 1.983(2) Cu(1)-0(2) 1.918(2)
Cu(1)-CI(1) 2.451(1) Cu(1)-Cu(1A) 3.061(5)
O(1)-Cu(1)-N(1) 130.6(1) N(1)-Cu(1)-CI(1) 124.1(1)
O(1)-Cu(1)-N(2) 86.7(1) N(2)-Cu(1)-0(2) 173.8(1)
O(1)-Cu(1)-0(2) 87.3(1) N(2)-Cu(1)-Ci(1) 97.7(1)
O(1)-Cu(1)-CK1) 104.8(1) Cu(1)-02)-Cu(1A) 105.9(1)
O(2)-Cu(1)-CI(1) 82.3(1) Cu(1)-CI(1)-Cu(1A) 77.2(1)
N(1)-Cu(1)-N(2) 91.8(1) C(11)-0(1)-Cu(1) 127.52)
N(1)-Cu(1)-0(2) 93.2(1) O(1)-C(1 1)-O(1A) 126.5(4)

Symmetry code: A= -x+1,y,2
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APPENDIX IIIC

The infrared spectra for
[Cua(dpyam)y(p-O,CH)Y(p-OH)(p-OCH3)]|(C104) (I)
[Cuz(dpyam):(p-O:CH)(u-OH),[(C104)-H,O (II)
[Cuz(dpyam):(p-O,CH)(p-OOCH)(u-OH)|(PF¢) (JII)
[Cux(dpyam):(p-O0,CH)(p-OH)(u-ChH(C104)-0.5H20 (1V)
[Cux(dpyam);(u-O2CH)(u-OH)(p-ChI(PFe) (V) and
[Cuz(dpyam);(p-0CH)(u-OH)(u-CD](BF4) (VI)
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APPENDIX IIID
The EPR spectra for
[Cuz(dpyam)s(u-O,CH)(p-OH)(1-OCH;3)|(CIO5) (1)
[Cuz(dpyam);(1-O,CH)(u-OH),](C10,)-H,0 (IT)
[Cux(dpyam)s(1-O,CH)(p-OOCH)(-OH)|(PF) (I11)
[Cux(dpyam);(1-O;CH)(p-OH)(i-CH|(C104)-0.5H;0 (IV)
[Cuz(dpyam),(p-OCH)(u-OH)(p-CDH](PFs) (V)
and [Cu;(dpyam);(1-0:CH)(u-OH)(p-CD|(BF,) (V1)
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Abstract

The syntheses and characterization of a series of dinuclear p-oxalato copper(Il}) complexes of the general type [(NN); o
SCUC00Cu(NN), 4, o *, where NN = didentate dpyam (di-2-pyridylamine) ligand, are described. The crystal structures of three
representative complexes have been determined. The dinuclear-oxalate bridged compounds [Cu(dpyam}q(C>04))(C104)2(H:0), (1)
and [Cuy(dpyam)4(C-04))(BF4),(H,0)s (2) crystallize in the non-centrosymmetric triclinic space group £1 which are isomorphous
and isostructural. The compound [Cuxdpyam),(C,0,)(NO3).({CH;),80),] (3) crystallizes in the centrosymmetric monoclinic space
group P1 with all Cu-oxalate contacts in the equatorial plane. All three complexes contain six-coordinate copper centres bridged by
planar bis-didentate oxalate groups from the equatorial position of one chromophore to the equatorial position of the other one.
Both chromophores in 1 and 2 exhibit the compressed octahedral Cu(lI) geometry, while 3 displays an elongated octahedral Cu(EI)
environment. The IR, ligand field and EPR measurements are in agreement with the structures found. The magnetic susceptibility
measurements, measured from 5 to 280 K, revealed a very weak ferromagnetic interaction between the Cu(II) atoms for compound 1
and 2, with a singlet—triplet energy gap (J) of 2.42 and 3.38 cm !, for compounds 1 and 2, respectively. Compound 3 has a strong
antiferromagnetic interaction with a J of —305.1 cm™", in agreement with coplanarity of the magnetic orbitals.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Copper(1]) complexes; Crystal structures; p-Oxalato dimers; Magnetic properties; EPR

1. Introduction characterized [2-36]. Eight different bridging modes
(Scheme ) have been observed for the oxalato group in
In the past decades, there has been a great deal of the oxalato copper(1l) complexes [1-4].

interest in the magneto-structural studies of transition A number of dinuclear copper complexes with an
metal atoms [1—40] with polyatomic bridging ligands oxalato bridge, generally formulated as [(NN)Cu(p-
both in the experimental and theoretical points of view. Cy04)Cu(NN)]X,,, where NN is a chelating ligand,
The oxalate ion is well known to be an appropriate and X is a counter anion or a solvent molecule, have
bridging ligand to design magnetic materials and many been structurally characterized [5-14.36}. Analysis of
oxalato-bridged complexes have been prepared and the structural factors that influence the magnitude of the

magnetic interactions allowed to tune the value of the
singlet—triplet energy gap (J values) in oxalato-bridged
* Corresponding author. Fax: +66-43-243-338. dinuclear Cu(Il) complexes from approximately 0 to
E-mail address: sujittra@kku.ac.th (S. Youngme). approximate —400 cm ™' by playing on the nature of

0020-1693/03/% - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/50020-1693(03)00207-X
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Scheme ). Different coordination modes of oxalate ligands known for
oxalato copper (II) complexes.

the terminal ligand (tridentate and/or didentate nitrogen
doners) or of the counter ions, taking advantage of the
plasticity effect of the Cu(ll) coordination sphere
[5,19.21]. Previous theoretical and experimental works
[5.6,16-21] have revealed that the exchange interaction
between the copper ions propagated through the oxalate
bridge is strongly dependent on the geometry around the
copper ions, sensitive to the orientation of the magnetic
orbital of each Cu(JI) relative to the oxalate plane and
the bridging mode of the oxalate group. The actual role
of this ligand modification is to realign the metal
magnetic orbital relative to the oxalate ¢ orbital as the
magnetic exchange pathway is dominated by interac-
tions between the metal d orbitals and the oxalate o
orbitals.

In most cases, the copper tons present a square-
pyramidal structure with two oxygen atoms of oxalate
bridge and two nitrogen atoms of the diamine occupying
the base of the pyramid and the counter anion or a
solvent molecule occupying the axia! position. Some
compounds present an additional bond to X, giving rise
to elongated octahedral coordination. In the literature
compounds have been reported which have a square-
pyramidal and elongated oclahedral geometries in which
one of the oxalate oxygen atoms is in the basal plane

ai—y?

and the other oxygen is apical [4.5,10,12-14,19]
others having a trigonal-bipyramidal geometry arount
the copper atoms [15).
It is extremely difficult 1o control the
structural parameters during the synthetic p
great difficulties are faced to establish the
structural correlation. In order to extend the i
tion by modifying the terminal ligand to
flexible, nitrogen donor didentate dpyam ligand
describe the synthesis, the crystal structure,
magnetic properties of three new p-oxalato C
complexes,  [Cuz(dpyam)s(C20)HCI0,)H(H;0); ¢
[Cuz(dpyam)e(C,00)[(BF)x(H;0); (2) and
pyam);(C204)(NO1)2((CH3),50),] (3). The ligand
pyam has been selected primarily because of the |
that it also has a N-H H-bond donor function
might interfere with the oxalate bridging ligand.

2. Experimental

2.1, Reagents and physical measurements

All reagents are commercial grade materials and
used without further purification. Elemental analyss
H, N) were performed by the Microanalytical §
Science and Technological Research Equipment C
Chulalongkorn University on Perkin—Elmer (
CHNS/O Analyzer. Copper conlent was determis
on atomic absorption spectrophotometer.

IR spectra were recorded with a Biorad FIS
FTIR spectrophotometer as KBr pellets/and or
mulls in the 4000—450 cm ~* spectral range. So
{diffuse reflectance) electronic spectra were record
polycrystalline samples on a Perkin—Elmer
spectrophotometer over the range 8000-18000 cm
X-band powder EPR spectra were obtained on
RE2x electron spin resonance spectrometer using DFf
(g =2.0036) as a standard. Magnetic susce]
measurements (5-280 K) were carried out
Quantum Design MPMS-5 5T SQUID magnetom
(measurements carried out at 1000 Gauss). Dala w
corrected for magnetization of the sample holl
for diamagnetic contributions, which were es
from the Pascal constants.

2.2, Syntheses

Caution! Although the perchlorate salt describet
this work do not appear to be sensitive to sho
material, like all perchlorate salts can be po
explosive with organic sclvents. Only a small am
material should be prepared, and it should be hand
with caution.
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2.2.1. [Cuz(dpyam)  p-C304) J(ClO4)( H,0) 3 (1)

Compound 1 was prepared by adding a hot methanol
solution (40 ml) of dpyam (0.342 g, 2.0 mmol) to a hot
aqueous solution (60 ml) of Cu(ClO4), (0.371 g, 1.0
mmol). The mixture was heated at approximately 70 °C
with continuous stirring for 10 min, then solid Na,C,Oy4
(0.134 g, 1.0 mmol) was added. The resulting hot
solution was filtered off to remove any impurities, After
standing at room temperature (r.t.) for a week, green
needle-like crystals of | were obtained. Yield approxi-
mately 75%. Anal. Calc. for C42H42C12CU2N120]5: C,
43.76; H, 3.67; Cu, 11.03; N, 14.58. Found: C, 43.69; H,
3.60; Cu, 11.10; N, 14.61%.

2.2.2. [Cuz{dpyam) (u-C20,) J(BF,)2(H;0) 3 (2)

A solution containing dpyam (0.342 g, 2.0 mmol) in
ethanol (20 ml) and Na;C,0, (0.068 g, 0.5 mmol) in
water (10 ml) was added to a solution of Cu(BF,),
(0.237 g, 1 mmol) in water (10 ml). The resulting green
solution was allowed to evaporate at r.t, After 2 weeks,
green crystals of [Cux(dpyam)y(p-C204)I(BFy4)2(H20);
{2} were obtained which were filtered off, washed with
water and were dried in air. Yield approximately 60%.
Anal. Calc. for C42H42B2CL12F3N1207: C, 4474, H, 3.76;
Cu, [1.27; N, 14.90. Found: C, 44.82; H, 3.68; Cu, 11.33;
N, 14.85%.

2.2.3. [Cuyldpyam);(p-Cr04)(NO3)z((CH3):50);]
(3)

Compound 3 was prepared by adding a hot dimethyl-
sulfoxide (10 ml) of dpyam (0.342 g, 2.0 mmol) to hot
aqueous solution containing Cu{NQO;).(H;0); s (0.465 g,
2.0 mmol} and H,C;04 (0.126 g, 1 mmol) in dimethyl-
sulfoxide (23 ml). The green solution was allowed to
evaporate at r.t. After a week, green crystals of
[Cux{dpyam),(p-CrO{NO3)(dmso),] (3) formed which
were filtered off, washed with mother liquor and air-
dried. Yield approximately 95%. Anal. Calc. for
ngHgoCUzNgOuSz: C, 3727, H, 361, Cu, 1517, N,
13.37. Found: C, 37.34; H, 3.55; Cu, 15.12; N, 13.44%,

2.3, Crystallography

Reflection data for 1 were collected using an Enraf—
Nonius MACH3 diffractometer with Mo Ko
radiation(4 =0.70183 A) at 298 K. An absorption
correction was petrformed by using the Psi-scan pro-
gram, which resulted in transmission coefficients ran-
ging from 0.917 to 1.000. The structure was solved by
direct methods using SHELXs-97 [40] and refined by the
least-squares method F2, using SHELXL-97 [41]. The
non-hydrogen atoms were located on the E map or
successive Fourier difference syntheses and anisotropi-
cally refined. All other hydrogen atoms were geome-
trically fixed and allowed to ride on the attached atoms
except the water hydrogen atoms, which could not be

located at all. One of the perchlorate groups showed
disorder which was resolved in two sets with occupan-
cies of 0.5 for both conformers.

Reflection data for 2 were collected at 298 K on a {K
Bruker SMART CCD area—detector diffractometer
using graphite monochromated Mo Ka radiation {1 =
0.71073 A} at a detector distance of 4.5 cm and swing
angle of —35°, A hemisphere of the reciprocal space was
covered by combination of three sets of exposures; each
set had a different ¢ angle (0, 88, 180°) and each
exposure of 10 s covered 0.3° in w. Data reduction and
cell refinements were performed using the program
SAINT [42]. An empirical absorption correction by using
the SaDABs [43] program was applied, which resulted in
transmission coefficients ranging from 0.659 to 1.000.
The structure was solved by direct methods and refined
by full-matrix least-squares method on F5 with aniso-
tropic thermal parameters for all non-hydrogen atoms
using the SHELXTL-PC V 5.03 software package [44]. All
hydrogen atoms were geometrically fixed and allowed to
ride on the attached atoms. Two BF; ™ groups and
three water molecules are disordered with site occupan-
cies of 0.5 for both conformers. The hydrogen atoms of
the lattice water molecules could not be located at all.

A crystal of compound 3 was selected and mounted to
a glass fiber using the oil-drop method. Data were
collected on a Rigaku AFC-78 diffractometer (graphite-
monochromated Mo Ka radiation, w-20 scans). The
intensity data were corrected for Lp, for absorption (psi-
scan absorption correction) and extinction. The struc-
tures were solved by direct methods. The programs
TEXSAN [45], SHELXs-97 [50], SHELXL-97 [41] were used
for data reduction, structure solution and structure
refinement, respectively. Refinement of F° was done
against all reflections. The weighted R factor, wR, and
goodness of fit § are based on F°. Conventional R
factors, R, are based on F, with F set to zero for
negative F°. All non-H atoms were refined anisotropi-
cally. The H atoms were introduced in calculated
positions and refined with fixed geometry with respect
to their carrier atoms.

The molecular graphics were created by using
SHELXTL-PC [44]. The crystal and refinement details
for compounds 13 are listed in Table 1.

3. Results and discussion

3.1 DESCF!pﬁOﬂ of[Cuz(dpyam);(CzO.,)]Xz(H;O)j
(X=(ClO,4) (1) and (BF,) (2))

The structures of 1 and 2 are made up of oxalate
bridged non-centrosymmetric  difiuclear  cations
[(dpyam)2Cu(C204)Cu(dpyam)2]2+, non-coordinating
ClO4 -~ and BF, ~ anions and water molecules of
crystallization. The structures are depicted in Figs. !
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Table 1
Crystal and refinement data for complexes 1, 2 and 3
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Complex 1

—

Molecular formular

Molecular weight 1152.8
T(K) 293(2)
Crystal system triclinic
Space group P,

a (A) 9.599(2)

b (A) 11.206(2)
c (A 12.480(3)
a (") 73.22(3)
B 77.84(3)

T (%) 76.88(3)

¥ (A% 1236.5(4)
FA 1

Do {gem™h 1.542

# (mm) 1.046

F (000} 588
Crystal size (mm) 0.30 x 0.42 x 045
Reflection collected 4834
Unique reflections 4834 (R;,, = 0.0000)
Observed ref. [f > 24(1)) 4349
Data/restraints/parameter 4834/3/694
Goodness-of-fit 1.076

Final R indices {F > 20 (7))
R indices (all data)
Largest difference peak and
hole (e A~

R, =0.0383, wR;=0.1079
Ry =0.0442, wR; = 0.1170
0.854, —0.472

- Ry = 0.0464, wR; =0.1401
R, = 0.0547, wRy = 0.1497
0.946,

2 3
[Cuax(dpyam)y{C:04)I(ClO)HH10)  [Cua(dpyam)o(CaO4)|(BFa)2(H:0)3  [Cus(dpyam)s(Cr04NOy)2((CH;3)50);

1126.5 B37.76

293(2) 297.76

triclinic triclinic

P, PT

9.629(2) B.7H9(0)

11.170(2) 8.980(%)

12.381(2) 11.421{0)

T381(2) 68.58(0)

78.15(2) 77,790}

76.59(2) 80.58(0)

1229.7(2) 808.87(1)

t 1

1.516 1.720

0.956 3.495

569 428

0.33 x 0.45 x 0,75 0.35 x0.35 x 0.22

9078 3T

7711 (R = 0.0179) 2964 (Rig, = 0.0281)

6519 2828

T71113/679 2964/0/228

1.020 1,247

Ry =0.0512, wR; =0.1363
Ry =0.060747, wR; =0.1615

—0.455 0.968, —0.554

and 2 together with the numbering scheme. Selected
bond distances and angles are listed in Table 2,
Compounds T and 2 are found to be isomorphous and
isostructural, the copper coordination spheres in both
complexes display a identical environment. Each copper
atom in 1 and 2 has a compressed rhombic octahedral
coordination geometry with the equatorial plane formed
by two nitrogen atoms from a dpyam ligand and two
oxalate—oxygen atoms (Cu—N distances vary from
2.095(8) to 2.141(9) A and from 2.094(6) to 2.145(7)
A, for 1 and 2 respectively, while Cu~O distances vary

Fig.
pyam)u(C20)(CI04)(H;0); (1)

I. orTEP 50% probability plot of the cation in [Cu{d-

Fig. 2. ORTEP 50% probability plot of the cation in [Cuy(d-
pyam)o{CON(BF),(H;0); (2)

from 2.141(10) to 2.305(%9) and from 2.189%(8) to 2.252(8),
for 1 and 2, respectively). The axial positions are
occupied by the other nitrogen atoms of the dpyam
ligand {Cu-N distances vary from 2.000(8) to 2.025(8)
and from 2.006(7) to 2.024(6) A, for 1 and 2, respec-
tively), resulting in the rather unique CuN,O,N, " (4 +2)
chromophore. This axially-compressed octahedral (2+
4) geometry is uncommon as most of other dinuclear p-
oxalatedicopper(II} complexes found in literature have
five-coordinate geometries. This geometry has only been
previously observed in the dinuclear oxalato-bridged
Cu" complexes with a tetradentate terminal ligand [11].
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Table 2
Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cux(dpyam){ C204)[(Cl04)2(H0) (n and [Cua(d-
pyam}y(Cy0.)(BF)»(H,0), (2)

m (¢4]
Bond lengths
Cu(l}-N(1) 2.02((9) 2.008(8)
Cu(1)-N(2) 2.136(8) FANNI
Cu(1)-N(4} 2.006(8) 2.024(6)
Cufl)-N(5} 2.095(8) 2.134(8)
Cuf1)-O(1) 2.141(10) 2.229(8)
Cu(l)-O(2) 2.305(9) 22528
Cu(2)-N(7) 2.010(9) 2.021(8)
Cu(2)-N(8) 21419 2.145(7)
Cu(2)-N(10) 2.025(8) 2.006(7)
Cu(2)-N(1) 2.107(8) 2.094(6)
Cu(2)—0(3) 22259 2.208(9)
Cu(2)-0(4) 2.229(8) 2.189(8)
Cu(1)-Cu(2) 5.752(3) 5.745(3)
Bond angles
N(1)-Cu(1)-N(4) 175.4(3) 173.4(3)
N(2)-Cu(1)-0O(1) 165.8(3) 170.7(3)
N(5)-Cu(1)~-O(2) 171.4(3) 166.0(2)
N(2)—Cu(1)-N(5) 97.5(3) 97.1(3)
O(1)-Cu(1)-0G(2) 74.7(3) 74.8(2)
N{N-Cu(2)-N(10) 173.2(4) 175.5(3)
N(8)-Cu(2)-X3) 168.9(3) 166.1¢2)
N(11)-Cu(2)-4) 166.8(3) 170.1(3)
N(8)-Cu(2)-N(I1) 97.3(3) 97.6(3)
(3 —Cu(2)-0(4) 73.7(3) 73.9(3)

This geometry arise due to the flexible nature of the
dpyam ligand compared to the bpy, phen or other
didentate chelate ligands which are found to have a
square-pyramidal structure with the counter anion or
solvent molecule occupying the axial position and the
general formula of [(NN)Cu(p-C04)Cu(NN)X,, ( in
which X =counter anion or solvent molecule} [5-14].
Some compounds of this formula present an additional
bond to X, giving rise to an axially-clongated octahedral
geometry [5-10]. In addition, the compounds 1 and 2
are two rare examples of 244 compressed rhombic
coordination resulting from a pseudo Jahn—Teller
effect. As in almost all the cases of observed Jahn—
Teller compression examined in detail to date, the
apparent compression is due to dynamic interconversion
between two of the possible axial elongations [51,52].

For compound 1, the lattice is similarity further
stabilized by hydrogen bonding between the amine-N
and Ocioq (N --O distances 3.059-3.334 A) and Oya00r
(N- - -O distances 2.828—2.843 A) and between the O,qcr
and Ocyo4 (O- - -O distance 3.094 A) and Ogyaiaee (OO
distance 3.002 A).

For compound 2, the lattice is stabilized by hydrogen
bonding between the amine-N and Fggy (N---F dis-
tances 2.974-3.189 A) and Oy, (N---O distances
2.750-2.923 A)

3.2. Description of
[Cusfdpyam j;( C20,4)}(NQ3)2((CH3)280):] (3)

The structure of 3 consists of centrosymmetric
[Cuz(dpyam)a(u-C;04)(NO;3)x((CH3),50),]  molecules.
This unit is depicted in Fig. 3 together with the
numbering scheme. Selected bond distances and angles
are listed in Table 3.

The geometry around the copper atom can be
considered as an elongated tetragonal octahedral envir-
onment with the equatorial plane formed by two
nitrogen atoms of dpyam ligand and two oxygen atoms
of the oxalate bridge (Cu—-N/Q distances vary from
1.986(2) to 2.002(2) A), with the axial sites occupied by
an oxygen atom of the nitrato group {Cu—0O 2.502(2) A)
and the oxygen atom of the dimethylsulfoxide group
(Cu-0 2.331(2) Al. The copper—copper distance is
5.220(2) A. The axial O-NO—Cu-0S(CH;); angle is
174.8(7)° and the four donor atoms on the equatorial
plane are not perfectly planar, showing a small tetra-
hedral distertion, with a dihedral angle of 7.2° formed
between the O-Cu-O and N-Cu-N planes. The
copper atoms are displaced by 0.0770 A from the basal
planes toward O(4).

The lattice is further stabilized by hydrogen bonding
between the amine-N and an Opngs of a neighbouring
unit with a distance of 2.8551 A, resulting in a polymeric
chain.

3.3. Structure comparisons

The compounds 1 and 2 are found to be isomorphous
and isostructural, and have compressed rhombic octa-
hedral CulN,O,N ; chromophores. The most similarity
to the stereochemistry of both complexes are found in
the oxalato-bridged dimers [Cuy(bispicen)(C04)]-

Fig. 3. orTRP 50% probability plot of {Cux{dpyam)(C04}{NG,).-
({CH4):50),] (3} Atoms with an “A’ are generated by an inversion
centre.
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Table 3
Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses for
[Cu;(dpyam):(C;0,KNO3):((CH;),80),] (3)

Bond lengths

Cu(1)-N(1} 1.986(2) Cu(l)-N(2) 2.002(2)
Cu(1)-0(1) 1.998(2) Cu(1)-0{2) 1.994(2)
Cu(1)-0(3) 2.331(2)  Cu(D)-O4) 2.502(2)
Cu(1)-Cu(1A) 5.220(2)

Bond angles

N(1)~Cu(1)-2) 92.3(2) N()-Cu(l)-O(1) 174.3(8)
O2)-Cu(1}-0(1) 82.2(7)  N(I)-Cu(l)-N(2) 93.3(2)
O{2)-Cu(l)-N(2) 1709(3) O{I)-Cu(1)-N(2) 91.8(7)
N()-Cu(1)-O(3) 88.2(6) O(2)-Cu(1)-O(3) 93.5(7)
O{1)-Cu(1)-0(3) 93.5(5) O{4)-Cu({1)-N(1) 86.6(7)
O{4)-Cu(1)-N(2} 85.5(7  O4)-Cu{l}-O(I) LT
O{4)-Cu(1)-0(2) 87.7( O{4)-Cu(i)-O(3) 14.8(7)

Symmetry code: A= —x, —p+1, —=z.

(Cl04); (9), [Cup(bispicMezen)(C;04))(Cl04), (10),
which have the compressed octahedral CuN,O;N ;
chromophores (see Table 4). Related complexes are
[Cua(bpy)a(C204)(NO3)(Ho0)]  (4),  [Cuz{mpym),-
{C204)(NO;)2(H20)] (&) {Cuy(deen)y(Cy04)-
(Cl04)2(H20),] (6),and [Cuy(tacn);(C;0s0Cl04);] (7)
(Table 4), which have an e¢longated octahedral
CuN;0,0'0" and CuN;0;0 chromophores, respec-
tively, similar to the CulN,0,0’0” chromophore geo-
metry of 3. There is some similarity to other dinuclear p-
oxalato dicopper(IT) complexes which exhibit a square-
pyramidal structure with two oxygen atoms of oxalate
bridge and two nitrogen atoms of the diamine occupying
the base of the pyramid and the counter anion or a
solvent molecule occupying the axial position [12-14].
There are some differences to the elongated octahedral
complex [Cu2(bpca)z(CZO.;)(Hzo)z](Hzo)z (8) involving
the oxalato-bridged occupying axial and equatorial
coordination sites and the trigonal bipyramidal complex
[CuxEtsdien),(C,04))(BPhy),] (in which FEtsdien is
1,1,4,7,7-pentaethylenetriamine) [15].

The coordination around the Cu ion of 1, 2 can be
best described as an axially-compressed octahedral (2+
4) geometry [11], and differs from those of 3, 4, 5, 6, 7
which have an axially-elongated octahedral (4+2)
geometry [5-10].

3.4. IR and electronic spectra

3.4.1. IR spectra

The IR spectra of 1 and 2 display characteristic bands
of the asymmetric oxalate bridging ligand [6.8-10): vyym
(c—0) at 1647s, vyym (c.0) at 1375m and do-c—o) at 843m
cm ™! for 1; Vagym (C-0y at 16428, vym (c_oy at 1370m and
do-c_o) at 845m cm~' for 2. The ClO4 ~ group
vibration near 1100 cm™' splitting into three sharp
peaks at 1090s, 1116s and 1142s cm ! and the BF, ~
group vibration near 1100 cm ™' splitting inte a sharp

Table 4

Structural data and magnetic properties for 10 selected oxalato-bridged Cu(ll) complexes

deu-cu (A)  Dihedral angle® Mode of magnetic interaction  J (cm™') Ref.

Oxalato-bridged Coordination

Geometry®

Donor set

Compound”

this work
this work
this work

5]
G|
8]
9

U U M g g &4 @ O o U

5.176

5.631
5.608
5494

egq-eq
eq~eq
eq-eq

com. Oct
com. Oct
ong. Oct
ong. Oct

ong. Oct

“  elong. Oct
ong. Oct

ong. Oct

m. Oct

com. Oct

0.N,N;
OZNZNZ'
;N0
OyN,0

Cux{dpyam)z(Cy0.)(NO;),(DMSO0),] (3)
Cuy(bpyi{C04)(NO;)2(H,0);] (4)
Cux(mpym)(C;04)(NO,)2(H,0)] (5)
Cux{deen)(C20,CHO4)2(H20);] (6)

Cuz{tacn ) C2040(C104);] (N
Cu(bispicMesen){CL0(Cl04); (10)

Cux{dpyam)a(C100HClON(H20); (1)
Cux{dpyam)s(C,04){BF,),(H200: (2)
Cus{bpca)s( C204XH;0);](H,0); (8)
Cujy(bispicen)y(C,0)](CI0,); (9)

deen = N, N-diethylethane-1,2-diamine; tacn = 1 4,7-triazacyclononane; bpea = bis(2-pyridylmethyt)1-3,3-propanedia-

N,N’-bis(2-pyridylmethyl)-N-N-dimethyl-1,2-cthanediamine.

meripirizole;

2,2’-dipyridine; mpym
N N -bis(2-pyridylmethyl}-1,2-ethanediamine; bispicMe2en

com.Oct = compressed octabedral; elong. Oct = elongated octahedral.
¢ Dihedral angle between the basal and oxalate

9 Not reported.

di-2-pyridylamine; bpy

* dpyam
mine; bispicen

planes.

b
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peak at 1075 cm~' and a shoulder at approximately

1055 em ™', indicates ClO, ~ ions in 1 and BF, ~ ions
in 2 involved hydrogen bonding [46,47).

Compound 3 displays the characteristic bands of the
symmetric oxalate bridging ligandv,symc—o) at 1650s,
Viymec.oy AL 1370m and 0 ¢ oyt 840m cm ™} . The
bands observed at 1380s, 1320s,1080m cm ™' suggest
monodentate coordination of the nitrate ion [6] and the
SO stretching appear at approximately 1023w cm ™',
indicative ol the presence of the dimethylsulfoxide

ligand in 3 [48].

3.4.2. Electronic spectra

The electronic reflectance spectra of 1 and 2 consist of
two clearly resolved peaks at 14050 and 8800 cm ! for
1 and 13970 and 8700 cm ™' for 2. These spectra are
consistent with the compressed rhombic octahedral
stereochemistry and assigned to be the d,_;—d.. and
the d,., d,,, d,. —»d.; transitions. That of 3 has a broad
peak center al 14700 cm ™!, with a poorly resolved
shoulder 1o low energy at approximately 10600 cm ™',
corresponding to the elongated octahedral geometry,
This suggests the assignment of the bands as the d,.,

d,.,d,, »d, . andd_;—d,._. transitions, respectively.

- — J_'

3.5. EPR and Magnetic properties

The room temperature X-band powder EPR specira
of compounds 1 and 2 display a broad absorpticn
centered around g of 2.14. At the high-field side (g =
approximately 1.94) a small shoulder is observed which
is due to a signal from the triplet state with a very small
zero-field splitting. No half-field signal was observed at
RT.

Both compounds were also measured as solids at 77
K, in which cases the signal appears as more resolved
with non-split signals at g, =2.10, g, =2.27 for 1 and
g1 =210, gy =2.33 for 2, corresponding to the pattern
of Cu(ll) in an elongated geometry, g4 > g >2.0 with
the d,._. ground state. This suggest that the apparent
compressed geometry at room temperature could be
caused by a dynamic Jahn—Teller effect [51.52]. This is
because compounds I and 2 adopt the time averaged
structure found crystallographically which arise due to
the short time scale of the X-ray technique, but the EPR
spectra at 77 K are related to the underlying static axial
elongated chromophore [51.52]. Also the half-field
signal at approximately 1600 G, corresponding to
AM = +2 transition was observed, which indicates
that indeed a weak interaction between two Cu(Il)
ions within these compounds is present.

Compound 3, measured as a powdered solid displays
at RT an asymmetric broad resonance with a center at
g=2.12. The observed triplet signal is not resolved,
apparently due to exchange narrowing resulting from
nearby triplet molecules in the lattice. At 77 K a weak

resolved signal is observed, with bands assigned for H,,
at 2691 G, Hyyy at 3014 G, Hyoys at 3218 G and H; at
3316 G. On the low field side of the AM = +1 signal of
compound 3 a seven-line Cu hyperfine resonance
centered at g =2.44, with an average spacing of 88 G,
is observed. The seventh line of this pattern is obscured
by the intense signal of the perpendicular component.
Such a seven-line pattern, is evidence for the parallel
AM = +1 transition and indicative for a small zero-figld
splitting parameter, D {49.50,53-56]. No half-field
signal was observed in this case. So the observed signal
is typical for triplet Cu(Il) dinuclear in an isolated state
with D = approximately 0.03 cm ™' [49,50].

From the magnetic susceptibility (vide infra) at 77 K
the compound is almost diamagnetic, so the observed
resonances are likely to originate from a smali para-
magnetic impurity and a small amount of triplet signal
thermally accessible at 77 K.

The exchange interaction between the copper ions via
the oxalate bridge is known to be strongly dependent on
the geomeiry around the Cu ions, the orientation of the
magnetic orbitals in respect to the oxalate plane and the
bridging mode of the oxalate group, which favours the
antiferrothagnetic interaction {5,6.16-21]. This interac-
tion is weakened by structural distortions, such as the
displacement of the copper atom out of the basal plane,
the non-planarity of the Cu—ox—Cu framework and the
tetrahedral distortion of the basal plane.

In compounds 1 and 2 the short Cu-L bonds result in
magnetic orbitals that do not coincide with the oxalate
ligand plane and therefore any significant antiferromag-
netic interaction is not present. Instead a weak ferro-
magnetic interaction is seen and this agrees well to
related systems from literature {10.11].

The magnetic susceptibility of the powdered com-
pounds were measured from 5 to 280 K. At 280 K pris
2.62 ug for 1 (2.64 pp for 2) which agrees well with the
spin-only value of Cu(lI) calculated for two uncoupled
spin = 1/2 centres. Upon cooling these values are staying
almost constant between about 2.64 and 2.61 pp until at
about 50 K it raises gradually to reach 2,77 ug at 5K for
1 (2.80 uy for 2). This is typical for a very weak
ferromagnetically coupled Cu(Il) dinuclear compound.
To reproduce this behaviour the theoretical expression
of the magnetic susceptibility of spin = 1/2 dimer, arising
from the hamiltonian i = —J 5;-8,, has been consid-
ered, including possible intermolecular interactions, in
the molecular-field approximation ([53], p. 132} ym =
QN KT —(2 213 +exp(—=JITIN] =" [3+exp(—J/
kT~ " (1 —p)+ xpp where J is the singlet—triplet energy
gap (negative value for antiferromagetic and positive
value for ferromagnetic interaction) and NV, g, §, & and
T have their usual meanings. The parameter p denotes
the molar fraction of paramagnetic impurity in the
sample ([S3], p. 107) and zJ’ the interaction between
neighbouring dinuclear identities.
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Minimisation of the expression R = Z(Zous— Xcalc) /X
%, Tesulted in the best-fit parameters J =242 ecm™ !,
g=2.12 and zJ' and p=0 with R=4.8x107* for
compound 1 (see Fig. 4(a)) and J=3.38cm ™!, g =2.10
and zJ and p =0 with R =2.8 x 107 for compound 2
(see Fig. 4(b)), which confirms the ferromagnetic type of
the intradimer interaction.

The dinuclear unit is slightly folded in a chair from
and the dihedral angles between the basal and the
oxalate planes and the Cu—Cu distance are 5.752 A in
1 and 5.745 A in 2. The magnetic orbitals are perpendi-
cular to the oxalate plane, so the overlap of the Cu(ll)
orbitals do not coincide with the oxalate o orbitals. This
situation is corresponding to the coordinate mode ¢
(Scheme 2) and consequently (as in fact the value of the
exchange coupling (J) in a Cu(Il} dimer is decomposed
in two terms, of which one is antiferromagnetic (J4r)
and the other is ferromagnetic (Jg) according to J=
Jap+Je)} when the antiferromagnetic term is almost
zero, the ferromagnetic term is predominant, which is
confirmed by the susceptibility measurements presented
above.

The temperature dependence of the molar magnetic
susceptibility yp of 3, measured on a powdered sample,
is shown in Fig. 5 down to 5 K. At 280 K, y», is equal to
1.6 x 1072 em® mol~! and decreases when cooling
down and reaches almost zero at about 40 K. From
40 to 5 K the yy increases a little to 0.4 x 10~ cm?
mol ™', The susceptibility data were fitted using the
formula mentioned earlier with minimisation of the
expression R = X(yops~ xc,k)zlz zﬁ and resulted in the
best-fit parameters J=—-305cm™ ', g=2.14and zJ =
007 and p=1x 10~ 2 with R =0.6%, which confirms
the strong antiferromagnetic type of the interaction. The
measurements were repeated several times, but special in
the high temperature area the fit is not so good, resulting
in a somewhat high R value.

Compound 3 exhibits an elongated octahedral geo-
metry and in this case the Cu(Il) orbitals interact with
the oxalate o orbitals, which is consistent with the
coordinated mode a (Scheme 2) and a strong antiferro-

25 — T T v

{a) T

(b}

N N (©)

Scheme 2. Three models predicting the magnetic interactions in
oxalate-bridged Cu(li) complexes (X—O (1) or N {2)).
0.03201

009154

nomoﬁ

Chi (em* oty

0.0005 -

0.0000

T T T
50 100 150 0 50

Fig. 5. Temperature dependence of yp vs. T for compound 3. The
solid lines represent the calculated curve (see text).

magnelic interaction is expected, which is confirmed by
the magnetic susceptibility measurements presented
above and also with similar cases known in the literature
[5.8).

2604

L) 0O

Fig. 4. Temperature dependence of pq vs. T for compound 1 (a} and compound 2 (b). The solid lines represent the calculated curve (see text).



8. Youngme et al. | Ingrganica Chimica Acta 353 (2003) 119-128 127

4. Conclusions

Three new Cu{Il) dinuclear oxalate bridged com-
pounds are presented in this study with the ligand
dpyam together with their spectroscopic and magnetic
results. Compounds 1 and 2 display a compressed
thombic octahedral geometry, with asymmetrically
bound oxalato ligands and have a weak ferromagnetic
interaction between the Cu(Il} atoms. On the other hand
compound 3 has an elongated tetragonal octahedral
geometry with a symmetric oxalato bridge and displays
a strong antiferromagnetic interaction.

5. Supplementary material

Crystallographic data (excluding structure factors) for
the structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No.
19497274 for structures 1, 2 and 3, respectively. Copies
of the data can be obtained free of charge on application
to The Direclor, CCDC, 12 Union Rgad, Cambridge
CB2 1EZ, UK (fax: (internat.} +44-1223-336-033,
e-mail: deposit@ccdc.cam.ac.uk  or www: hup/f
www .ccdc.cam.ac.uk).
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Abstract

Two dinuclear Cu" complexes of formula [Cux(dpyam)s(-C20)(PFe)x(H20)2 (1) and [Cus(dpyam)s(u-
Cr04)(NO;)(DMF),} (2) (dpyam = di-2-pyridylamine) have been synthesized and their spectroscopic and
magnetic properties characterized. Complex (/) crystallizes in the non-centrosymmetric monoclinic space group
Pc, while {2) crystallizes in the non-centrosymmetric triclinic space group P1. Compound (7) involves the
compressed octahedral Cu" environment, whereas {2} exhibits an elongated octahedral Cu'' geometry. Both
complexes contain six-coordinate metal centers bridged by planar bis-didentate oxalate group. The geometry,
spectroscopic properties and the effective magnetic moment of (7} are very close to those of the recently published
[Cux(dpyam)y (1-C204)](C10,4)2(H20): and [Cus(dpyam)a(p-Co04)HBF4):(H;0);. Thus (1) is expected to exhibit a
very weak ferromagnetic interaction between the Cu'' centers which is confirmed by EPR spectrum. Those of (2)
are comparable to those of the recently published {Cux(dpyam),(u-C704XNQ;):{DMSO);]. Therefore a strong
antiferomagnetic interaction is expected. The effective magnetic moment at room temperature of (/) was measured
to be 2.55 BM/dimer, which agrees with the spin only value of Cu", 2.45 BM calculated for two uncoupled
spin = 1/2 centers. In {2) the room temperature effective magnetic moment of 2.16 BM/dimer indicates the partial
spm paring by antiferromagnetic couphng This is confirmed by the e.p.r. spectrum and is explained as a result of
the magnetic interaction between the coplanar d,2_,z orbitals on the two copper atoms.

Introduction

It is now well-known that oxalato bridges can propagate
magnetic exchange interactions between paramag-
netic metal ions. A number of dinuclear copper com-
plexes with an oxalato bridge, generally formulated as
E(INN); or 2Cu{p-CrO4)Cu(NN), 5 21X, where NN is a
chelating ligand, and X is a counter anion or a solvent
molecule, have been structurally characterized [I-11] in
the past decades.

The previous paper describes the crystal structure,
spectroscopic properties and magneto-structural corre-
lation of complexes [Cux(dpyam)s(u-Co0)KCIOg);
(H20)3, [Cuz(dpyam)s(u-CyO4))(BF4)2(Hx0); and [Cu,
(dpyam)s{p-Cy0,4)(NO3):(DMS0),] [12]. The exchange
interaction between the copper ions via the oxalate

* Author for correspondence

bridge is known to be strongly dependent on the
geometry around the copper ions, which sensitive to
nature of counter anions and terminal ligands. In order
to extend the investigation by modifying to other
counter ions, this paper reports the synthesis, the results
of the structure determination and the magnetic prop-
erties of two new g-oxalato copper(ll) complexes,
{Cua(dpyam) (u-Co0))PF¢)a(H20) (1) and [Cux(dp
yam)x{u-C;0,MNO3}(DMF);] (2).

Experimental
Materials and physical measurements
All reagents are commercial grade materials and were

used without further purification. Elemental analyses
(C. H, N) were performed by the microanalytical Service



of Science and Technological Research Equipment
Center, Chulalongkorn University on Perkin-Elmer
PE2400 CHNS/O Analyzer. The copper content was
determined on an atomic absorption spectrophotometer.

Lr. spectra were recorded with a Spectrum One
Perkin-Elmer .FTIR spectrophotometer as KBr pellets
and, or as Nujol muils in the 4000-450 cm™" spectral
range. Solid-state (diffuse reflectance) electronic spectra
were recorded as polycrystalline samples on a Perkin-
Elmer Lambda2S spectrophotometer over the 8000—
18,000 cm™' range. X-band powder e.p.r. spectra were
obtained on a JEOL RE2x electron spin resonance
spectrometer using DPPH (g = 2.0036) as a standard.
The room temperature magnetic susceptibility measure-
ments were carried out on a Faraday-type microbalance.
The apparatus was calibrated with Hg[Co(NCS),]. Data
were corrected for magnetization of the sample holder
and for diamagnetic contributions, which were esti-
mated from the Pascal constants and the temperature
independent paramagnetism was estimated to be
60 % 107® cm® mol ™! per copper(l1} ion.

Synthesis of complexes (1) and (2)

Complex (1)

Method A. Compound (7} was prepared by adding a~
solution (10 cm?) of oxalic acid (0.063 g, 0.5 mmol) to a
suspension of CuCo; (0.221 g, 1.0 mmol) in H,O
(10 ¢m?). The mixture was added to 2 solution contain-
ing di-2-pyridylamine (0.342 g, 2.0 mmol) in EtQOH
(20 cm?) and potassium hexafluorophosphate (0.184 g,
1.0 mmol) in H;O (10 cm?). The resulting blue solution
was filtered to remove impurities. After two weeks,
green crystals of (/) were obtained. They were filtered
off, washed with mother liquor and were dried in air.
Yield approximately 60%. (Found: C, 41.4; H 3.4; Cu,
i0.3; N, 13.7. C42H40P2CU2F|2N|20(, caled. C. 41.15;
H, 3.3; Cu, 10.4; N, 13.7%)

Method B. Compound (!} was prepared by adding an
aqueous solution (25 cm?) of CuSO45HO (0.249 g,
1.0 mmol) to a solution of hexafluorophosphate
(0.184 g, 1.0 mmol) in H,O (20 cm?), followed by a
solution of sodium oxalate (0.124 g,  mmol) in H,O
(10 cm®) and a solution of di-2-pyridylamine (0.171 B,
1.0 mmol) in MeOH (20 cm®). The resulting green
solution was allowed to stand at room temperature for
two weeks to produce green crystals of (7). The crystals
were separated by filtration and washed with the mother
liquor. Yield ca. 50%. Caled.: C42H40P2CU3F|2N|206I
C, 41.15; H, 3.29; Cu, 10.37: N, 13.71%. Found: C,
41.26; H 3.41; Cu, 10.20;'N, 13.65%.

Complex (2}

A solution containing di-2-pyridylamine (0.342 g,
2.0 mmol) in dimethylformamide (10 cm®) was added
to a solution containing Cu(NGh),-3H,0 (0.482 g,
2.0 mmol) in DMF (20cm” and sodium oxalate

341

(0.068 g, 0.5 mmol) in H,;O (10 cm®). Then DMF
(30 cm®) was added to the resulting green solution
which was filtered to remove impurities. After 4 months,
green crystals of {2) were obtained, which were filtered
off, washed with the mother liquor and air-dried. Yield
ca. 70%. Caled.: ngH;zCH;NmO]z: C, 40.6; H, 3.9; Cu,
15.35; N. 16.92. Found: C, 40.5; H, 3.8; Cu, 15.3; N,
16.8.

Found: C, 40.5; H, 3.8; Cu, 15.3; N, 16.8 Cy3H;,Cu,.
N0, caled.: C, 40.5; H, 3.9; Cu, 15.35; N, 16.9%.

Crystallographic data collection and structure determi-
nation of complexes (1} and 12}

Reflection data for (1) were collected at 298 Kona l K
Bruker SMART CCD area-detector diffractometer
using graphi.lc monochromated MoK, radiation
(A=0.71073 A) at a detector distance of 4.5 cm and
swing angle of —35°. A hemisphere of the reciprocal
space was covered by a combination of three sets of
exposures; each set had a different ¢ angle (0°, 88°, 180°)
and each exposure of 30 S covered (.3° in w. Data
reduction and cell refinement were performed using the
program SAINT [13]. An empirical absorption correc-
tion by using the SADABS [14] program was applied,
which resulted in transmission coefficients ranging from
0.5054 to 1.0000. The structure was solved by direct
methods and refined by full-matrix least-squares method
on F2 with anisotropic thermal parameters for all non-
hydrogen atoms using the SHELXTL-PC V 6.1 software
package [15]. All hydrogen atoms were geometrically
fixed and allowed to ride on the attached atoms. One of
the hydrogen atoms of each lattice water molecule could
not be located and the hexafluorophosphate groups are
well ordered.

Reflection data of (2} were collected on a 4 K
Bruker SMART APEX CCD areca-detector diffracto-
meter with graphite monochromated MoK, radiation
(A = 0.71073 A) (at a detector distance of 6.0 cm and
swing angle of —28°) using SMART program. Raw
data frame integration was performed with SAINT
[13], which also applied correction for Lorentz and
polarization effects. Absorption corrections were ap-
plied using SADABS [14), provided an empirical
absorption correction and put the standard deviations
of measured intensities onto absclute scale. The struc-
tures were solved by direct methods. The software
package SHELXTL V 6.12 [15] was used for structure
solution and structure refinement. All non-H atoms
were refined anisotropically except the nitrate-O atoms
and the methyl-C atoms of DMF. The H atoms were
introduced in calculated positions and refined with
fixed geometry with respect to their carrier atoms. The
nitrate groups are disordered with site occupancies of
0.48 and 0.52 for both conformers. Both methyl groups
of the DMF ligands are also disordered with site
occupancies of 0.44 and 0.56 for both conformers and
some of the methyl hydrogen atoms could not be
located.
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The molecular graphics were created by using SHEL-
XTL-PC [15). The crystal and refinement details for
compounds (1) and (2} are listed in Table 1. Selected
bond lengths and angles are given in Table 2.

Crystallographic data for the structures in this paper
have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication
CCDC No. 227148 and 227149 for structures | and 2,
respectively. Copies of the data can be obtained free of
charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336033;
e-mail: deposit@ccde.cam.ac.uk, www:htip:/fwww.ccde.
cam.ac.uk).

Result and discussion

Crystal structure of [Cuy(dpyam )} Cr04) ] PFg)>
(H:0}: (1}

The structure of (/) consists of a noncentrosymmetric
dinuclear [(dpyam);Cu(C04)Cu(dpyam).)**  cation,
two non-coordinated PFg anions and two crystalliza-
tion water molecules. An ORTEP plot, together with the
numbering scheme of the compound is shown in
Figure 1, with relevant distances and angles in Table 2.

The chromophore of (/} is very similar to the recently
published compounds [Cuy(dpyam)y(C;04)KClO0,):
(H:0); and [Cux(dpyam)(C;04))(BFs}:(H0); [12).
The two copper(ll) ions of the complex cation are

Table 1. Crystal and refinement data for complexes (/) and (2)

linked through an oxalato bridge, leading to a Cu...Cu
distance of 5.737(2) A. The copper atoms are involved
in the rather unique CuN;O;Nj (4 + 2) chromophore,
and lie in the uncommon compressed rhombic octahe-
dral environment. The equatorial coordination positions
are occupied by two oxalate oxygen atoms and two
nitrogen atoms of the dpyam ligand (Cu—0 and Cu—N
distances range from 1.992 to 2.448 A) and the other
two nitrogen atoms from each dpyam ligand in axial
positions (Cu—N bond lengths in the 1.979-2.098 A
range). There is a very slight tetrahedral distortion of the
equatorial planes [dihedral angles between CuN, and
CuQ, planes =3.2° and 1.2° for Cu(l) and Cu(2)
centers, respectively], therefore both four-donor atoms
basal planes are planar [r.m.sd’s=0.0263 and
0.0028 A) and the copper atoms are displaced by
0.0350 and 0.0t168 A from the basal pianes toward
N(5) and N(11) atoms for the Cu{1) and Cu(2) centers,
respectively. The two basal planes are parallel to each
other with dihedral angle of 1.4°. The oxalate divalent
anion is planar (r.m.s.d = 0.0132) and it bridges the two
copper atoms in the nearly symmetric mode of coordi-
nation. The copper atoms deviate by 0.2339, —0.1947 A
for the Cu(!) and Cu(2), respectively, from the oxalate
plane. The dimeric entity is slightly folded in a chair
form, the basal planes make the angles of 7.2° and 5.7°
and with the oxalate mean plane.

The lattice is similarly further stabilized by hydrogen
bonding between amine-N and Fppg (N—O distances
3.075-3.391 A) and Ouuer (N—O distances 2.952-

Complexes (1} (2)

Molecular formula [Cua(dpyam}{(u-C;0.)] [Cux{dpyam)(¢-Cy0,)
(PFg), (Hy0), (NO3 ) CH3 R NCOH)]

Molecular weight 1226.86 §29.73

TK) 293(2) 293(2)

Crystal system Monoclinic Triclinic

Space group Pc Pl

a (.:\) 8.5712(2) 8.353(2)

b ({\) 1131772 9.100(2)

c(A) 25.8680(5) 12.245(3)

a (™ 90 72.035(4)

B 82.6150(10) 75.228(4)

¥ (°J_ 90 78.554(4)

V(A% 2488.39 848 8(4)

z 2 1

Doy (g cm™) 1.637 1.623

# {mm) 1.025 1.330

F (000) 1238 426

Crystal size (mm) 0.25 x 0.30 x 0.43 0303 x 0.253 x 0.106

Reflection collected 17.865 7532

Unique reflections 10.999 (Rin = 0.0407) 6784 (Riny = 0.0101)

Observed ref. [ > 20(/)] 7695 6045

Data/restraints/parameter 10,999/2/707 6784/3/534

Goodness-of-fit 1.035 1.063

Final R indices [/ > 2a(D)]
R indices (all data) )
Largest difference peak and hole (¢ A™%)

Rl = 00657, wRy; = 0.1686
Rl = 0.0944, wRy = 0.1921
1.093 and —0.665

R = SIF~IFITIRoll Ru = {Tw{IFot—iF PiwiFe®"2.

Rl = 00377, wR;y; = (.1011
Rl = 0.0434, wRy = 0.1067
0.365 and —0.389




<

843

Table 2. Selected bond lengths (A) and angles (°) with e.5.d.s. in parentheses of (/) and (2

[Cux(dpyam)(u-CrO)HPF4)(H20: (1)

Cu({1)—N(4) 1.992(10) Cu(1—N(2)
Cu(1)~N(5) 2.049(7) Cu{1)—N(1)
Cu(2}—N(8) 1.979%(9) Cu{2—(4)
Cu(2)—N(11) 2.098(8) Cu(2—~N(10)
Cu(1)...Cu(?) 5.737(2)

N(4—Cu{1-N(2} 93.0(4) N{—Cu(1—X1)
N2)—Cu()-O(1) 86.6(4) N(&)—Cu(1}-N(5)
NE2-Cu(1-N(5) 170.4(3) O(1)—Cu(1)—~N(5)
N(@—Cu{1)—N(1} 96.3(3) N(2—Cu(13~N(1)
O —Cu(1)—N(1) 88.4(3) N(S—Cu(1-N(1)
N{4—Cu({1y—0(2) 99.7(3} N{Z~Cu(1—{2)
O{1)—Cu(i)—O(2) 75.0¢3) N{S—Cu( 1)—0(2)
N()—Cu(1)—~0{2) 163.1(3) N(8)y~Cu(2—0(4}
NE—Cu2y—N(T) 88.7(4) O{4)—Cu(2—N(7}
NGBICu(2-N(I}I  171.5(4) O{4—Cu(2—N(1 1)
N(H—Cu2-N(I1)  90.1(3) N{8)—Cu(2—N(10}
O(4—Cu(2N(10)  87.2(3) N(7T—Cu92)—N(10}
N{1)—Cu(2—N(10)  87.0(3) N{B—Cu(Z—0(3)
O(@—Cu(2—0(3) 75.0(2) N(T—Cu(2)-O(3)
N(UCu2—0(3)  91.%3) NEIOY—Cu(2—0(3)
[Cuy{dpyam{p-Cr0MNO3)A(CH ) NCOH)} 12,

Cu(—N(2) 1.97%(7) Cu(1)—N(l}
Cu(1)—0¢(1) 2.012(6) Cu(1—0(5)
Cu{1y—0(10B) 2.786(2) Cu(i—O(8B)
Cu(2y—O(4) 1.978(5) Cu(2—0(3)
Cu(h)...Cu(2) 5.212(2) .
N(2—Cu(1)—N(1) 90.8(3) N2—Cu(1—0(2)
N(I—Cu{1 —{2) 92.1(2) NE—Cu(1-01)
N()—Cu( 1 —0(1) 170.4(3) O2—Cu(t}—O(1)
N2—Cu{(1—0(%) 89.2(3) N(1—Cu(1y—0(5)
O(2—Cu(l)—0O{5) 96.8(2) Oy —Cu(ty—O(5)
N(4—Cu(2}—N(5) 92.1(3} N{4—Cu(2y—-O4)
N{S—Cu{2)—0{4) 92.8(2) N{4)—Cu{2—(3)
N(S—Cu(2—0(3) 169.2(3) O{4—Cu(2)—0(3)
N{4)y—Cu(2—X6) $0.0(3) N(S—Cu(2)—6)
O4r-Cu(2—(6) 97.8(2) O3 r—Cu(2y-0(6)

2.029(9)
2.424(6)
202U7)
2.448(8)

Cu(1y—0(1)
Cu(1—(2)
Cu(2—N(T
Cu(2—0(3)

1.995(9)
2.191(6)
2.025(8)
2.249(8)

174.7(3)
87.13)

92.5(3)
87.4(3)
102.1(3)
88.6(3)
82.003)
90.9(3)
173.8(3}
89.4(3)
101.5(3)
98.9(4)
79.9%(4)
98.8(3)
162.2(3)

2.005(6)
1.956(7)
L9TXTY
2.295T)

Cu(1—0(2)
Cuf2-N(4)
Cu(2)—N(5)
Cu{2y-0(6)

1.950(6)
2.254(7)
2.679(2)
2.002(6)

173.143)
93.2(2)
82.9(2)
92.7(3)
96.1(3}
170.6(3)
91.¢3)
82.8(2)
93.0(3)
97.4(3)

Symmetry code: 8 x, y. 2—1.

2.965 A) and between the Oyyer and Fpgpq (O—F
distance 3.088 A) and Opyatae (0—0 distances 2.956~
3.348 A).

Crystal structure of [ Cus(dpyam ) (pu-C:04) (NOy) ;
{C3HNO )5} (2)

The asymmetric unit consists of a non-centrosymmetric
dinuclear [Cuy(dpyam)(C0 X NG3)(CisH7NO),] mole-
cules. A drawing of the dimeric structure showing the
labeling scheme is given in Figure 2. Selected bond
lengths and angles are reported in Table 2.

Compound (2} has two copper centers bridged by a
planar bis(didentate) oxalate ligand. The geometry
around each copper(ll) ton is considered as an elongated
octahedral environment with two nitrogen atoms of
dpyam and two oxygen atoms of oxalate bridge (Cu—N/
O distances 1.956(7)-2.012(6) A) in the equatorial plane
CuN;O,, with the axial sites occupied by an oxygen atom
of the DMF group [Cu—0 2.295(7) and 2.254(7) A] and
the.oxygen atom of the nitrato group [Cu—O 2.786 and

2.679 A}, giving an approximately CuN,0,0’0” chro-
mophore (Figure 2). The four basal atoms are not
coplanar, showing a slight but significant tetrahedral
distortion with dihedral angles of 10.2° and 12.4° formed
between the O—Cu—QO and N—Cu—N planes for Cu(l)
and Cu(2) centers, respectively. _Thc copper atoms are
displaced by 0.1259 and 0.1530 A from the basal planes
toward O(5) and O(6) atoms for Cu(1) and Cu{2) centers,
respectively in the opposite side. The dimeric entity is
slightly folded: the equatorial planes make the angles of
12.5° and 15.4° with the mean plane of the oxalate
ligand. As a result, the dinuclear compliex displays a
chairlike structure. However, because of the copper
atoms, the central Cu—OX—Cu corc is planar (see
Figure 2). The copper—copper separation across the
oxalate bridge is 5.212 A. The axial C3;H,NO—Cu—0-
NO, angles are 165.9° and 168.6°. The copper atoms
deviate by —0.2651 and 0.2570 A for the Cu(l) and
Cu(2), respectively from the oxalate planes.

The lattice structure is stabilized by hydrogen bonding
between the amine-N and the nitrate-O of a neighboring
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Fig. I. ORTEP 50% probability plot of the cation in [Cux{dpyam){u-CoO N PFeY(H2Q) £ 7).

Fig. 2. ORTEP 30% probability plot of [Cuy(dpyam)y{u-C3Q4)(NO,)((CH,)NCOTY] (2).

unit with distances of 2.803-3.164 A, resulting in a
polymeric chain.

Structure comparisons

The chromophore of (1) is very similar to the recently
published compounds [Cuy(dpyam}4(Cy0,)(Cl04)
(H,0)3 (3) and [Cuy(dpyam)y(C;0a)[(BF 4)x(H,0)5 (4)
{12], Table 3 which exhibit the compressed octahedral
CuN,O;N; chromophore. The axially compressed octa-
hedral (2 + 4) geometry was rarely found in dinuclear-
p-oxalatodicopper(ii) compiexes. This geometry has
only been previously observed in the dinuclear oxala-

to-bridged copper (II) complexes with a tetradentate-
terminal ligand [7] and differs {rom compounds (2}, and
{5-10) (Table 3) which exhibit axially-elongated (4+2)
structure. The compounds (7], {3) and (4) are three
rare examples of 2 + 4 compressed rhombic coordina-
tion with a didentate-terminal ligand resulting from a
pseudo Jahn-Teller effect. As in almost all the cases of
observed Jahn-Teller compression examined in detail to
date, the apparent compression is due to dynamic
interconvertion between two of the possible axial
elongation [16, 17]. There is some similarity to other
dinuclear-y-oxalatodicopper(ll) complexes which exhi-
bit a square-pyramidal structure with two oxygen atoms



845

Table 3. Structural data and magnetic properties for /2 selected oxalato-bridged Cu(ll) complexes

Compounds* Donor set Geometry® Oxalato- dewcu ¢4y Dihedral  Mode of Jem ') Ref.

bridged angle® magnetic

Coordination interaction
[Cusdpyam)(u-CsO)(PF); - 2H,0 (1) O,;N;N;  comp. oct eq—eq 5737 7.16/573 ¢ - This work
[Cuxdpyam)a(u-C20,{NO1)(DMF)) 12) O;N.0'O elong. oct eq-eq 5213 99/128 a - This work
[Cux{dpyam)y(u-C200HC10): - 3H,0 (3) 0NN, comp. ot eq—eq 5.7152 1L3/11.3 ¢ 2.42 [12]
[Cu{dpyam)u-C:O0)NBFah-3H0 (4} O,NoN,  comp. oct eq-og 5.745 114110 < 3.38 12
[Cux(dpyam){u-CrONNO;)(DMSOY,] (5} O:NO'O  elong. oct  eqeq 522 7.0 a -305 12
[Cua{bpy)(p-C20 K NOa):(H20)4) (6) 0.N;0'0” elong. oct  eq—eq 5.143 4.6 a ~382 f1]
[Cug(mpym)(u-CrO(NO,{H,0)] (7) O,N0°0” elong. oct  eq—eq 5217 d a —142 3
{Cuz{deen)y(i-CrO0XCIO)(H0),] (&) O0,N, 00" elong. oct eq-eq d 3.88 a —300 [4]
[Cuz(tacn)o(4-CoOXClOL)) (9) O;N;O°  elong. oct eq—eq 5.176 d a —4] 5]
|Cu;(bpca)2(,u-C204)(H;0)z](l'l10)2 r1a) 01N30’ clcmg. oct ax—eq 5.631 d b 1.1 6]
[Cua(bispicen)(p-C203KCI10L): (1]) 0.N,N}  comp. oct eg-eq 5.608 d c 2.3 M
[Cua(bispicMeen){u-CoO)(CIOL), (12) O;N:N,  comp. oct eq-eq 5.494 d c 214 71

*dpyam - di-2-pyridylamine; bpy - 2,2"-dipyridine; mpym — meripirizole; deen — N,N-diamine; tacn - 1,4,7-triazacyclonone; bpca — bis{2-
pyridylmethyl}1-3,3-propanediamine; bispicen -~ N, A-bis(2-pyridylmethyl)-1.2-ethanediamine: bispicMezen - N, N -bis(2-pyridylmethyl)-N-N-

dimethyl-1,2-ethanediamine.

* comp.oct — compressed octahedral: elong. oct — elongated octahedral.

¢ Dihedral angle between the basal and oxalate planes.
9 Not reported.

of oxalate bridge and two nitrogen aloms of the diamine
occupying the base of the pyramid and the counter
anion or a solvent molecule occupying the axial position -
[1-10).

Spectroscopic properties

The clectronic diffuse reflectance spectirum of (1)
consists of two clearly resoived peaks at 14.49 and
8.90 x 10° cm~'. This spectrum is consistent with the
compressed rhombic octahedral stereochemistry and
assigned 1o be the d,:_,» — d:and thed,.d,,. d; — d:
transitions. Compound (2} shows a broad band at
1422 x 10° em™', corresponding to the d.:, d,. dy.
d,: — d,;:_,» transition of the elongated octahedral
stereochemistry. The ir. spectrum of (/) displays
characteristic bands of the oxalate bridging ligand [2,
4-6]: vyeym (C—0O) at 16555 and v, ,(C—O) at 1356 m. A
weak signal of the §(0—C—0O) bending at 850 m cm ™ is
superimposed by the strong band at ca. 849 cm™' of the
F—P-F stretching mode of the PF; groups. That of (2)
shows the characteristic bands of the oxalate bridging
ligand: vu5ym{C—0) at 1653s, vy;m(C—0) at 1356 m and
3(0—C—0) at 823 m cm™' and the absorption frequen-
cies at 1384, 1332 and 1034 cm™' suggesting monoden-
tate coordination of the nitrate ion.

The polycrystalline powder e.p.r. spectrum at room
temperature of compound (7) displays a broad absorp-
tion centered around g of 2.09. No half-field signal was
observed at room temperature. Complex (/) was also
measured as solids at 77 K, in which the signal appears
as more resolved at g, = 2.05, g;, = 2.21, corresponding
to the pattern of Cu(ll) in an elongated geometry,
8: > g1 > 2.0 with the d._,» ground state. This
suggests that the apparent compressed geometry at
room temperature could be caused by a dynamic Jahn—
Teller effect [16, 17). This is because compound (/)

adopts the time averaged structure found crystallo-
graphically which arises due to the short time scale of
the X-ray technique, but the e.p.r. spectra at 77 K are
related to the underlying static axial elongated chromo-
phore [16, 17]. Also the half-field signal at approxi-
mately 1600 G, corresponding to AM = +2 transition
was observed, which indicates that indeed a weak
interaction between two Cu(Il) ions within these com-
pounds is present. The effective magnetic moment at
room temperature of compound (/) was measured to be
2.55 BM/dimer, which is comparable to the values of
(3)(2.62 BM) and (4) (2.64 BM) [12]. These values are
close to the spin only value of 2.45 BM expected for two
noninteracting d° Copper(I1) ions.

The structure, structural distortions, electronic and
EPR specira and the effective magnetic moment of
compound (/) are very comparable to those of the
recently published compounds (3) and (4). The mag-
netic orbitals (d.) are perpendicular 1o the oxalate
plane, so the overlap of the oxalate ¢ orbitals. This
situation is corresponding to the coordination mode C,
Scheme 1 and consequently a very weak ferromagnetic
interaction is expected for {7), based on the previously
reported singlet-triplet energy gap (J) of 2.42 em™' for
(3) and +3.38 cm™’ for (4) [12].

The room temperature e.p.r. spectrum of {2) appears
to be an asymmetric broad resonance with a center at
g = 2.10. The observed triplet signal is not resolved,
apparently duec to exchange narrowing, resulting from
nearby triplet molecules in the lattice. That of (2)
recorded at 77 K is better resolved than the room-
temperature and shows resolved hyperfine resonances on
the low field side of the AM = 1 signal due to the
coupling of the unpaired clectrons with two equivalent
copper nuclei and is indicative for a small zero-field
splitting. So the observed signal is typical for triplet
copper (II) dinuclear in an isolated state [18, 19] with a
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Scheme 1. Three models predicting the magnetic interaction in
oxalato-bridged Cu(Il) complexes [X = O (I) or N (2)].

small amount of triplet signal thermalily accessible at
77 K. The weak signals resolved are observed with g, ca.
2.37 and g, ca. 2.07, are likely to originate from a small
paramagnetic impurity. The room temperature magnetic
moment of (2) is 2.16 BM/dimer, which is smaller than
the value of 2.45 BM expected for two noninteracting d°
Cu(Il) ions and is expected to become almost diamag-
netic as confirmed by the EPR spectrum at 77 K.

The structure of (2) displays an elongated tetrago-
nal octahedral, which is very similar to that of
the recently published [12] compound [Cux(dpyam),
(C304)(NO;):(DMSQ),] (5). In this case the copper(1])
magnetic orbital (d._,») interacts with the oxalate ¢
orbital, which consistent with the coordination mode a,
Scheme I. Compound (5) was found to display a strong
antiferromagnetic interaction with a singlet-triplet
gap(/) of —305.1 em~'. Therefore compound (2) is
expected to exhibit a strong antiferromagnetic interac-
tion between copper(Il) ions of a dimeric unit, which is
confirmed by the effective magnetic moment and e.p.r.
spectrum.

Conclusions

Dimeric copper (II) complexes of the form [(dpyam), o 2
Cu(u-C,04)Cu(dpyam); o 2)]X2, have been character-
ized by spectroscopic and magnetic results, Compound
(!) displays the compressed octahedral copper(ll)
geometry with asymmetrically bound oxalate ligand,
which is similar to those the recently published com-
pounds [Cux(dpyam)s(C204))(CI04)2(H50)s (3) and
[Cux(dpyam)s(C04))(BF4)2(H20)3 (4). Thus (1) is
expected to exhibit a very weak ferromagnetic interac-
tion. On the other hand compound (2) has an elongated
tetragonal octahedral gecometry with a symmetric oxalate
bridge which is very similar to the recently characterized
compound [Cuy(dpyam);(C204)(NO;):(DMSO),] (5).
Therefore a strong antiferromagnetic interaction is

expected for the compound (2). These conclusions have
been confirmed structurally and spectroscopically as well
as the efficient magnetic moment. This work confirms
that the exchange interaction between the copper(11) ions
propagated through the oxalate bridge is strongly
dependent on the geometry around the copper ions,
sensitive to the orientation of the magnetic orbital of
each copper(ll), relative to the oxalate plane and the
bridging mode of the oxalate group.
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Abstract

The crystal structures of two copper(1l) complexes containing the ligand di-2-pyridylamine (dpyam) with monovalent H,PO,~
and divalent HPO,?~ oxoanions, [Cu{dpyam)(p-H,P04-0,0'XH2PO,)); (1) and [Cu(dpyam){(p3-HPO,-0,0 ,0")], (2), are reported
and determined by X-ray crystallography. The dinuclear Cu{ll) complex 1 was obtained by the reaction of dpyam with
Cu(NO;3); - 3Hs0 and KH;PO, in a water—ethanot (45/55) mixture. The molecules are linked into dinuclear units by two bridging
didentate dihydrogenphosphate groups {endolexo) in an equatonal—cquatonal configuration giving a slightly distorted square py-
ramidal stereochemistry. The Cu—Cu contact distance of 5.136(2) Ais unusually Jarge due to the exofendo binding of the phosphate
bridges. Complex 2 is a polymeric copper(Il) detivative with helical [Cu(HPQ,)]; units surrounded by dpyam ligands and stabilized
by intermolecular hydrogen bonds. Two nearest Cu(ll) ions are bridged by a tridentate hydrogenphosphate group which is
didentately coordinated to one copper(ll) ion, and monodentately coordinated to another in an equatorial-equatorial configuration
in an unusual bridging coordination mode. Each copper(If) ion in 2 exhibits a tetrahedrally distorted square-based geometry with
the third oxygen atom (Cu-0 =2.719(3) A), from the hydrogenphosphate group weakly bound in an approximately axial position
giving an extremely tetrahedrally distorted square-based pyramidal CuN;G»(Q’ chromophore. The magnetic susceptibility mea-
surements (5-300 K) reveals an antiferromagnetic interaction with J values of —2.85(1) and -26.20{2) cm~! for complexes 1 and 2,
respectively. Some magneto-structural trends are discussed, along with their EPR and clectronic reflectance spectra and compared
with those of related complexes.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Crystal structures; Copper(11) complexes; Dihydrogenphosphate complexes; Di-2-pyridylamine complexes

1. Introduction

The variety of complexes of copper(Il) and didentate
mono{chelating) ligand with monovalent and divalent

*Corresponding author. Tel.: +66-43-202-22241; fax :+66-43-202-
mn.
E-mail address: sujittra@kku.ac.th (S. Youngme).

0020-1693/% - see front matter @ 2004 Elsevier B.V. All rights reserved.

doi:10.1016/.ica.2004.04.027

oxoanions may be grouped in many classes for each
type of oxoanions depending on the coordinating na-
ture [i-23]. Complexes with monovalent oxoanions
formulated as Cu(chelate)(anionl);(H-0), or Cuiche-
late)(anion!)(anion2)H,0), (in which anionl andfor
anion2=NO,~, NO,7, (IO, , CH,CH,COO™,
CH,COO~ or HCOO") were found to exhibit four
classes of local molecular structures, as summarized in
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Scheme 1. These four classes can be described as fol-
lows: Class A: monomeric tetrahedrally distorted
clongated octahedron with an extremely asymmetric
didentate coordination of both oxoanions [1-12]; Class
B: polymeric elongated tetragonal (or rhombic) octa-
hedron with the nearly symmetric didentate coordina-
tion of a basal oxoanion and the bridging didentate
coordination in the axial positions of the second one

A OCOR

{Cux(dpyam):(CeHLCIOCHCOONI( 3) [30]

(N \ <0C“‘-’/Q._‘-. /") _

OCHO
[Cux(dpyam)(OH:(0-CHYL]-HO( 5y [ 17]
o

£

7
%
A
<

ONO
[Cu(dpyam)(NO:}O-.CCH CHx)] (7115}

u,o

\/
/\
o..__/ :

/5 o0 OH;

(4]

(Cu(oaoHXH0R(504)] (9} [33]

(> ’/:/5,

[Cux{oacHa):(H:OR(SO LI 11) [32]

[12-15); Class C: polymeric tetrahedrally distorted
square pyramid with non-bridging monodentate and
bridging didentate oxoanions {16] and Class D: dinu-
clear tetrahedrally distorted square pyramid with
non-bridging monodentate and bridging didentate
oxoanions [8,17].

Complexes with divalent oxoanions formulated as
Cu(chelate)(anion){(H20), (in which anion = CO;?~ and

[Cux(dpyam)( ONO):(n-ONO),J-2CH,CN (4} [8]

[Cu(dpyam}NO:)-]{ 6} 17]

-2

OH;

-
\

Genne

\/

=]
\,.
o/

[CuldpyamKH;0%:(50:)} (8) {31

o

0,

\u/ \c-—o~
— \0/

[Cu{dpyam}CO:))3HO( 109 {19
o)

Messvsasan

N0

. \ \
C Cu\..__._‘o__.» \)

{Cua(dpyam):(COsk - H0( 12) [23]

Scheme 1. Representation of the coordination medes described to date for the mono{chelate) copper(11) complexes with monovalent and divalent

oxoanions.
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$0,27) exhibit five classes of local molecular structures,
namely: Class A: monomeric distorted square-based
pyramid with didentate oxoanion [18]; Class B: potly-
meric distorted square-based pyramid with brdging
tridentate oxoanions [19]; Class C: monomeric square-
based pyramid with monodentate oxoanion [20]; Class
D: polymeric elongated octahedron with bridging did-
entate oxoanions [21,22]; Class E: dinuclear distorted
square-based pyramid with double bridges of tridentate
oxoanions [23].

We now extended our studies towards mono-, di- and
trivalent tetraoxophosphate anions. In this study, the
compounds [Cu(dpyam)(u-H,P04-0,0)(H;PO): (1)
and [Cu(dpyam)(p3-HPQ,-0,0",0")], (2) have been
synthesized and characterized. They contain monova-
lent H:PO,~ and divalent HPO,?~ oxoanions and their
X-ray structures, spectroscopic properties and magnetic
behaviour are investigated and discussed in the context
of a magneto-structural correlation study. These two
structures appear to belong to class D and class B, for 1
and 2, respectively.

2. Experimental

2.1, General

All reagents were commercial grade materials and
were used without further purification. Elemental

analyses (C, H, N} were determined on a Perkin—Elmer
PE2400 CHNS/O Analyzer by the Microanalytical
Service of Science and Technological Research Equip-
ment Centre, Chulalongkorn University.

2.2. Syntheses of the compounds

2.2.1. [Cu(dpyam}(p-H;PO-C,0 )(H PO, ) |2 (1) and
[Cufdpyam)({u,-HPOw-0,0,0") f, (2)

An agueous solution (30 ml) of Cu(NO;);-3H,O
(0.241 g, 1.0 mmol) was added to a solution of dpyam
(0.171 g, 1.0 mmol) in ethanol (15 mi} and followed by
an aqueous solution (20 ml) of potassium dihydrogen-
phosphate (0.272 g, 2.0 mmol). The resulting green so-
lution was allowed to evaporate at room temperature.
After several days, dark green crystals of [Cu{dpyam)-
(p;-HPO4-O,0’,0")],, (2) (Anal. Calc. for C|0H10CUN3-
O4P; C, 36.32; H, 3.05; N, 12.71. Found: C, 36.25; H,
2.98; N, 12.67%) were deposited. Yield: ca. 40%. Sub-
sequently, green needle crystals of [Cus(dpyam)e{ps,n’-
HPOQ,);(NO;3)(H20)(NO3), ' 2H20 (Anal. Cale. for
CuoHasCuyNisO4Ps: C, 33.13; H, 3.19; N, 1545,
Found: C, 33.20; H, 3.04; N, 15.52%) were deposited in
the second crystallization. Yield: ca. 30%. This complex
was obtained as a side product and has also been
characterized crystallographically (to be published sep-
arately). Greenish-blue crystals of [Cu(dpyam)(p-
H,P0O,-0,0')(H;POy)]: (1) were obtained in the final
crystallization. They were filtered off, washed with the

Table 1

Crystal and refinement data for complexes 1 and 2
Complex 1 2
Molecular formula " CaHuCuyNaOsPy C,oH oCuN,;0,P
Molecular weight 857.44 330.72
T{K) 293(2) 293(2)
Crystal system trickinic trigonal
Space group 4] P3f2
a(A) 8.0347(1) 9.6644(1)
b({A) 10.0264(1) 9.6644(1)
¢ (A} 10.5912(1) 10.6841(2)
a(°) 83.21'K1) 90
Ay 70.490(1) %0
7 (%) 69.356(1) 120
V(A" 752.58(2) 864.21(2)
4 2 2
Do (g cm™?) 1.892 1.271
u{mm™") 1712 1.365
F(000) 434 334
Crystal size (mm) 0.15x0.35%0.50 0.28x0.30x0.20
0 Range (°) 2.04-30.48 2.43-30.48
Number of reflections collected 5631 6496
Number of unique reflections 4101 3042
Data/restraints/parameter - 4101/0/269 304241212
Goodness-of-fit 1.065 1.030

Final R indices [/ > 2a(f}]
R indices (all data) .
Largest difference peak and hole (¢ A %)

Ry = 0.0261, wR;, = 0.0752
R, = 0.0281, wR, = 0.0759
0.580 and -0.509

R, = 0.0186, wi, = 0.0451]
R =0.0192, wk; = 0.0452
0.252 and —0.321

R =T R - &I/ IR Ry = [Ewilf| - IRIF MY
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mother liquid and dried in air. Yield: ca. 20%. (Anal.
Calc. for C20H26CU2NGO]EP4: C, 2805, H, 3.03; N, 9.80.
Found: C, 28.14; H, 2.93; N, 9.74%).

2.3. Crystal sttucture analyses

Reflection data for complexes 1 and 2 were collected
at 293 K on a 1K Bruker SMART CCD area-detector
diffractometer using graphite monochromated Mo Ka
radiation (% = 0.71073 A). Data reduction and cell re-
finements were performed using the program SAINT
[24]. An empirical absorption correction by using the
saDABS {25] program was applied, which resulted in
transmission coefficients ranging from 0.790 to 1.000 for
1 and from 0.854 to 1.000 for 2. The structures ware
solved by direct methods and refined by full-matrix
least-squares method on (Fub,)? with anisotropic thermal
parameters for all non-hydrogen atoms using the
SHELXTL-PC V 6.12 [26] software package. All hydrogen
atoms in 1 and 2 were located by diflerence synthesis and
refined isotropically. The molecular graphics were cre-
ated by using SHELXTL-PC. The crystal and refinement
details for 1 and 2 are listed in Table 1.

2.4. Physical measurements

IR spectra were recorded on a Spectrum One Perkin-
Eimer FT-IR spectrophotometer as KBr pellets in the
4000-450 cm™' spectral range. Diffuse reflectance mea-
surements from 9090 to 20000 cm~! were recorded as
polycrystalline samples using a Perkin-Elmer Lambda
25 spectrophotometer equipped with an intergrating
sphere attachment. Barium sulfate was used as the re-
flectance standard. X-band powder EPR spectra were
recorded on a JEOL REZX electron spin resonance
spectrometer using DPPH (g = 2.0036) as a standard.
Magnetic susceptibility measurements (5-300 K) were
carried out using a Quantum Design MPMS-5 5T

SQUID magnetometer (measurements carried out at
1000 G) performed at Leiden University. Data were
corrected for magnetization of the sample holder and
for diamagnetic contributions, which were estimated
from the Pascal constants.

3. Results and discussion
3.1, Description of the crysial structures

3.1.1 [Cufdpyam)(p-H;PO.-0.0 )(HPO.) J; (1)
The structure is depicted in Fig. 1 together with the
numbering scheme. Selected bond distances and angles
are listed in Table 2. The centrosymmetric dinuclear
compound consists of two [Cu{dpyam)(pu-H:POy-
0,0’} (H;PO04)) units being doubly bridged by two did-
entate dihydrogenphosphato anions. The local molecular
structure of the copper atom involves a square pyramidal
CuN;,0,0' chromophore. The basal plane consists of
two oxygen atoms of the two bridging di-
hydrogenphosphato groups, O(5) and O(8A) and of
dpyam ligand coordinated through two nitrogen atoms.
The dpyam ligand chelates in the square plane, almost
symmetrically, with Cu-N distances of 1.991(1) and
1.997(1) A and a bite angle of 88.1(1)°. The equatorial
Cu(1)}-O(8A) and Cu(1)-Q(5) bond distances are slightly
shorter with values of 1.964(1) and 1.987(1} A. The filth
axial coordination site is occupied by one oxygen atom of
non-bridging monodentate dihydrogenphosphato group
at the Cu-Q distance of 2.271(1} A. The four in-plane
atoms, N(1), N{2), O(5) and O(8A) are essentially planar
(r.m.s. deviation 0.0598 A), with a slightly tetrahedral
twist (dihedral angles between the CuN; and CuQ;
planes = 14.0°). The Cu atom lies 0.16 A above this plane
towards O(1). The tetragonality, T = 0.874 based on the
changes in bond lengths {7 =the mean in-plane bond
length/the mean out-of-plane bond length). The r-value

Fig. 1. ORTEP 5% probability plot of [Cu{dpyam){u-H; PO, H;PQ,)]; (1). H-atoms are omitted for clarity. Atoms with an “"A™ are generaled by

an inversion centre.
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Table 2
Selected bond lengths (A) and angles (°) with e.5.d.s. in parentheses of compound 1
Bond lengths
Cu(1-O(8)A 1.964(1) Cu(1)-0G(5) 1.987(1)
Cu(I}-N(1) 1.991(1) Cu(1)-N(2) 1.997(1)
Cu(1}-0(1) 22710 P(1)-O(1) 1.512(1)
P1H-0O(3) 1.519%(1) P(13-0O14) 1.558(1)
P(1)-0(2) 1.581(N) P(2)-0(8) 1.506(1)
P(2)-O(5) L.518(1) P(2)-O(7) 1.558(1)
P(2)-0(6) 1.564(1) Cuf{1}-Cu()A 5.136(2)
Bond angles
OB)A-Cu(1)-0O(5) 89.7(1) O(8)A-Cu(l)-N(l) 89.0(1)
O(5)-Cu(1)}-N(1) 174.11) O(8)A-Cu( 1 -N{2) 167.0(1)
O 5 Cufl)-N(2) 91.8(1) N{1)-Cu([}-N(2) 88.1(1)
O(B)A-Cu(1)-O(I) 96.0¢1) O(5)-Cu( 13- 91.%(1)
N{I}-Cu(1)}-0(1) 94.1(1) N{2)-Cul( 13-O(1) 96.8(1)
O(1)-P(1)-O(3) HS (1) O{11-P(1)-Of4) 112.2(1)
O(3}-P(1)-Of4) 106.9(1) Q1 )-P(1-0(2) 109.2(1)
O3)-P(1)-0(2) 108.5(1) O{4-P(1)-01(2) 104.1(1)
O(8)-P(2)-0(35) 115.601) O(8)-P(2)-O(T) 109.6(1)
O(5-P2)-O(7) 105.9¢1) O(8)-P(2)-0O(6) 112.6(1)
O(5)-P(21-0¢(6) 105.6(1) O(73-P(2)-OK6) 106.8(1)
P(2}-O(5-Cutl) 130.9(1) PO 1) —Cu(l) 122.9(1)
D-H--A () D-H (A) H---A {A) D---A(A) D-H---A ()
Hydrogen-bonding parameters
N()-H(5) - O3} [x. | + y.2] 0.82(2) 2.362(19) 1160319 165(2)
O(4-H{41) O [-x. b ~y. 2 - 1] 0.57(3) 2.023) 2.5825(18) 169(6)
X6)-H{61) - O3} [} —x, 1 ~p 1 2] 0.79(3) 1.84(3) 2.631(2) 172(3)
HD-H) - O3 [ +x.p.5] 0.62(4} 2.05(4) 2.648(2) 164(5}

Symmetry code: A, —x+ 1, -y + L. —s+ 1.

defined to describe the degree of trigonal distortion is
0.12 (r describes the relative amount of trigonality; t = 0
for sguare pyramid and =1 for trigonal bipyramid}
[27]. so the geometry around the Cu(11) atom can be best
described as square-based pyramidal, with only a slight
trigonal distortion. The Cu—Cu distance is 5.136(2) A.
The O(8)-P(2)}-O(5) bridging angle of F15.7(1)° is
larger than 109.5° of the ideal tetrahedral geometry, and
the remaining angles involve less deviation from 109.5°
[O(5)-P(2)-O(T) 105.9(1)°, O(5)-P(2)}-O(6) 105.6(1)°,
O(7)-P(2)-0(6) 106.8(1)° and O(8)-P(2)-0(6) 112.6(1)°].
The coordinated P-O bonds, 1.518(1) and 1.506(1) A,
are shorter than the uncoordinated P-OH bonds,
1.564(1) and 1.559(1) A. These differences are normally
found for the two-coordinate bridging coordination of
the dihydrogenphosphate anion [28]. The non-bridging
monodentate dihydrogenphosphate group involves O—
P-O angles ranging from 104.1(1)° to 115.1(1)°. The P-
OH bonds, 1.558(1) and 1.581(1) A, are longer than the
P=0 bonds, 1.512(1) and 1.519(1) A, which is in usual
observation. The uncoordinated P=O bond distance,
1.519(1) A, is slightly longer than the coordinated one,
1.511(1) A, which is unusual. This difference arises from
the hydrogen bond involved to the uncoordinated P=0
bond. The P=0 distances in both the monodentate di-
hydrogenphosphato group and the dihydrogenphosph-
ato bridge are ranging from 1.506(1) to 1.519(1) A, while

the P-OH bond distances vary from 1.558(1) to 1.581(1)
A. This behaviour is consistent with the general obser-
vation that P-OH bonds are longer than P=0 bonds in
primary and secondary phosphates [28].

The lattice structures are stabilized by a hydrogen
bonding network between the amine N and the oxygen
atom of the non-bridged dihydrogenphosphate anion
with a distance of 3.160(1) A, and between oxygen
atoms of different dihydrogenphosphate groups (O---O
distances vary from 2.582(1) to 2.648(2) A). Details of
hydrogen bonding are given in Table 2 and a projection
of the lattice is shown in Fig. 2

3.1.2. [Cu{dpyam)(u;-HPO~0,0,0") ], (2)

The structure is depicted in Fig. 3 together with the
numbering scheme. Selected bond distances and angles
are listed in Table 3. The structure consists of a neutral
and polymeric chains of [Cu(dpyam)(p;-HPO,-
0,0/,0")] bridged by tridentate hydrogenphosphato li-
gands. The local molecular structure of the copper atom
involves square pyramidal CuN»0,0’ chromophore in
an equatorial-equatorial configuration. The basal piane
consists of two oxygen atoms from two equivalent
bridging hydrogenphosphato groups and of a dpyam
ligand coordinated through two nitrogen atoms. The
dpyam ligand chelates in the tetragonal plane, almost
symmetrically, with Cu-N distances of 1.96%(1} and
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Fig. 2. Showing the lattice structure of complex 1.

1.994(1) A, and a bite angle of 92.0{6)". The equatorial
Cu(1)}-0(1) and Cu(1)}-O(4) bond distances are slightly
shorter with values of 1.946(1) and 1.919(1) A. The third
oxygen atom from hydrogenphosphate group is bent
towards the Cu atom to complete a fifth coordination
site in an_axial position at a much longer distance of
2.119(2) A, generating a distorted square-based pyra-
midal stereochemistry. The four in-plane atoms, N(1),
N(2), O(l) and O(4) are not planar {r.m.s. deviation
0.562 A) and display a marked tetrahedral twist (dihe-
drai angles between the CuN; and CuQ» planes amounts
to 45.56°). The Cu atom lies 0.202 A above this plane
towards O(2A). The copper chromophore can be de-
scribed as having an extremely tetrahedrally distorted

§. Yowungme et al. ! Inorganica Chimica Acia 357 (2004) 3603-3612

square pyramidal geometry with the tetragonality, T of
0.720 and 7-value of 0.12. The Cu-Cu distance is
5.955(2) A.

The hydrogenphosphato group in this compound
involves a quite unusual tridentate p-x-0,0'.0" coor-
dination mode: didentately coordinated to one copper
chromophore and monodentately bonded to another.
Teo the best of our knowledge, this coordination mode of
the bridging hydrogenphosphate present in complex 2 is
unique for the transition metal complexes.

The coqordinated P=0 bonds, 1.519(1), 1.510{2) and
1.531(1) A, are shorter than the uncoordinated P-OH
bond, 1.588(2) A. This is usually found for the three-
coordinate bridging coordination of the hydrogenphos-
phate anion [29]. The tridentate hydrogenphosphato
group involves O-P-O angles ranging from 101.9(1)° to
111.7¢1)°. The lattice structure is stabilized by a hydro-
gen-bonding network between the amine N and an ox-
ygen atom of the hydrogenphosphate group with a short
contact distance of 2.663(3) A and between the oxygen
atom of the hydrogenphosphate group to the oxygen
atom of another hydrogenphosphato group with a
contact distance of 2.528(3) A. The structure contains
chains of Cu ions in the ¢-direction bridged by the
HPO,*" ions in a trigonal way. Two nearest CufII) ions
are bridged by a tridentate hydrogenphosphate group
which is didentately coordinated to one copper(Il) ion,
and monodentately coordinated to another in an equa-
torial-equatorial configuration in an unusual bridging
coordination mode. The helical arrangement of the Cu-
HPOQ;y chain is clearly visible in Fig. 4 with the N ligands
at the outside stacked in the direction of the three-fold
screw axis.

Fig. 3. ORTEP 50% probability plot of the cation in [Cu(dpyam){u;-HPO,)], (2). H-atoms are omitted for clarity. Atoms with an “A” and “B” are

generated by symmetry operations.
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Table 3 3
Selected bond lengths (A) an angles (°) with e.s.d.s. in parentheses of
compound 2

Bond lengths

Cu(1)-0(4) 1.919(1) Cu(1)}-0(1) 1.946({})
Cu(1)-N(I) 1.969(1) Cu(1)-N(2) 1.994(1)
P(13-0O(3) 1.510(1) P(1)-OX1) 1.519(1)
P{)-O(4)A 1.531(1) P(1}-0(2) 1.588(2)
Cu(1)-O(2)A 2.719(3) Cu(1)-Cu(1)A 5.955(2)
Bond angles

O(4)-Cul{10(1} 101.6(1) O{4)—Cu(1)-N(1) 149.7(1)
C{1-Cufl)-N(1) 91.4(1) O(4)-Cu{ 1 -N(2) 93.6(1)
O(1-Cu(1)-N(2} 142.6{1) O(1—Cu(1)-N(2) 92.0(1)
O3)-P(1)-O( 1) 1L O(3F-Pi1-O4)A HL.1(1D)
O(1)-P(1)-O{d)A LLL6(1) O{H-P(1)-0(2) Q.71
O{1)-P(1)-0(2) 109.3(1) O(A-P(1)-0(2) 101.9{1)

Symmetry code: A, x +y+ 1, —x+ 1,2+ 1/3.

3.2. Structural comparison

The square pyramidal CuN»O;0’ chromophore of
complex 1 corresponds to the square pyramidal
CulN>0>0' chromophore observed from the copper en-
vironments of the known dinuclear structures;
{Cuz(dpyam):(CeH;CLOCH,-CO0),] (3) [30], [Cua(d-
pyam):(ONO-0,0')2(p-ONO-0);] - 2CH;CN (4) [8] and
[Cua(dpyam):{OH; XO;CH),)- H20 (5) [17] (Table 4 and
Scheme 1). The structure of 1 and 3, confirms the two-
coordinate bridging coerdination of oxoanions in
equatorial-equatorial and axial-equatorial configura-
tions, respectively. Additionally, there are some differ-
ences in the five-coordinate distortion (r = 0.12 and 0.48
for 1 and 3, respectively), along with the tetragonality
T =0.874 and 0.897 for 1 and 3, respectively. The

CuN,0;Q chromophore of 1 is best described as

square-based pyramidal with a slight trigonal distortion,
while that of 3 can be described as having an interme-
diate geometry between regular square pyramid and
trigonal bipyramidal. The nitrite groups in 4 act as two
non-bridging monodentate anions and two bridging
monodentate anions while the formate groups in 5 act as
three non-bridging monodentate anions and a single
bridging didentate anion. The copper atoms in 4 and 5
are bridged by oxecanion in an axial-equatorial config-

Fig. 4. Showing the lattice structure of complex 2.

uration that is different from the equatorial-equatorial
configuration in 1. The monomeric Cu(il) complexes
shows tetrahedrally distorted elongated etragonal-
octahedral geometry with the long off-the-z-axis coor-
dination of the second oxygen atoms from each
OXO~ ligand in the axial positions (complex 6). While
an important feature of the structures of polymeric
complexes is the two-coordinate bridging coordination
of the oxoanion, which shows an unsymmetrical bond-
ing to the Cu atom in the elongated rhombic octahedral
configuration (complex 7).

The polymeric structure of complex 2 is comparable
to those of complexes with divalent sulfate anton
[Cu(dpyam)(H,0)2(S04)] (8) [31], [Cu(en)(H20)2(SO4)]
[21], [Cu(bpy)(H20):(S04)] [22], [Cu(phen)(H20),(504)]
[32), and [Cu{oaoH1)(H,0):(504)] (9} [33] all having a
polymeric structure with bridging didentate sulfate
groups and coordinated water and are also comparable
to the compound with a divalent carbonate group
[Cu(dpyam)}CO3)]- 3H20 (10) [34] (see Scheme 1 and
Table 5). The Cu atoms in 10 are bridged by the car-
bonate anion in an axial-equatorial configuration, while
in complex 2 the Cu atoms are bridged by the HPQ,
oxoanion In an equatorial-equatorial configuration.
However, they differ from the square-pyramidal mono-
meric complexes, [Cu(tmen){H:0)2(S04)]-H>O [20].
[Cu{dpyam)(CO4)(H20)]- 2H,0 (18} which contains a
monodentate sulfate and didentate carbonate anion.
respectively. The dinuclear complexes [Cu{oaoH:)-
(H>0)S04)]; (11) [33] and [Cu(dpyam}CO3)}2(H.O)
{12) [23] have a square pyramidal structure with bridg-
ing didentate sulfate and carbonate groups in an axial—
equatorial configuration.

3.3. EPR spectra and magnetic properties

The polycrystalline EPR spectrum of compound 1
reveals at room temperature and at 77 K an axial signal
with gy = 2.32 and g, = 2.07. For compound 2 at room
temperature an unresolved isotropic signal is obtained
with g =2.13. At 77 K a more resolved signal is ob-
tained for compound 2 with g; = 2.29 and g, = 2.08.
The signals for both compounds are consistent with the
d,:_,» ground state and a distorted square-based pyra-
midal geometry. No triplet signal has been observed.
Apparently, the dinuclear units in 1 are not isolated
from one another, resulting in exchange narrowing.

The magnetic susceptibility of powdered samples were
measured from 5 to 300 K. The magnetic properties of
compound 1 are given in Fig. 5 in the form of yy and
yma T versus T plots. The xy T value at 300 K of 0.805 cm?
mol~! K, is in agreement with uncoupled spin [/2 centres
(0.375 ¢m? mol~! K per centre with g = 2). Decrease of
xm T is observed upon lowering the temperature starting
from 50 K down to 0.69 cm® mol~! K at 5 K, which is
indicative for a very weak antiferromagnetic interaction.
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Table 4
Structural data and electronic spectra of complex 1 and relevant complexes
Complex Coordination t Chromo- Tetrago-  Tetrahe- Bridging J value Refer-
geometry phore nality dral twist  configura- (cm™'") ences
) tion
Dinuclear
[Cu(dpyam){p-B:PO.-0,0'0H;PO)) (1) dinuclear SP 0,120  CuN:Os 0.874 14.00 equatorial-  ~2.85(1) this
equatorial work
[Cu(dpyam)}{CsH,CLOCH,COO), ), (3)  dinuclear 0.480 CuN,Oy 0.897 axial- -0.8 [30]
dist.SP equatorial
[Cu(dpyam)(ONO-0,0)(u-ONO-0))»- dinuclear 0000 CuN;O, 0.813 axial- (8}
2CH,CN (4} dist.SP equatcrial
[Cuz(dpyam)x(C;CHYL(OH; )] - H,O (5) dinuclear 0,113, CuN:O, 0.841 16,01, axial- nn
dist.SP 0.096 19.35 equatorial
Monomeric
{Cu(dpyam)}(NO;);] (6) monotneric 0020  CuN,0O,0, 03813 31.16 4]
dist.oct.
[Cudpyam) O, CCH;),)-2H,O monomeric CuN,0,0;, 0.764 34,38 [6]
dist.oct.
[Cu(bpy} NO;),] monomeric CuN, 0,0, 0.776 277 9
dist.oct
{Cu(TIMMXNO:);] monomeric CuN, 0,0,  0.792 11
dist.oct
[Cu(BimOBzYNOy )] monomeric CuN:O,0, 0,779 15.6 [
dist.oct
Polymeric
[Cutdpyam){NO; );] polymeric CuN,0,0; 0.824, 7.00, 3.80 [10)
elong.oct. 0.817
[Cu(dpyam}NOs O, CCH,CH3)) (7 polymeric CuN;0:0Q, 0753 axial- [15)
elong.oct. equatorial
[Cu{dpyam)}O;CCH;)(0,CI0,)} - HO polymeric CuN,0,0, 0.765 axial-axial [13]
elong.oct.

dpyam, di-2-pyridylamine; bpy. 2.2"-bipyridine; TIMM, Tris[2-(1-methyl)imidazolyljmethoxymethane: BimOBz, bis(|-methyl-4.,5-diphenylimi-
daz-2-oyl)(benzyloxy)methane; dist.oct.. distorted octahedral; dist.SP. distorted square pyramidal: elong.oct.. elongated octahedral.

The magnetic data were fitted for two interacting
§ = 1/2 centres, based on the general Hamiltonian [34a):
H = —J§; - 5;, in which the exchange parameter J is
negative for antiferromagnetic and positive for ferro-
magnetic interaction. The data were fitted to the equa-
tion given in the literature [34a). Also a temperature
independent paramagnetism (TIP) of the Cu(I1} ions has
been considered. The resulting best fit parameters, cor-
responding to the full lines in Fig. 5, were J = —2.85(1)
cm~! and TIP=20.85%10~% cm® mol~' with g fixed to
2.00.

The magnetic properties of compound 2 are given in
Fig. 6 in the form of y and yu T versus T plots. From
300 K onwards the magnetism is steadily decreasing
down to 0.01 cm® mol~! K at 5 K, indicative for a me-
dium antiferromagnetic coupling between neighbouring
Cu(Il) ions. The maximum in yxy, expected for such
couplings, is observed at 45 K, and a small Curie tail
indicative of paramagnetic impurity is detected below 15
K. The data were fitted using the theoretical expression
for a uniform Heisenberg chain [34]. The possibility of a
percentage of paramagnetic impurity (p) and the TIP of
the Cu(II) ions have been also taken into account, The
resulting best fit parameters, corresponding to the full

lines in Fig. 6 were J = —26.20(2) cm™', g = 1.98(1),
TIP=1x10"% cm?® mol~' and p = 0.3(1)%.

Because of the square pyramidal geometry in com-
pounds 1 and 2 the spin density is mostly in the d.:_.:
orbitals of the copper(II) ions. The H,PO," ™" bridges,
joining the copper atoms in an equatorial-equatorial
configuration, the superexchange coupling through the
phosphate anion (Cu-O-P-O-Cu) can be expected to
be non-negligible. The antiferromagnetic couplings
found in compounds 1 and 2 are thus in agreement
with this structural feature and the large Cu—Cu
distances.

3.4. Electronic and IR spectra

The electronic diffuse reflectance spectrum of 1 shows
a broad band at 14.9x10% cm™'. This observed single
broad peak is consistent with the square pyramidal
stereochemistry and assigned to be dp, d,, d.,
dy: — d,:_,» transition. Complex 2 exhibits a main peak
at 14.4x10° cm™~? with a shoulder at 11.2x10° cm™'.
The transitions may be assigned as the d,, d» — d,=_-
transition for the low-energy peak and the d..,
d,: — d,2_,» transition for the high-energy peak.
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Table 5
Structural data and electronic spectra of complex 2 and relevant complexes

Complex Coordination ¢ Chromo- Tetrag-  Tetrahe- Configura- J value References

geometry phore onality  dral twist tion fem 1)
)

Polymer

[Cutdpyam)}p3-HPO,-0,00,0"), (2) polymeric 0.120 CuN; O, 0.720 45.5 equatorial-  —26.20(2) this work
dist.SP equatorial

Cu(dpyam¥C0O;)-3H,0 (8) polymeric 0.003 CuN,O, 0¥  0.86L axial- [19]
dist, SP equatorial

[Culdpyam)(H,0},(504)} (9) polymeric CuN;0;0; 0.815 15.8 axial-axial [31)
elong.oct

[Culphen)H,0),(504)] polymeric CuN; 0,0} 0.808 axial-axial -3.8 {32
elong. oct

[Cu{eacH;)}(H,0),(80,)] (10 polymeric CuN,0,0; 0.832 axial- -0 [33]
dist.oct equatorial

Monomer

[Cu(dpyam)(CO )} H,0)]- 2H,0 monomeric 0.096 CuN,0, 0.899 50.3 [18]
dist.SP

[CutmenXH;0){50,)])-H,C monomenc 0085 CuN;O; 0.908 207
dist.SP

Dimer

[Cu(oaoH; ) H,OXSO,)); (11) dinuclear 0.145  CuN,O; 0.774 axial— -1.27 [33]
dist. TP equatorial

[Cu(dpyam)(CO5}k - H;0 (12) dinuclear 0.220 CuN;Q; 0.815 549, 5.1 axial- -99 (23]
dist.SP equatorial

dpyam, di-2-pyridylamine; bpy, 2,2'-bipyridine; phen, 1,10-phenanthroline; oaocH;, oxamide oxime; tmen, N.N.N N -tetramethylethylenedi-
amine; dist.oct., distorted octahedral; dist.SP, distorted square pyramidal; dist. TP, distorted tetragonal pyramidal.

* Chromophore A.
®Chromophore B.
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Fig. 5. Plots of temperature dependence of the molar magnetic sus-
ceptibility yy (O) and the yy T product ((J) for compound 1. The solid
lines represent the calculated curves for the parameters J = —2.85(1)
cm! (see text).

The infrared spectrum of complex 1 shows bands at
ca. 1353; 1330, 1112 and 1049; 975 and 88] cm~! and a
broad band at ca. 522488 cm~! characteristic of P-O-
H in-plane deformation, v(P-0), v(P-O-(H)) and §{O-
P-0), respectively, which corresponds to the literature
[28,35-38]. The IR spectrum of complex 2 shows two
strong and one medium band at 1092, 1056 and 968

{

Jow m).["x

(“ I

106186 200 250 306 ©
TK)

] 50

Fig. 6. Plots of temperature dependence of the molar magnetic sus-
ceptibility yy (O) and the yy T product (O) for compound 2. The solid
lines represent the calculated curves for the parameters J = —26.20(2)
em™f, g = 1.98(1) (see text).

em™!, characteristic of a WP-0). The §(0O-P-0) vibra-
tions are found at 585 and 555 cm™' [3941].

4, Conclusions

In this study, two Cu{Il) compounds with the ligand
dipyam containing phosphato bridges are synthesized
and characterized and have both a weakly distorted
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square pyramidal geometry. Compound 1 1s a dinuclear
compound bridged by two phosphato anions. The Cu-
Cu interaction is very weak antiferromagnetic
(/ = —2.85(1) cm~') and is generated via the phosphato
bridge. Compound 2 is a polynuclear compound bridged
by a phosphato group which is didentately coordinated
to one copper atom and monocoordinated to the next
copper atom. The magnetic interaction is weak antifer-
romagnetic (J = —26.20(2) cm~') and occurs also via
the phosphato group in the Cu chain.

5. Supplementary material

Crystallographic data for the structures in this paper
have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication
CCDC Nos. 230043 and 230044 for structures 1 and 2,
respectively. Copies of the data can be obtained free of
charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336033;
e-mail: deposit@ccdc.cam.ac.uk, www:htip:/f'www.ccde.
cam.ac.uk).
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Abstract

A novel tetranuclear u3,n*-HPO,2- Cu(Il) complex with a new coordination mode of a hydrogenphosphato bridge, [Cua(di-2-
pyridylamine)q(13,1n>-HPO, ) (H,0):(NO3 ), J(ING3)(H20), has been synthesised and characterised structurally, spectroscopically
and magnetically. The geometry around the Cu(ll) ions is distorted square pyramidal for Cul and an intermediate between square
pyramidal and trigonal pyramidal, The magnetic susceptibility measurements have been fit for a weak antiferromagnetic interaction
of J=—10.3(1) cm ™! between outer Cu ions and J = —5.3¢2) em ' between inner Cu atoms.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Tetranuclear complexes; Copper(IT) cluster; Hydrogenphosphate complexes; Di-2-pyridylamine; Magnetism

1. Introduction

In the past few years, the design and synthesis of inor-
ganic—organic hybrid materials have been increasinply
developed for their potential application in the fields
of catalysts, biology, electrical conductivity, magnetism
and photochemistry [1]. A number of polynuclear
hydrogenphosphate-bridged metal systems have been
structurally characterised [2] in relation to bioinorganic
models [3] and the relationship between the hydrogen-
phosphato bridging mode and magnetic properties [4].
In recent years, many researches have focused on the
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+66043202373.
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synthesis of inorganic-organic hybrid frameworks con-
taining the phosphate anion (and derivatives) in a bridg-
ing mode [5-9]. Very recently, a tetranuclear compound
with 2,2-bipyridine and a ws-PO4 bridging mode was
published; however, the bridge also contained a bridging
carbonate anion [10].

To obtain more insight into bridging phosphate ani-
ons, we now extended that study using the ligand di-2-
pyridylamine (abbreviated as dpyam). In the present
study, an unprecedented hydrogenphosphato-bridging
Cu(ll) complex, [Cus(dpyam)a(its,n’-HPO4)(H0);-
(NQ3)LJ(NO3)(H,0), (1), with different coordination
geometries of the hydrogenphosphato bridges, is de-
scribed and investigated structurally and magnetically.
To the best of our knowledge, this is also the first Cu(II)
tetranuclear compound with a (3,0 -HPQ,-0",0',0")
phosphate binding mode.
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2. Experimental
2.1. Materials and measurements

All reagents were commercial grade materials and
were used without further purification. Elemental analy-
ses {C, H, N} were determined on a Perkin—Elmer
PE2400 CHNS/O Analyser. IR spectra were recorded
on a Spectrum One Perkin-Elmer FT-IR spectropho-
tometer as KBr pellets in the 4000-450 cm™' spectral
range. Diffuse reflectance measurements from 9090 to
20 000 cm™! were recorded as polycrystalline samples
using a Perkin-Elmer Lambda 28 spectrophotometer
equipped with an integrating sphere attachment. Barium
sulfate was used as the reflectance standard. X-band
powder EPR spectra were recorded on a JEOL RE2x
electron spin resonance spectrometer using DPPH
{g =2.0036) as a standard. Magnetic susceptibility
measurements (5-300 K) were carried out using a Quan-
tum Design MPMS-5 5T SQUID magnetometer (meas-
urements carried out at 1000 Gauss). Data were
corrected for magnetisation of the sample holder and
for diamagnetic contributions, which were estimated
from the Pascal constants.

2.2, Synthesis of the compound 1

221 [Cugfdpyam) s psi-HPO4)2(NOs)3( H20)5]-
(NO;3):(H:Q);

An aqueous solution (30 ml) of Cu(NO1)»-3H-0 (0.24
g, 1.0 mmol) was added to a solution of di-2-pyridylam-
ine {0.17 g, 1.0 mmol) in ethanol (15 ml) and followed by
an aqueous solution (20 ml) of potassium dihydrogen-
phosphate (0.27 g, 2.0 mmol). The green solution was al-
lowed to slowly evaporate at room temperature. After
several days, dark green crystals were deposited, which
have been characterised as being the compound [Cu(d-
pyam)(p-HPO,)],. After filtration, the remaining solu-
tion was allowed to evaporate in the open air and
after a few days green needle shaped crystals of complex
1 were deposited in a yield of 56%. The crystals were fil-
tered, washed with the mother liquid and dried in air.
Elemental Anal. Calc. for Cy4oH4CuaNy¢O24P2: C,
33.13; H, 3.19; N, 15.45. Found: C, 33.20; H, 3.04; N,
15.52%. The infrared spectrum of 1 exhibits strong
bands at 1384 cm™' [y, (NO)), 1313 ecm™! [*(NQ)] and
1111, 1056 and 1012 cm ™" [W(P-0)].

2.3. Crystallography

Crystal' data: C40H42CU4N16024P2, ]TlOl'lOCliniC space
group C2/c, a = 28.4236(1), b = 9.7305(1), ¢ = 22.7510(2)
(A), B=118.183(10)°, ¥ =5546.38(9) A3, u=1.667
mm~', Z=4 and Rl =0051 for 7885 reflections.
Reflection data for complex 1 were collected at 273 K
on a 1K Bruker SMART CCD area-detector diffractom-

" cation, two non-coordinating NO;~

eter. Data reduction and cell refinements were per-
formed using the program sainT [I1]. The structure
was solved by direct methods and refined by full-matrix
least-squares method on (F,,)? with anisotropic thermal
parameters for all non-hydrogen atoms using the sHEL-
XTL-PC [12] software package. All hydrogen atoms were
located by difference synthesis and refined isotropically
except for the lattice water hydrogen atoms (4 H atoms),
which could not be located and are also not fixed. The
molecular graphics were created by using SHELXTL-PC
[12]. CCDC Reference No. 233865. See hitp://
www.ccde.cam.ac.uk for crystallographic data in CIF
format.

3. Results and discussion

3.1. Crystal structure of [Cu..f(dpyam).,(ug,rf-HPO.,)z-
(NO;)2{H0):J{NO;s):(H:0)2 (1)

A plot of the structure is depicted in Fig. 1 with se-
lected bond distances and angles in Table 1. The crystal
structure obtained consists of a centrosymmetric tetra-
nuclear  [Cug(dpyam)a(ps,n*-HPO4)(NO3)(H0)*"
anions and two
molecules of lattice water. The four copper ions of the
tetranuclear identity are linked through a double hydro-
genphosphate bridge, with internal Cu---Cu distances
varying from 4.136(2) to 7.833(2) A. The cation is lo-
cated on an inversion centre located in between the
two bridging HPO,?~ groups. The coordination mode
of HPO,?- is tridentate bridging, each anion is bonded
monodentately to two Cu(II) ions and didentately coor-
dinated to a third Cu ion resulting in a novel 3,7 coor-
dination mode. The two different Cu ions have a
different chromophore (CulN,0,0’ chromophore for
Cul and a CuN,OQ; chromophore for Cu2).

The geometry around Cul can be best described as
distorted square pyramidal with the basal plane formed
by 2 nitrogen atoms of a dpyam ligand (Cu-N distances
1.967(3) and 2.001(3) A) and two oxygen atoms from
different bridging hydrogenphosphato groups (Cu-O
distances 1.968(2) and 1.972(2) A). The apical position
is occupied by an oxygen atom of one of the bridging
hydrogenphosphate groups (Cul-07 2.497(2) A) The
angles of the basal plane are 161.77(12) and
142.43(12)°, while the four in-plane atoms (N1,

04 and 0O6) are not planar (rms deviation of 0.473 A)
and have a marked tetrahedral twist (dihedral angles be-
tween the CuNj, and CuO; planes) of 41.2°. The Cu ion
lies 0.163 A above this plane towards O(7). The distor-
tion parameter t, defined to describe the degree of trig-
onal distortion is 0.32 (a regular trigonal bipyramid
(TBP) and square-based pyramid (SP) have t values of
1.00 and 0.00, respectively [13]}. The two Cul ions are
doubly bridged by a HPO,?~ anion in an equatorial-
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C3ia

Fig. 1. Thermal ellipsoid plot (50% probability) of 1. Atoms with an A’ are penerated by symmetry operation —x+2, —p, —z+ 1. The
unceordinating nitrate anions and lattice water molecules are omitied for clarity.

Table |

Selected bond lengths (A} and angles (°) with esd in parentheses of compound 1

Cu(1-0(6) 1972(2) Cu(1)-0(4) 1.968(2),

Cu(1)-N(D) 1.967(2) Cu({)}-N(2) 2.001(3)

Cu(l}-O(7 2.497(2) Cu(2)-O(T) 1.933(2)

Cu(2)-N(5) 20133 Cu(2)-N(4) 1.979(3)

Cu(2)-0(10) 2.145(2) Cu(Z)-O(11) 2.15%3)

Cu(2»-0(9) 2.743(2) Cu(l)}Cu(2) 4,136(2)

Cu(1)-Cu(2)A 4.895(2) Cu(l)-Cu(1)A 4.560(2)

Cu(2)-Cu()A 7.833(2)

N{1)-Cu(1)-O{6) 161.7(1) ) O(4)}-Cu(l)-N(2) 142.4(1)
O{6)-Cu(1)-0(7) 110.4(1) O(-Cu(1)-N(2) 106.2(1)
N(5)-Cu(2)-0(10) 137.6(1) N{5)}-Cu(2)-O(k1) 131.1(1)

N(4)-Cu(2)}-O(7) 168.6(1)

Hydrogen-bonding parameters

D-H---A D-H (A) H.--A (A) DA (A) D-H A (%)
N3Y-H(S) - -O4) [-x. 1-p, 1-1] 0.77(5) 2.26(5) 2.918(4) 144(5)
N(6)-H(L5)-- - O(2) {1/2—x, W2y, 1-7] 0.73(4) 2.18(4) 2.904(6) 172(4)
O(L1)-HE21)- - -O1) [x, 2—y. 112+ 2} 0.65(6) 2.2%(6) 2.813(5) 153(7)
O(11)-H(22)- - -O(6) [—x, 2y, 1-z} 0.79(6) 1.93(6) 2.718(5) 175(5)
O(5)-H(23) - - O{IW) [-1 + x, 1 + y, 2] 0.79%(5) 1.82(5) 2.608(5) 173(5)

equatorial configuration. Cu2 is linked to Cul via O7 of phosphato group (Cu-O 1.933(2) A) with an angle of

PL. 168.64(12)°. These shorter distances as compared to
The geometry around the Cu2 ion is distorted TBP those in the trigonal plane are typical for TBP geometry.

with the trigonal plane formed by the nitrogen atom The distortion parameter t for Cu2 is 0.49, so in fact it is

of a dpyam ligand (Cu-N distance 2.013(3) A) and an intermediate between TBP and SP.

two oxygen atoms, one from a water molecule and one The lattice structure is stabilised by a hydrogen-

from a coordinating nitrate anion (Cu-O distances bonding network between the N atom of the dpyam

2.145(3), 2.152(4) A). The angles of the trigonal plane ligand and oxygen atoms of a " hydrogenphosphato
are 137.56(11) and 131.15(12)°. The apical positions group and a nitrate anion (N.-.O distances 2.918(4),
are occupied by a N-atom of the dpyam ligand (Cu-N 2.904(6) A); between the coordinated water oxygen
1.979(3) A) and an oxygen atom of a bridging hydrogen- atom and the oxygen atoms of a hydrogenphosphato
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Fig. 2. Hydrogen bonding of 1.

group and a nitrate anion (O---O distances 2.813(5),
2.718(5) A) and finally a quite strong bond between
an oxygen atom of a hydrogenphosphato group and
the oxygen atom of the non-coordinated water mole-
cule (O---O distance only 2.608(5) A). Details of the
hydrogen bonds are given in Table | and a H-bonding
picture is presented in Fig, 2.

3.2. Spectroscopy and magnetism

The diffuse reflectance spectrum of 1 measured as a
solid shows a broad split band with a maximum at
11.4 and 13.9x10® em™', which can be considered as
normal transitions for TBP to SP geometries [14].

The polycrystalline EPR spectrum of compound 1 re-
veals a very broad isotropic signal with g at around 2.11
(RT and 77 K}. This broad unresolved signal can be due
to exchange narrowing and also to the fact that the com-
pound contains two different copper sites. No signals for
triplet species are observed.

The magnetic susceptibility of a powdered sample
was measured from 5 to 300 K. The magnetic properties
of the complex are depicted in Fig. 3 in the form of y,,
versus 7 and y,, 7 versus 7. Fig. 4 shows the magnetic
interaction scheme, which was used for the fitting proce-
dure and is based on the assumption that the magnetic
coupling between outer and inner Cu ions is identical
for alf Cul—-Cu2, Cul-Cu2A, CulA—Cu2?A and Cul
A-Cu2 pairs. This is understandable, as the Cu-Cu dis-
tances and the O-P-O bridging pathway are very simi-
lar. The corresponding Hamiltonian is then

H=—J,(Scu -Scua+ Scur - Scuza +Scuia - Scuz +Scua - Scuz)
—J3(Scur - Scuia)-

0.025 ~ , . : e 2
002 | Tt
. i 415
~ x
e 0.015 [ i\ £
£ 8
< 001y g
= >
] . 105 7
0.005 {7 '
i e
0 50 00 150 200 250 300

T{K)

Fig. 3, Temperature dependence of the molar magnetic susceptibility
sas (@) and the y 7T product (Li) for compound I. The solid lines
represent the calculated curves lor Jp = —10.3(1) em™, S= 532
cm™! (see text).

®<®

J\.Q \,,.

Fig. 4. Scheme of the magnaetic interactions used in the calculations,
using atom labelling from the structural data (see text}.

Applying the Kambe vector coupling method with
Sa=Scuwzt Scuza and S = Scu T Scula (J, repre-
sents the Cu-Cu outer-inner magnetic interaction
and J; the Cu—Cu inner-inner magnetic interaction,
see Fig. 4) yields the following expression for the en-
ergy levels:

J
E(Sr,84,88) = =5 (Sr(Sr+1) = Sa(Sa+ 1)

= $(S5 + 1)) =2 (Sa(Sa + 1)

and after inserting in the van Vleck equation [15] the
expression for the molar susceptibility

Ng2ﬂ

Kietra = (] k T

[2+2¢xp("",) IOexp(“'””)]
[4-!— Jexp (k r) +Sexp (“'” )) +exp (—';—"~)]

+4><0.375 XP+TIP,

X

which includes lerms to take into account the temper-
ature independent paramagnetism (TIP) and a
monomeric paramagnetic impurity {p). Filting the exper-
imental data to this expression yields the full lines in
Fig. 3 corresponding to the parameters g =2.0I(1),
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A=1031  em™, /SH=-532 om! and
p = 0.060(3)%. The TIP was kept at a constant of
2.0% 107* cm® mol ™. The fitted g value does not cor-
respond completely with the g value obtained by EPR,
but as the EPR gives a very broad unresolved signal
no accuracy can be given on that observed EPR g
value.

The phosphate bridges in the title compound are all
in an equatorial-equatorial mode, {type 1) for Cul-
CulA, SP-SP geometry; an equatorial-axial mode
{type I} for Cul-Cu2A and CulA-Cu2, SP-TBP
geometry; and an axial-axial mode {type III) for
Cul-Cu2 and CulA-Cu2A, SP-TBP geometry, while
the unpaired electron is usually in the d,..» for SP
geometry and delocalised in d? for the TBP geometry.
The delocalised efficiency of the unpaired electrons ex-
pected for inner Cu-ions (Cul-CulA, SP geometry)
and outer Cu ions (Cu2, Cu2A, TBP geometry) is
remarkably diminished due to the distorted SP with
a remarkable tetrahedral twist of the square base for
the mmner Cu-ions and the significantly distorted TBP
(in fact an intermediate five-coordinated geometry)
for the outer Cu-ions, resulting in a weaker overlap
between magnetic orbitals, and therefore in a weaker
antiferromagnetic interaction. The fact that J; > J; is
thus due to differences in the Cu—O-P-O—Cu path-
ways and therefore the type II pathway seems slightly
more efficiecnt. However, the precise geometry of the
phosphate bridge is likely to have an influence on
the exchange parameters. Moreover, indeed the short-
est Cu—Cu distance between inner Cu ions (4.56 A) is
larger than that between inner and outer Cu ions (4.13
A). Detailed correlation of these structural effects with

the magnetic exchange parameters requires other com- _

parable compounds with phosphate bridges, which is
under current investigation.

4. Conclusions

A tetranuclear Cu{ll) compound with an unique
(13,1°-HPO,-0’,0’,0") binding mode has been de-
scribed. The compound shows a weak antiferromagnetic
interaction. Parameters determined for the exchange

intercation between the outer Cu jons are J = —10.3{(1}
cm~ ' and J = -5.3(2) em ™! for the inner Cu ions.
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Abstract

A novel trinuclear-based polymeric Cu(Il} complex with uniquely bridged H,PO,%~ anions, [Cus(di-2-pyridylamine)3(y3,1°-
HPO )3, n*POYHO0)(PFs)H20);} » 1 has been synthesized and characterised. Each Cu(lII) ion in the polynuclear unit is linked
by hydrogenphosphato and phosphato bridges showing u,, n*-HPO,2"and an unprecedented p;, n*-PO,*~ coordination mode. Two
different coordination geometries around the Cu(Il) ions are found in the polynuclear unit: an intermediate geometry between
square pyramidal and trigonal b.ipyramidal and a tetrahedrally distorted square-based pyramidal geometry. The Cu - - - Cu distances
vary from 4.408(3) to 5.942(3) A. From variable magnetic suseeptibility measurements (5-250 K) a weak antiferromagetic interac-
tions between the Cu(II) ions in the trinuclear unit with an exchange parameter of J= —4.98 em~'and a very weak antiferromag-

netic interaction between neighbouring units with zJ' = —1.49 cm ™! are observed.

@ 2005 Elsevier B.V. All rights reserved.

Keywaords: Copper(1l) complexes; Hydrogenphosphate complexes; Di-2-pyridylamine; Magnetism

1. Introduction

Recently, many research activities have focused on
the synthesis of new open-framework metal phosphates,
owing to their diverse structural chemistry and potential
applications [1-3]. In the context of building open
frameworks, it is also possible to use organic molecules

" Corresponding author. Tel. +66 43 202 22241; fax: +66 43 202
373,
E-mail address: sujittra@kku.ac.th (S. Youngme).

0020-1693/3 - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/).ica.2004.12.043

in the skeleton. As compared with inorganic phosphates,
the organic molecules have larger sizes of polyhedral
centres and a wide variety of means of intramolecular
connection. The organic components can greatly affect
the connecting patterns of inorganic polyhedra, thus
providing a method for the synthesis of new materials
[4-6]. The synthesis of metal-phosphate complexes con-
taining organic didentate chelating ligands has been
investigated recently [7,8]. We have now extended the
study by using the didentate ligand di-2-pyridylamine
(abbreviated dpyam) and H,PQ,%~"- oxocanions, to ob-
tain complexes with different nuclearity and different
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coordinating and bridging modes of H,PG,%~9- ion. In
the present study the synthesis, structural characterisa-
tion and magnetic properties of the polynuclear
compound  {[Cus(dpyam);(us,n*-POs)(us,m*® HPOy)-
(H20)(PF)(H20)3}, (1) is reported. The unique 1-D
structure is built up from the copper(Il) ion, dpyam
and two different H,PO,®~*~ bridges with a novel coor-
dination mode.

2. Experimental
2.1. Experimental

An aqueous solution (30mly of Cu{COOCH;);
{0.18 g, 1.0 mmol) was added to a solution of di-2-pyr-
idylamine (0.17 g, 1.0 mmol) in ethanol (15 ml) and fol-
lowed by an aqueous solution (20ml) of potassium
dihydrogenphosphate (0.27 g, 2.0 mmol) and an aque-
ous solution {10 ml} of potassium hexafluorophosphate
(0.18 g, 1.0 mmol). The resulting green solution was al-
lowed to evaporate at room temperature for 2 weeks,
producing dark green needle crystals of 1 {Anal. Calc.
for C30H36CU3F6N90]2P3: C, 32.4; H, 33; N, 11.3.
Found: C, 32.7; H, 3.3; N, 11.4%). IR (KBr; ecm™'):
3411 m, 1195 s, 1100 s, 1074 5, 1015 m, 984 w, 842 s,
768 s, 558 m, 499 w. X-band powder EPR spectrum
was obtained on a JEOL RE2X electron spin resonance
spectrometer with DPPH (g = 2.0036) as a reference.
Magnetic susceptibility measurements were carried out
using a Quantum design MPMS.5 5T SQUID magne-
tometer (measurements carried out at 1000 G). Data
were corrected for magnetization of the sample holder
and for diamagnetic contributions, which were esti-
mated from the Pascal constants.

2.1.1. Crystal data
CagH1¢CusFgNgO,P5,  triclinic,
a=74301(5), b=159715(10), c¢=17.4521(11)(A),
rz = 67.9970(10)°, B = 85.2240(10)°, y=79.7430(10)°,
= 1889.2(2) (A%), u=1955Mg/m®> and R, = 0.0458
for 7116 reflections. Reﬁection data for complex 1 were
collected on a 1K Bruker SMART CCD area-detector
diffractometer. Data reduction and cell refinements were
performed using the program SAINT [9]. The structure
was solved by direct methods and refined by full-matrix
least-squares method on (Fops)° with anisotropic thermal
parameters for all non-hydrogen atoms using the sHEL-
xTL-PC V 6.12 [10] software package. All hydrogen
atoms were located by difference synthesis and refined
isotropically. The molecular graphics were created by
using SHELXTL-PC [10]. CCDC reference number
240395 (sce crystallographic data in CIF format, e-mail:
deposit@ccde.cam.ac.uk, www: http://fwww.ccde.cam.
ac.uk).

space group Pl
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3. Results and discussion

The structure of 1 (Fig. 1) consists of a polynuclear
infinite chain structure of [Cus(dpyam)s(ps.n’*
PO,)(uz, 1 -HPO,)(H,0)]"  cations,  uncoordinated
PF, anions and lattice water molecules.

The Cu atoms are bridged unsymmetrically through
mixed tridentate hydrogenphosphate and tetradentate
phosphate ligands. The tridentate HPO,?~ anion coordi-
nates monodentately to three different Cu(ll) ions,
resulting in a p3,n° coordination mode. The tetradentate
P(,?" anion coordinates didentately to two different
Cu(Il) ions and monodentately to a third Cu(Il) ion,
resulting in a p3,n* coordination mode.

The five-coordinated CuN;Q3 chromophore around
the Cul ion is obtained by two nitrogen atoms of a
dpyam ligand (Cu-N distances 2.008(3), 2.027(3) A)
two oxygen atoms of two different hydrogenphosphate
anions (Cu-QO distances 1.957(2), 1.942(2) A) and an
oxygenof a coordinated water molecule (Cu—O distance
2.191(3) A) The largest angle (O1-Cul-Nl1) is
166.93(11)°, while the angles of the trigonal plane are
132.82(12)°, 119.12¢11)* and 107.70(12)°.

The distortion of a square pyramidal coordination
sphere can be described by the structural parameter T,
which indicates the relative amount of trigonality
{r = 0 for a pure square pyramid (sp) and 7 = 1 for a tri-
gonal bipyramid (tbp) [11]). In this case t = 0.57, so the
geometry can be described as an intermediate between
sp and tbp.

The other two Cu(il) ions have both a distorted
square-pyramidal geometry. The basal plane of Cu2
consists of two oxygen atoms from different bridging
u3,n*-HPO, and .M *-PO, anions (Cu-O distances
1.929(2), 1.920(2) A) and two nitrogen atoms from a
dpyam ligand (Cu-N distances 1.991(3), 1.978(3) A)
The apical position is formed by an oxygen atom from
a didentate coordinated phosphate group at a semi-
coordination distance of 29]2(1)A The basal angles
are 150.69(12)° and 140.26(12)°, resulting in a t value
of 0.17.

The geometry of Cu3 is almost the same as CuZ with
the basal plane consisting of two oxygen atoms from dif-
ferent bridging ps,n’-HPO, and yi3,n*-PO, anions (Cu-
O distances (1.924(2), 1.908(2) A) and two nitrogen
atoms from a dpyam ligand (Cu N distances 1.976(3),
1.985(3) A) The apical position is formed by an oxygen
atom from a didentate coordinated phosphate group at
a semi-coordination distance of 2.989(1) A. The basal
angles are 155.82(11)° and 148.04(12)°, resulting in a 1
value of 0.13. The square-pyramidal geometry is quite
distorted as the four in-plane atoms (N4, N5, O2A,
07 for Cu2 and N7, N8, O4A, 05 for Cu3) are not pla-
nar with an extremely high r.m.s. deviations of 0.804
and 0.598 A, respectively. The Cu ion lies 0.079 A for
Cu2 and 0.062 A for Cu3 above this plane towards
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Fig. |. Thermal ellipscid {50% probability) plot of the title compound. The uncoordinating PF¢ anion and the lattice water molecules are omitted for
clarity. Selected bond lengths (A) and angles (°) Cuf1)-0(6) 1.942(2), Cu(1)-O(1) 1.957(2), Cu(1)-N(1) 2.008(3), Cu{1}-N(2) 2.027(3), Cu()-O1W)
2.191(3). Cu{2)~O(2A) 1.920(2), Cu(1)-0O(7) 1.929(2), Cu(2)-N(5) 1.978(3), Cu(2)-N(4) 1.991(3), Cu(2)-O(8) 2.912(1), Cu(3}-O(4A) 1.908(2), Cu(3)-
O(5) 1.924(2), Cu(3}-N(8) £.976(3), Cu(3)}-N(7) 1.985(3). Cu(3)}-0O(8) 2.989(1), O6)—Cu(1)}-0(1) 57.3(1}, O{1}-Cu(1}-N(1) 166.%1), O(6)-Cu(l)-
N(2} 132.8(1), O(6)-Cu{1-O(1 W) 119.1(1), N(2)-Cu(1)}-O(1'W) 107.6(1), O(7)-Cu(2)-N(5) 150.6(1), O(2A)}-Cu(2)-N(4) 140.2(1), O(4A)}-Cu(3)-N(8)
148.0(1}, O(5-Cu(3)-N(7} 155.8(1), Cul-Cu2 5.218, Cul-Cul 5942, Cu2-Cu3 4407(7). A= —x+2, -y, —c+ L.

08. The origin of this distortion is the small value for
the angles 05-Cu3-08 and O7-Cu2-08 (56.61° and
58.09°, respectively).

The lattice structure is stabilised by a hydrogen-bond-
ing network interaction with N- - -O distances of 2.807-
2914 A, O---O distances of 2.544-2.982 A and O---F
distances from 2.936 to 3.113 A.

The diffuse reflectance spectrum of 1 measured as a
solid shows a broad band centred at about
12.5x 10> em™", which can be considered as normal
for the presence of both trigonal bipyramidal to
square-pyramidal geometries [12].

The polycrystalline EPR spectrum of compound 1 re-
veals at RT and 77 K a very broad isotropic signal with
g = 2.12. This single signal may be due to exchange nar-
rowing and also to the fact that the compound contains
three different copper sites, with different g-tensor
orientations.

The magnetic susceptibility of a powdered sample
was measured from 3 to 250 K. The magnetic properties

Mu (em® mol™y

0 50 100 150 200 250
TK
Fig. 2. A plot for compound 1 of temperature dependence of yeq vs. T

is shown; the solid line represents the calculated curve for the
parameters J = —4.98 cm™', g = 2.03 and =’ = —1.49 cm™, see text.
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of the complex are depicted in Fig. 2 in the form of gy
versus T for three Cu(Il) ions.

From 250 K to about 30 K the p.q stays almost con-
stant between 3.1-2.90 BM. This value is somewhat
lower than the spin-only value of three uncoupled cop-
per(Il) §=1/2 jans (theoretical value for g=2,
ter = 3.88 BM). At about 30 K the pr starts to decrease
slightly to a value of 1.95BM at 5K. This overall
behaviour indicates a very weak antiferromagnetic inter-
action between the Cu(Il) ions. The magnetic data were
fitted to the theoretical expression for the magnetic sus-
ceptibility of a triangular trinuclear system, considering
the following Hamiltonian for the description of the
magnclic interactions: H = Iz (81 83) — J13(81 - 83)
— J23 (82 S3).

Although the Cu(Il) triangle in compound 1 is not
strictly equilateral, we considered identical g tensors
and exchange integrals J; for the three copper(1l} ions.
This is because using the general expression for an asym-
metrical triangular system does not give direct access to
the exchange parameters [13], they are then related to
each other, without increasing the quality of the fit in
this particular case. The expression for the molar suscep-
tibility is then derived from the above Hamiltonian as
used before in the literature {14-16).

The common exchange parameter is denoted as J and
parameter zJ' introduces intercluster magnetic interac-
tions, with z nearest neighbours. A Temperature Inde-
pendent Paramagnetism (TIP} was also considered and
fixed at 60 x 107° per copper Minimising the function
R =3 (obs — Xeatc) /E #pss the best fit was obtained
for J=—498cm !, £=2.03 and zJ'=—14%cm™,
with R=8x107°,

The phosphate bridges in the title compound are in
an equatorial-equatorial mode for Cul-Cu2 and Cul-
Cu3, TBP-SP and the hydrogenphosphate links Cu2
and Cu3 in an equatorial-equatorial mode of the square
pyramidal environment. The unpaired electron is usu-
ally in the d,zhyz for the square pyramidal geometry
and delocalized in @ for the tngonal bipyramidal envi-
ronment. As the Cul environment is extremely distorted
trigonal bipyramidal (in fact an intermediate five-coor-
dinated geometry) and Cu2 and Cu3 are in an extremely
tetrahedral distorted square-based pyramidal environ-
ment, hence remarkable diminish the delocalized effi-
ciency of the unpaired electrons resulting from a
weaker overlap between magnetic orbitals, and therefore

a weaker antiferromagnetic interaction is observed.
Moreover, the three Cu ions are far away from each
other (distances vary from 4.407 to 5.942 A).

So far such Cu(Il) compounds with phosphato
bridges of which also the magnetic interaction reported
have been rare and more examples will be required for
magneto-structural correlations in such compounds.
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Abstract

Two novel tetranuclear 1.14 n 3.HPO,?~Cu(Il} compounds with an unprecedented mode of a hydrogenphosphato bridge, [Cus(d-
pyam)a(pa,n-HPOR(1-X )] (in whlch dpyam = di-2-pyridylamine and X = Cl (1), Br (2)) have been synthesised and character-
ised structurally and magnetically. The Cu(1l) ions in the structures each display a square-pyramidal geometry, with two tridentate
hydrogenphosphato groups bridging four copper atoms in a g,n° coordination mode which is rarely found in hydrogenphosphate
metal compounds. Each (different) pair of Cu(ll) i ions is additionally bridged by halide ions, with relatively long Cu—X distances
(2.551(3)-2.604(3) Afor t and 2. TOH(1)-2.766(2) A for 2) and subsequently also a small Cu-X—Cu angle (65.7(1)° and 65.1(1)°
for 1 and 61.6(1)° and 62.4(1) for 2) and a large Cu-X-Cu angle (95.5(1)° and 96.5(1)° for 1 and 91.1(1)° and 92.6(1)° for 2).
Cu- - -Cu distances in the tetranuclear units varies from 2.802(3) to 5.232(3) A for 1 and from 2.834(1) 105.233(1) A in 2. The lattice
structures are stabilised by extensive intermolecular hydrogen bonds, The magnetic susceptibility measurements down to 5K
revealed a weak ferromagnetic interaction between the outer pairs of Cu(Il) ions which vary from 22 to 46cm ! in 1 and 12 to
33cem™ in 2 and a moderately strong antiferromagnetic interaction between the inner Cu(ll) ions of —79cem™ in 1 and
—83cm~!in 2, via the Cu-O-P-0O-Cu pathway.
© 2005 Elsevier B.V, All rights reserved.

Keywords: Tetranuclear complexes; Copper (11) cluster; Hydrogenphosphate complexes; Di-2-pyridylamine; Magnetism

1. Introduction the presence of organic amines as structure directing
(templating) agents. Recently, many research activities

The synthesis of open-framework metal phosphates have focused on the synthesis of organic-inorganic hy-
has been a subject of intense research owing to their brid frameworks, such as phosphates of transition met-
interesting structural chemistry and potential applica- als [4-7]. As compared with organic ligands, the
tions as ion-exchangers, catalysts and adsorbents [1-3]. advantage of using inorganic multidentate anionic li-
A large number of these materials are synthesised in gands in combination with organic polar molecules

and ligands is the efficacy of rational design of crystal-

" Corresponding author. Tel.: +66043202222-41; fax: +66043202373.  line solids through their coordinating properties and
E-mail address: sujittra@kku.ac.th (8. Youngme). geometries. So far the most extensiyely studied bridging
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organic ligand with transition metals and phosphate is
4,4'-bipyridine with a number of one-, two- and three-
dimensional structures [4-8]. With ligands like 2,2'-
bipyridine [9] and 1,10-phenanthroline [10] the number
of such new organic-inorganic hybrid compounds are
rare. Now we have extended this research by using the
ligand di-2-pyridylamine (abbreviated as dpyam) and
have isolated several new phases in such organic-inor-
ganic metal-phosphate systerns. In the present study,
two novel examples of the dpyam-phosphate system,
[Cus(dpyam)a(pue,n*-HPO)(p-Cl)ICL(H,0)s (1) and
[Cus(dpyam)a(pa,n*- HPO,),(k-Br)]Bra(H,0)s  (2) are
reported.

Both compounds were prepared as green crystals
from potassium dihydrogenphosphate, dpyam and cop-
per halide in ethano! under ambient conditions and
characterised by elemental analysis and infrared spec-
troscopy. Also the magnetic susceptibility has been stud-
ied. The two new compounds have a p-HPO, bridging
system, which is to the best of our knowledge only re-
ported once [11] and in that case the copper (II) atoms
are also bridged by a carbonato ligand. This is the first
case reported for a tetranuclear Cu(1I) system bridged
only by py-HPO, and halide anions.

2. Experimental
2.1. Synthesis of the compounds

Solid KH,PO, (0.27 g, 2.0 mmol) dissolved in water
{20 ml) was added to a warm soiution of di-2-pyridyl-
amine (0.17 g, 1.0 mmol) in ethanol (15 ml) yielding a
pale-yetlow solution. The colour became greenish by
slow addition of an aqueous solution (30 ml) of Cu-
Cl, - 2H,0 (0.17 g, 1.0 mmol). The resulting green solu-
tion was allowed to evaporate at room temperature.
After several days, green crystals of 1 were deposited.
They were filtered off, washed with the mother liquid
and air-dried. Compound 2 was prepared similarly to
that of 1 using CuBr; (0.22 g,1.0 mmol) as starting mate-
rial. Yield approx. 67%. Elemental analyses of the bulk
powders, as used for the measurements: Compound 1
(Cuy(dpyam)y(HPO4)(Cl)2 CN2(H0)s 5): Anal. Cale.
for CioHaeCugN 2045 5CLPs: C, 35.02; H, 3.60; N,
12.25. Found: C, 34.88; H, 3.42; N, 12.13%. Compound
2: Cuy(dpyam)4(HPO4)2(Br)(Br)(H20)s5; Anal, Calc.
for C40H49CU.4N120]3.5 Bl'4P22 C, 3100, H, 318, N,
10.84. Found: C, 31.61; H, 2.96; N, 10.79%.

2.2, Physical measurements

IR spectra were recorded on a Spectrum One Perkin—
Elmer FT-IR spectrophotometer as KBr pellets in the
4000450 cm ™! spectral range. Diffuse reflectance mea-
surements from 9090 to 20 000 cm ' were recorded as

polycrystalline samples using a Perkin—Elmer Lambda
28 spectrophotometer equipped with an integrating
sphere attachment. Barium sulfate was used as the
reflectance standard. X-band powder EPR spectra were
recorded on a2 JEOL RE2x electron spin resonance spec-
trometer using DPPH (g = 2.0036) as a standard. Mag-
netic  susceptibility measurements (5-350K) were
carried out using a Quantum Design MPMS-5 5T
SQUID magnetometer (measurements carried out at
0.1 T). Data were corrected for magnetisation of the
sample holder and for diamagnetic contributions, which
were estimated from the Pascal constants.

2.3. Crystal structure analyses

Reflection data for complexes 1 and 2 were collected
at 293 K on a 1K Bruker SMART CCD area-detector
diffractometer using graphite monochromated Mo Ko
radiation (4 =0.71073 A). Data reduction and cell
refinements were performed using the program saint
[12]. The structures were solved by direct methods and
refined by full-matrix least-squares method on (F,ps)°
with anisotropic thermal parameters for all non-hydro-
gen atoms using the sHeELxTL-pC V 6.12 [13] software
package. All hydrogen atoms in 1 were located by differ-
ence synthesis and refined isotropically except H(22),
H(29), H(42), H(52) and H(58). These hydrogen atoms
were geometrically fixed and allowed to ride on attached
atoms. One water hydrogen atom and one hydrogen-
phosphate hydrogen atom of 1 were unable to locate
and also not fixed. For 2, all hydrogen atoms were lo-
cated and refined isotropically except five water hydro-
gen atoms, which were unable to locate and also not
fixed. Two water oxygen atoms of both compounds were
disordered and were refined with site occupancies of 0.5.
Moreover, two water oxygen atoms of both compounds
were refined with site occupation factor of 0.5. The
molecular graphics were created by using SHELXTL-PC
[13]. Crystaliographic data for both structures are pre-
sented in Table I,

3. Results and discussion
3.1. Description of the structures

The asymmetric unit of 1 and 2 consists of one and a
half units of [Cus(dpyam)s(is,n’>-HPOM(R-X)IX2
(X =Cl, Br) and 12 lattice water molecules, two of
which having site occupation factor of 0.5. Both struc-
tures are isostructural. Structures 1 and 2 involve two
crystallographically independent, but very similar tetra-
nuclear units of [Cug(dpyam)s(iu,n>-HPO){(p-X).1**.
One unit of each structure with the atomic numbering
system is presented in Figs. |1 and 2, for compounds 1
and 2, respectively. The second unit of compounds 1
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Table 1

Crystallographic data for compounds 1 and 2

Complex

1

2

Molecular formula

Empirical formula

Formula weight

T(K)

Crystal system

Space group

a (A)

b (A)

c(A)

B©)

V(AY

Z

Do (g em™Y)

#(mm ')

oo

Crystal size {(mm)

09

Number of reflections coilected
Number of unique reflections
Number of observed references [[ > 2a(/)]
Torax and Thia
Data/restraints/parameter
Goodness-of-fit

Final R indices [{ > 2a{/)]

R indices (all data}

Largest difference peak and hole (¢ A %)

[Cua(dpyam)o(HPO4)2(CL):J(Cl)a(H 00,
CooHz6CugN 1305ClgP3

[Cus(dpyam)s(HPO.)2( Br);](Br)x(H,0)4
CooHreCugN 5013BreP3

2107.26 237402
273(2) 273(2)
monoclinic monoclinic
Cm Cm
16.3150(2) 16.4716(3)
48.27717(1) 49.3270(4)
12.5824(1) 12.6314(2)
125.9980(10) 126.2060(10)
8017.9%(12) 8281.1(2)

4 4

1.746 1.904

1.907 4.548

4280 4712
0.33x045x0.75 0.23x0.24x0.35
1.60-30.55 1.59-30.43

30 204 31126

t7 411 8172

11833 10 280

1.000 and 0.712 1.000 and 0.709
17 411/2/1306 18 172/2/10%90
1.044 i.019

R =0.0364, wR; = 0.0914
R] = 00448, WR; ={.0981
1.981 and —0.604

Ry = 0.0796, wR, = 0.1949
R, =0.1148, wR; = 0.2255
6.603 and —1.298

R =T )Fo| = |Fell/ TFalls R = (32 w{iFo| — [Fel} fwlFal})' 7.

Fig. 1. Thermal ellipsoid plot of the first unit of compound t with
labeling scherne. Hydrogen atoms, the uncoordinating chloride atoms
and the lattice water molecules are omitted for clarity,

and 2 is given as supplementary material (Figs. SI and
§2). Selected bond lengths and angles are given in Table
2. The first unit of each compound is situated on a gen-
eral position, whereas the second unit is situated on a
mirror plane. The unit cell contains four melecules on

3 C2

Fig. 2. Thermal ellipscid plot of the first unit of compound 2 with
labeling scheme. Hydrogen atoms, the uncoordinating bromide atoms
and the lattice water molecules are omitted for clarity.

general positions and two molecules on special
positions. .

Each tetranuclear unit of both compounds consists of
two pairs of five-coordinated copper (I1) ions bridged by
two tetrahedral tridentate hydrogenphosphato groups in
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Table 2
Selected distances and angles for compounds 1 and 2

i 2
Bond lengths
Cu(6)-N(17) 1.962(4) 1.9779)
Cu(6)-N(16) 1.965(4) 1.960(9)
Cu(6)-0(%) 2.011(3) 2.045(7)
Cu(6)-0(i2) 2021(3) 2.039(8)
Cu{6)-X(4) 2.6041) 2.766(2)
Cu(5-0(10) 1.947(3) 1.937(9)
Cu(5-O{(1YH 1.966(3) 1.974(9)
Cu(5r-N(14) 1.993(4) 2.008(10)
Cu(5}-N(13) 2.012(4) 2.019(10)
Cu(5-X(3} 2.560(1) 2.708(1)
Cu(4)}-N(10} 1.970(4) 1.981(10)
Cu(4)}-N(I1) 1.982(4) 1.998(10)
Cu(d)}-O(") 2.012(3) 2.005(7)
Cu{4}-0(3) 2.026(3) 2.029(8)
Cu{4)-X(2) 2.5941) 2.745(1)
Cu(3)-N(8) 1.971¢4) 1.984(10%
Cu(3)-N(7) 1.981(4) 2.005(10)
Cu(3)-0(T) 2.012(3) 1.993(7)
Cu(3)-0(3) 2.030(3) 2.033(8)
Cu(3)-X(2) 2.598(1) 2.757(1)
Cu{2}-0(6) 1.950(3) 1.979(8)
Cu(2)-0{2) 1.965(3) 1.970(8)
Cu(2)-N(5) 1.996(4) 1.987(10)
Cu(2)-Ni4) 2.009(4) 2.023(9)
Cu(2)-X(1) 2.556(1) 2.720(1)
Cu(1)-0(5) 1.948(3) 1.988(8)
Cu{l (1) 1.965(3) 1.974(7)
Cu([}-N(1) 1.993(3) 2.003(10)
Cu(1}-N(2) 2.001¢4) 2.02{(10)
Cu{1}-X(1} 2,551 2.715(1)
Cu(1)-Cu(2) 3.78t(1) 3.881(1)
Cu(3)-Cu(4) 2.816(1) 2.851(1)
Cu(2)-Cu(4) 4.027(3) 4.028(1)
Cu(1)}-Cu{3) 4.069(3) 4.036(1)
Cu(5-Cu(6) 4.072(3) 4.035(1)
Cu(5)-Cu(5A) 3.820(1) 3.918(1)
Cu(5A)-Cu(6A) 5.224(1) 5.234(1)
Cu(6-Cu(6A) 2.802(1) 2.834(1)
Bond angles
N{16)-Cu{6}-O(9) 171.7(2) 173.2(4)
N(17-Cu(6)-0(12) 172.9(2) 17314
O(10-Cu(5)-N(14) 164.0(2) 165.0(4)
O 13)-Cu(5)-N(13) 162.5(2) 163.3(4)
N(LD-Cul4)-O(T) 171.6(2) 170.8(4)
N{10)-Cufd)-(3) 173.3(2) £74.2(4)
N(N-Cui{3-0(7) 171.7(2) 170.8(4)
N(8)-Cu(3)-0(3) 173.4(2) 175.1(4)
O(6)-Cu(2}-N(5) 162.6(2) 164.5(4)
O{2)-Cu(2)-N(4) 164.8(2) 164.9(4)
O(5)-Cu(1)-Ni1) 164.5(2) 165.3(4)
O(1}-Cu{1}-N(2) 161.3(2) 162.3¢4)
Cu(f)-X(1)Cu(2) 95.5(1) 91.1¢1)
Cu(3)-X(2)-Cu(4) 65.7(1) 62.4(1)
Cu(5)-X(3)-Cu(5A) 96.5(1) 92.6(1)
Cu(6)-X{4)-Cu(6A) 65.1(1) 61.6(1)

Symmetry code: 4 = ~x, —y+ 1, —z, and X = Cl and Br for 1 and 2,
respectively.

each molecule. Both HPO,?~ groups coordinate mono-
dentately to one copper (1) ion and bridging via one
oxygen to two other Cu(Il} ions, yielding a very rare

pa’ coordination mode. Each copper ion has a planar

square base with a CuN,O,;X chromophore consisting
of two oxygen atoms of two bridging HPO,*~ gro-
ups (Cu-O distances vary from 1.947(3) to 2. 030(3) A)
and two nitrogen atoms of a dpyam ligand (Cu-N dis-
tances vary from 1.962(4) to 2.012(4) A). The axial posi-
tion is occupied by a bridging halide anion (Cu-Cl
distances vary from 2.559(1) to 2. 604{!)A and Cu-Br
distances vary from 2.708(1) to 2.766(2) A) thus giving
a slightly tetrahedrally distoried square-based pyramidal
CuN,0,X chromophore for both units in compounds ¢
and 2.

Consequently, all copper (II} ions are linked to each
other via double-bridged HPO,?~ groups in an equalo-
rial-equatorial configuration. Each copper atom is dis-
placed 0.072 to 0.340 A and 0.069 to 0.337 A for Cu(l)
to Cu(6) of 1 and 2, respectively, from the basal plane
(N20,) towards the apical halide ion. The 7 value (r de-
scribes the relative amount of trigonality; t=0 for
square pyramid and t=1 for trigonal bipyramidal
[14]) vary from 0.020 to 0.053 and 0.001 to 0.071 for
compounds 1 and 2, respectively, indicating a nearly
perfect square-based pyramidal geometry for all
CuN,0:X chromophores.

The Cu- - -Cu distances in the tetranuclear units vary

from 2.802(1) to 5.224(1)15\ in 1 and from 2.834(2) to

5.234(1) A in compound 2.

Each tetranuclear unit has a unique structure with a
short Cu—Cu distance (2.816(1) and 2802(I)A for 1
and 2.834(1) and 2.851(1) A for2) and a fong Cu-Cu dis-
tance (3.781(1) and 3. 820(1)A for 1 and 3.881(1) and
3.918(1) for 2). Consequently, the units have also a small
Cu-X—Cu angle (65.7(1)° and 65.1(1)° for 1 and 61.6(1)°
and 62.4(1) for 2) and a large Cu-X—Cu angle (95.5(1)°
and 96.5(1)° for 1 and 91.1(1)° and 92.7(1)° for 2). See
Table 2 for details.

The lattice structure is stabilised by a complicated
hydrogen-bonding network between oxygen atorns of
the hydrogenphosphato groups and oxygen atoms of
uncoordinated water molecules (O---O distances vary
from 2.587(1) to 2. 639(1) A for 1, and from 2.587(1) to
2.591(1) A for 2) and between oxygen atoms of different
water molecules (O---O distances vary from 2.664(1) to
2. 845(1)A for 1 and from 2.588(1) to 2.695(1) A for 2).
Also hydrogen bond contacts are observed between the
O and N atoms and the halide ions (distances vary from
3.13%(1) to 3.420() A for 1 and from 3.276(1) to
3.542(1} A for 2).

3.2, Electronic and infrared spectra

The electronic diffuse reflectance spectra of 1 and 2
consist of an unsymmetrical, broad band centred
around 15.0x10°> and 14.9x10°cm™', respectively,
consistent with the square-pyramidal stereochemistry
[15].
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Fig. 3. X-band EPR spectrum (solid) of 1 measured at 77 K.

The infrared spectra of both compounds exhibit
strong bands for the phosphato anions [16.17] at 1159,
1098 and 980cm™! [WP-O)) and 529 and 511 cm™
[6(0-P-0)] for 1 and 1159, 1096 and 976 cm ' [w(P-
0)) and 529 and 511 em™" [6(0O-P-0) for 2.

3.3. EPR spectroscapy

The X-band polycrystalline powder EPR spectra of
compound 1, measured from 0 to 800 mT at 77 K (see
Fig. 3), revealed a ftriplet spectrum with some large
and less large features at about 50, 90, 225, 280 and
350 mT. Also two very weak signals occur at about
540 and 580 indicating that different Cu(II) species are
present. This type of spectrum can be compared with
some other tetranuclear copper (II) compounds with a
D > hv (about 0.3 cm™") [18,19]. The absorption at low
field is most probably the AM,= 2 transition, while-
the absorption around 280 mT can be attributed to the
AM, = +1 transition. For such complicated tetranuclear
species, a single-crystal EPR analysis would be required
to establish the exact zero-field splitting parameters; this
is outside the scope of this investigation. The EPR spec-
trum of 2 at 77 K and both spectra at RT are presented
as sunplementary matedal as Figs. 83. S4 and S35,
respectively.

3.4. Magnetic susceptibility

The magnetisation of powdered samples of 1 and 2
were measured from 5 to 350 K in an applied field of
0.1 T. The resulting molar magnetic susceptibility, ym
and the product yuT are plotted in Figs. 4 and 5 for
compounds 1 and 2, respectively.

In both cases yy gradually increases upon lowering
temperature from values at high temperatures in agree-
ment with four uncoupled spin = 1/2 centres. A maxi-
mum is reached around 55K, at which temperature
ym decreases sharply. This behaviour is indicative of
an antiferromagnetic coupling between some of the cop-
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Fig. 4. Plots of temperature dependence of the molar magnetic
susceptibility yum (O) and the xm T product () for compound 1. The
solid lines represent the calculated curves (see text).
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Fig. 5. Plots of temperature dependence of the molar magnetic
susceptibility ya (O) and the ymT product {O) for compound 2. The
solid lines represent the calculated curves (see text).

per ions in 1 and 2. For simplicity, the two similar tetra-
nuclear units contained in the structures 1 and 2 will be
considered as identical for the rationalisation of these
magnetic properties. Moreover, the diagonal coupling
pathways through phosphato groups (J3 in Fig. 6) will
also be assumed identical. These approximations result
in the magnetic coupling scheme proposed in Fig. 6, in
which the letters A, B, C and D correspond to the struc-
tural labelling of the Cu atoms (see Figs. | and 2). The
Cux-Cug (Jy) interaction (Cu3—Cu4 in Fig. 1 with the
Cu-O-Cu bridge) represents the shortest distance
(about 2.8 A), the Cuc—Cup (J4) interaction (Cul-Cu2
in Fig. 2 with the Cu-O-P-O-Cu bridge) represents
the long distance (about 3.8 A), while the Cux-Cuc
and Cug-Cup (J1) interaction (Cu3—Cul and
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Cu4-Cu2, respectively, in Fig. 1) have the longest dis-
tance of about 4.07 A,
The corresponding Hamiltonian writes:

H = _NI(SA -Sc+ 5 - S[)} - UQ(SA SB)
—273(8n - Sc Sa - Sp) — 2J4(Sc - Sp). (1)

Although the topologies of the compounds differ, this
Hamiltonian is identical to one solved for a linear tetra-
nuclear copper compound [20.21].

The energy levels and their spin quanium numbers
(used in the fitting procedure} which were derived are
as follows:

S|:2: E['—'—Jl—Jz/Z‘—Jg—J4/2,
S2:1: EZZJ|*J2/2+J3—J4/2,
2 2 2
Si=1: Ey=(L+J0/2+ [(2-J + Uy -0
2 2]
Sa=1: Es=({T1+J4)/2 - [(12—14) +(J3"Jl)] )
Ss=0: E; =J|+J3+(J2+J4)/2

+ [4IT+ ) + I3+ = 2N (T2 + 25 + J4)
=Wy fa—J) - 7-13-]4]”2,

Se=0: Eg=Ji+J3+ J2+74)/2
- [4(']% +J§) +J§+Ji -2 (Ja+ 2J3+J4)
— (s = Ja) = 230,

Considering also that the g values are identical for all
copper ions, the molar magnetic susceptibility is then

_ NAgB Y58+ 1)(2S: + 1) exp (—E/ksT)
™M= T S8 + exp (—E/ksT)

@)

A term taking into account a small monomeric para-
magnetic impurity was added to this expression and
evaluated from the low temperature data as little as
0.05% and 0.06% for 1 and 2, respectively. To avoid
over-parameterisation, these terms were held constant
during the fitting procedure as well as the g value, which
was fixed at 2; this is a quite normal value for Cu(II) spe-
cies. For both compounds, the experimental data were
first fitted to Eq. (2) letting the coupling constants vary
by groups of 2 and 3 and holding the other(s} to 0. In
this way, it was found first that J; had to be negative
(antiferromagnetic) of the order of —60 cm™!, and sec-
ondly, that the other coupling constants should be posi-
tive (ferromagnetic) with J, and J, of the same order, to
obtain a good fit. At this point, one has to remark that
these findings are in correct agreement with the
structural data. Indeed, apart for the Cus—Cuc and

4

iPaSs

Fig. 6. Scheme of the magnetic interactions used in the caiculations
(see text).

Cup—Cup pairs, the basal planes of the other pairs of
copper ions are almost perpendicular to each other. This
geometry indicates that the overlap between the spin-
rich d,;_,2 orbitals of these copper ions cannot be ex-
pected to be important. In addition, Cus,—O—Cug angles
are close to 90°, a value yielding ferromagnetic interac-
tion in dinuclear alkoxo- or hydroxo-bridged copper di-
mers [22,23]. Finally, halide bridges between Cup and
Cug and Cuc and Cup, correspond to the axial coordina-
tion site of the copper ions where the spin density is neg-
ligible. Therefore, the participation of this pathway to

. the interactions should be negligible.

So with the initial experiments stated above the data
were fit by forcing J, = J; and letting the three remain-
ing coupling constants free, starting from J; <0 and J,
and J4 > 0. The two sets of best fit parameters, corre-
sponding to the full lines in Figs. 4 and 5 were obtained
as 2J; =2/, =22(2)em™', 2/ = ~79(1)em™', 27, =46
@emt and 27,=25=331cm™’, 2J,=-83
(Dem™', 2J,=12(3)cm ™!, for compounds 1 and 2,
respectively. Their magnetic behaviour is thus domi-
nated by a medium antiferromagnetic interaction occur-
ring through the diagonal phosphato bridges (J/4),
resulting in a singlet ground state with a first excited
triplet state at, e.g., 76 and 84 cm™! above it (see en-
ergy-level scheme above).

4. Conclusions

In summary, two novel tetranuclear p,, n*-HPO,*~-
bridged copper(II) complexes have been synthesised
and reported in this study. These structures show a
ps,1>-bridging coordination mode which is rarely found
in hydrogenphosphate metals compounds and these are
the first structures reported with a p-HPO, and halide
system and these systems provide a new opportunity
to study the coordination mode of hydrogenphosphate
groups in relation with the magnetic behaviour. The
magnelic properties are dominated by a moderately
strong antiferromagnetic interaction via the Cu-O-P-
O—Cu pathway between the diagonal (inner) Cu ions
{Cu;—Cuy, Cu;—Cus pairs), but a weak ferromagnetic
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interaction is observed between the outer Cu ions (Cus-
Cuy and Cu,—Cu, pairs).
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Appendix A. Supplementary data

The thermal ellipsoid plots of the second crystallo-
graphic units of compound 1 and compound 2 and their
EPR spectra of 2 at 77 K and of T and 2 at RT are pre-
sented as supplementary material. Crystallographic data
for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publication CCDC Nos. 233926 and 233927 for
structures 1 and 2, respectively. Copies of the data can
be obtained free of charge from The Director, CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44-
1223-336033; e-mail: deposit@ccdc.cam.ac.uk, www:
http:/fwww.ccde.cam.ac.uk). Supplementary data asso-
ciated with this article can be found, in the online ver-
sion, at doi:10.1016/j.ica.2005.01.019.
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A copper(Il) chain compound with hydrogenphosphate
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Abstract

A new Cu(II} chain compound, [Cu{1,10-phenantheoline)p-HPOLKH,0)2], 1 has been synthesized hydrothermally and structur-
ally characterized by elemental analysis, IR, EPR spectrum and single-crystal X-ray diffraction. The Cu(ll) ion is tetragonally coor-
dinated with a phen ligand and two aqua ligands in the equatorial plane (Cu-N distance 2. 006(2) A and Cu-O distance 1.969(2) A)
and hydrogenphosphates as axial ligands (Cu-Q distance 2.470(2) A), thereby forming a linear chain. The crystal lattice is formed
from antiparallel chains, kept together by relatively strong phosphate-water H-bonds (intra- and intermolecular) with O---O con-
tacts of 2.615(3) and 2.672(3) A and by interpenetrated stacking of the phen ligands with other chains. The magnetic susceptibility
measurements {5-300 K) agrees with a weak antiferromagnetic chain interaction between the Cu centers with J value of —5.86 cm -1

© 2005 Elsevier B.V. All rights reserved.

Keywords: Hydrothermal synthesis; Copper(11); Polymeric; One-dimensional chain; Magnetic properties

Open-framework materials have been of interest be-
cause of their traditional use in catalysis, separation,
and ion exchange and their potential applications as hy-
brid composite materials in nonlinear optical and sens-
ing applications [1]. Recently much research has
focused on the synthesis of inorganic—organic hybrid
frameworks using HPO?™ and derivative ions as bridg-
ing [2,3] and both monodentate coordinating and bridg-

* Corresponding author. Tel.: +6604320222241; Fax : +66 43 243
338402373,
E-mail address: sujittra@kku.ac.th (5. Youngme).

1387-7003/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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ing modes of HPO}™ and derivative ions have been
investigated. Complexes of copper(Il) and didentate
mono{chelate) ligand with divalent oxoanions may be
grouped in classes for each type of oxoanions depending
on the coordinating nature. Complexes with divalent
oxoanions formulated as Cu(LLYA)H,0),, where
LL = chelating didentate ligand and A =COj~
and SO2~ have been divided into five classes of local
molecular structures, viz.: {I) mononuclear distorted
square-based pyramids with a didentate oxoanion [4];
(1) polymeric distorted square-based pyramids with a
bridging tridentate oxoanion [5]; (III) mononuclear
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square-based pyramids with a monodentate oxoanion
[6); (IV) polymeric elongated octahedron with bridging
didentate oxoanions [7-10]; (V) dinuclear distorted
square-based pyramid with double bridges of tridentate
oxoanions [11]. With 2,2%-bipyridine (bipy) [i2,13] or
1,10-phenanthrotine (phen) [14] as the chelating ligand
LL, such organic-inorganic hybrid compounds have
hardly been synthesized so far. Since some copper(Il)
complexes with phen ligands have shown to be of inter-
est to catalysis and biochemistry [15], it appeared of
interest to prepare Cu(II}-phen coordination polymers
with phosphates. So far the presence of one-dimensional
interdigitation by phen stacks structures in a copper(lI)
coordination polymer has been rarely reported [16,17].
In this study we describe the hydrothermal synthesis
and crystal structure of a double-chain coordination
polymer with the formula [Cu(phen)(H,0):(u-HPG4)],
1. The spectroscopic properties and magnetic behavior
are investigated and discussed.

Compound 1 was synthesized from the reaction mix-
ture of Cu(NGC3), - 3H,0 (0.241 g, 1.0 mmol), 1,10-phe-
nanthroline (0,198 g, 1.0mmol), NaH,PQ,-H,0
(0.175 g, 1.0 mmol) and H,O (12 ml). The resulting solu-
tion was stirred in air for 5 min and transfer into a reac-
tor bomb and heated at 160 °C for 120 h. Blue crystals
of 1 were recovered in 55% yield after filtration, washing
with water and drying on air. Anal. Caic. for C;2H5Cu
NoOeP: C, 38.36; H, 3.46; N, 7.45%. Found: C, 38.41; H,
3.53; N, 7.48%. FT-IR data (cm™'): 3415(m), 3051(w),
1601(m), 1497(w), 1474(m), 1447(s), 1319(w), 1250(w),
1176(s), 1076(s), 1032(w), 1001(m), 959(s), 888(s),
772(s), 730(m), 637(w), 618(w), 510(s) cm .

A plot of the structure together with the numbering
system is shown in Fig. 1. The structure of 1 consists
of a chain of [Cu(phen)(HyO0)(u-HPQ,)] units. The
geometry around the copper(Il) ion, which has a
CuN,;0,0; chromophore, can be best described as
tetragonally distorted octahedral. The basal plane con-
sists of two pyridyl nitrogen atoms from the phen ligand
(Cu-N distance 2.006(2) A) and two oxygen atoms from
a water molecule (Cu-O distance 1.969(2) A). These ba-
sal planes are linked into an infinite chain by the diden-
tate bridging hydrogenphosphate group. The two donor
atoms from the almost symmetrically bridging hydrog-
enphosphate groups occupy the axial positions above
and below the CuNO; planes, with a Cu-O distance
of 2.470(2) A. The axial O—Cu-O angle is 178.48(6)°.

The most interesting feature of 1 is its one-dimen-
sional double chain structure. These two one-dimen-
sional chains are antiparallel to each other along the a
axis of the cell. Relatively strong hydrogen bonds exist
between the oxygen atoms of the phosphate anions
and the oxygen atoms of different water molecules with
O- - O distance of 2.615(3) and 2.672(3) A, thereby keep-
ing the chains together in pairs. See also Table | and
Fig. 2 for details.
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Fig. 1. Thermal ellipsoid piot (50% probability) of [Cu(phen)
{(H;0)(u-HPOy)], 1. Atoms marked with an “A”", “B” or “AA” are
generated by an inversion centre. Selected bond lengths (A) and angles
(): Cu(13-0(2) 2.470(2), Cu(1)-0O(3) 1.969(2), Cu(l1}-N(1) 2.006(2),
P{I0O(1) 1.484(2), P(1)}-0(2) 1.461(2) and O(2)}-Cu(1)-O(3) B6.098),
O{2)-Cu(1)-N(1) 88.83(8), O(2)-Cu(1)-X28B) 178.48(6), O{2)-Cu(1)-
O(3A) 92.88(8), O(2)}-Cu{l)-N(1A) 92.328), O(3)Cu(l-N(l)
91.99(9), O(3)-Cu(l}-O(3A}) 94.11(8), O3-Cu(1)}-N{1A) 173.76(9),
N{I-Cu{l1)-N(1A) 81.94(9). Symmetry codes B: —x, p, 1/2—:.

TFable 1 .

The geometry of hydrogen bonding (A, °)

D-H---A DH H--A D--A DH-A
O{3)}-H(31)---O(1) 0857 1759 2.615(3) 1790
O(3)-H(32)- - -O(1) [x,—y,112+2] 0846 1.844 2.672(3) 165.8

It appears that the hydrogen bonding between the
two chains plays an important role in the formation of
this double-chain structure,

The phen ligands are located nearly parallel to the
equatorial plane of copper(II) center and perpendicular
to the chain extension direction. The distance between
the closest two phen planes on a mono-chain is
7.022 A. In the lattice, each phen ligand on a mono-
chain is interpenetrated into the interspaces of the clos-
est two phen ligands of another chain. Obviously, the
lattice structure in 1 results in that all molecular planes
of phen are nearly parallel in stacks. The shortest dis-
tance between two phen rings in 1 is 3.533 A.

The polymeric structure of 1 is comparable to those
of complexes with a carbonate anion [Cu{dpyam)
(CO3))(H0); (in which dpyam = di-2-pyridylamine) [5]
or with a sulfate group as an anion, like [Cu(dpyam)-
(H20)(504)] [9], [Cu(ethylenediamine)(H20).(SC,)]
(7], [Cu(bpy)(H;0):(S04)] [8], [Cu(oxamidecxime)
(H;0):(504)] [18] and completely isomorphous with
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Fig. 2. View of the hydrogen bond system.

the compound [Cu(phen)(H,0)x(50,)] [10]. The only
difference is the phosphate group, which has a H donor
atom present.

The EPR spectrum of compound 1 reveals, at RT and
at 77 K, the same axial signal with a g, of 2.08 and g of
2.24, which is in agreement with a (distorted) octahedral
geometry [19]. No hyperfine splitting is resolved.

The magnetisation of a powdered sample of 1 was
measured from 5 to 300 K in an applied field of 0.1 T.
The resulting molar magnetic susceptibility, yp, and
the product yp x T are plotted in Fig. 3. At 300 K, the
compound exhibits a yp 7" value of 0.369 cm® mol™' K,
which is close to the theoretical value expected for one
noncoupled Cu(Il) center with S$S=1/2 (uT=
0.375 cm® mol~! K). On lowering the temperature, the
¥m7T value decreases until it reaches a value of about
0.03 cm® mol~! K, a behavior indicative of an antiferro-
magnetic coupling between two Cu centers.

The temperature dependence of y) was then fitted
using the equation for a uniformly spaced copper(I{) lin-
car chain {20]). A Temperature Independent Paramagne-
tism (TIP) of 60 x 1078 cm® mol™! per Cu(II) ion has
been used. The best fit of the experimental magnetic sus-
ceptibility data (solid line in Fig. 3) was obtained using
the magnetic parameters g = 2.00, J = —5.86 cm ™, with
R=1.6x 107"

Any magnetic interaction via the phosphate O-P-O
bridge should be very weak, also because the unpaired
electrons are in orbitals perpendicular to the chain.

o007 |
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0.006 |- 4035
Joao
0005 |- s
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o X
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e doz20 B
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oom | 1008
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Fig. 3. A plot of temperature dependence of T vs. T[] and yp vs.
T [O] for compound 1. The sclid lines represents the calculated curve
for the parameters J = — 5.86cm™', g = 2.00 (see text).

The present value may in addition have contributions
from the hydrogen bonds. The J value found is in
agreement with the weak antiferromagnetic interaction
observed in the related compounds [Cu(phen)(H,0);
{804)] [10] and [Cu(oxamideoxime)(H0)2(S0,4)] (18],
which have a sulfate O-S-O bridge in the axial direction
and which have J values of —3.8 and -1.0cm™',
respectively.

Supplementary material

Crystal data for 1. Cy,H3CuN,O¢P, Monoclinic,
C2fc (No.15), a=14870(2), b=13.83304(18), c=
7.0220(9) A, B=108.630(2) A, ¥=1368.5(3)A°, T=
293()K, Z=4, D.=1824Mgm™>, y=1745mm™",
F000)=764, k(Mo Ka)=0.71073A. A total of
5,776 reflections were measured in the setting angles
2.06° < h < 28.28° by x scan method, of which 1633 were
independent reflections. The crystal structure was solved
by direct method, and refined by full-matrix least
squares on F°. Empirical absorption corrections were
applied, which resulted in transmission cocfficients rang-
ing from 0.7403 to 1.000 for 1. The structure was solved
by direct methods and refined by full-matrix least
squares method on (Fops)® with anisotropic thermal
parameters for all nonhydrogen atoms using the
SIR2002 and SHELXL-97 software package, and con-
verging to R, =0.0388 and wR,=0.0944 [[> 2a(])].
CCDC-256479 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge at www.ccde.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data
Center (CCDC), 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44(0)1223 336033; e-mail: deposit@cede.
cam.ac.uk].
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Abstract

The crystal structure of a copper(I1} complex containing the lgand 1,10-phenanthroline (phen) with mono- and di-dentate H,PO,
and monodentate HPOi’ oxoanions, [Cua(phen)(u-HPO4-0,0')(H, PO, Cus(phen)a p-HaPO4-0,0){ p-HaPO,-O) pu-HPO -
NB(H,0), is reported and determined by X-ray crystallography. Two crystallographically independent dinuclear units with different
bridging properties of (di)hydrogenphosphato anjons are found in this compound.

The two Cu(ll) ions in the first unit, [Cus(phen)(p-H:POy-0,0):(HaPOy)2], are bridged by two didentate bridging dihydrogenphosph-
ato monoanions and also contains two non-bridging monovalent dihydrogenphosphato aniens. The geometry of the Cu(Il) ions is
square pyramidal with a Cu-Cu distance of 5.043(3) A.

The two Cu(il) ions in the second unit, [Cuy(phen);(p-HaPO4-0, 0"} p-HoPOy-0) p-HPO4- )], are bridged by three different hydrog-
enphosphate anions; a didentate bridging dihydrogenphosphate monoanion, a menodentate dihydrogenphosphate bridging monoanion
and a monodentate hydregenphosphate dianion, This bridging mode is unique and has not becn reported so far for dinuclear Cu(ll)
compounds. The geometry of the Cu(lI]) ions in this second unit is distorted square pyramidal and the Cu-Cu distance is 3.074(3) A.

The magnetic susceplibility measurement (5-300 K) have been fitted with two different J values. A weak antiferromagnetic interaction
between the Cu ions in one dinuclear unit with J, = —8.2cm ™" and a very weak ferromagnetic interaction between the Cu ions in the
other dinuclear unit with J> = 0.96 cm™’, allow an acceptable fit.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Crystal structure; Copper(Il); Dihydrogenphosphate complex; Magnetic properties

Open-framework materials are of considerable interest
due to their rich structural chemistry and potential applica-
tions in catalysis, separation and ion exchange [1,2). One
class of these materials concerns aluminophosphates, com-

* Coresponding author. Fax: +66 43 243 338.
E-mail address: sujittra@kku.ac.th (5. Youngme).

1387-7003/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.inoche.2005.10.020

monly known as AIPOs [3]. Many of these compounds exhi-
bit novel microporous structures. Two notable recent
examples are VPI-5 and JDF-20, containing extra-large
18- and 20-ring channels, respectively [4.5]. Recently, others
and we have focused on the synthesis of inorganic—organic
hybrid compounds by incorporating organic ligands in
the structure of copper phosphates [6-11]. Compared with
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inorganic ligands, organic multidentate ligands possess
more rich coordination sites and a wide variety of shapes.

described and investigated structurally and magnetically.
The unit cell of the title compound contains two crystallo-

graphically independent dinuclear units, one unit [Cus-
(phen)s(p-HaPO4)(HoPO4);] (unit A) and two units of
[Cua(phen)s(p-HyPO4)s(u-HPOY) (unit B). Also nine
water molecules, of which one is disordered, are present
in the unit cell. The dihydrogenphosphato bridges in the
two crystallographically independent units are totally dif-
ferent in coordination modes. The first dinuclear moiety,
[Cux(phen)(p-H2PO4-0,0')2(H2POy)] (unit A, Fig. 1{a))

To obtain more insight into bridging phosphate anions,
we have extended our study using the ligand 1,10-phenan-
throline (abbreviated as phen). In the present study, a
mixed hydrogenphosphato-bridging Cu(II) complex, [Cu,-
{phen}(u-H3P04-0,0":(H,PO4): JCuy(phen)o p-HaPO4-O,
0} (p-HoPO4-O)pu-HPO4-O)b(H,0), containing two
crystallographically independent molecules with different
coordination modes of (dijhydrogenphosphato bridges, is

Fig. 1. The molecular structure of [Cuy(phen)(p-HyPO,0,0"): HaPOL), JCus{phen)y{ p-H2PO4-0,0" Y p-Ho PO, - O p-HPOy-O) b H;0)s. the uncoordinat-
ing water molecules are omitted for clarity. (a) The structure of [Cuxphen)(p-HaP040,0"):(H:PO4);] (unit A). Selected bond distances (A) and angles:
Cu(11F-N(1) 2.015(3), Cu(H)-N(2) 2.021(3), Cu(1-O(1) 2.230(3), Cu(1)-0(5) 1.94%3), Cu(1)-O(8) 1.928(3), Cu(l}-Cu(1A) 5.043(3), O(1)—Cu(1)-0O(5}
94.0(1). O{1)-Cu(1}-O(8) 99.9(1), O(1)}-Cu(1)-N(1) 96.5(1), O{})-Cu( 1}-N(2) $2.4(1), O(5)-Cu¢1}-0(8) 94.9(1), O(5)-Cuf1}-N(1) 167.8(1), O(5)-Cu( 1}~
N(2) 21.8(1), O(8)—Cu(1)-N(1) 89.6(1), O(8)-Cu(1)}-N(2) 165.6(1). A=—x+ 2, ~y+ 2, —z. (b) The structure of [Cuz(phen}z(pn-H,P04-0,0"Kpu-HyPOs-
O)p-HPO,4-0)] (unit B). Selected bond distances (A) and angles (°): Cu(2)-N(3) 1.996(3), Cu{2)}-N4) 1.997(3), Cu(2)-O{9) 2.288(3), Cu(2)-O(13) 1.930(2),
Cu(2)-0(17) 1.950(2), Cuf3)-N(5) 2.011(3), Cu(3)-N(6) 1.995(3), Cu(3)-O(9) 1.945(2), Cu(3)-0(13) 2.261(3), Cu(3)}-O(18) 1.937(3), Cu(2)-Cu(3) 3.074(3},
0O(9)-Cu(2)-0(13) 84.0(1}, O(9)-Cu2)-0(17) 93.0(1), O(9)-Cu(2}-N(3) 95.8(1), O(9)-Cu(2)-N(4) 98.9(1), O(13)-Cu(2)-O(17) 91.8(1), O{13)-Cu(2)-N(3)
176.0(1), O(13)-Cu(2)}-N(4) 93.5(1), O(17)}-Cu(2)-N(3} 92.2(1), O(17}-Cu(2)-N(4) 167.5(1}, O{9)-Cu(3)-0(13) 84.4{1), O{9)-Cw(3)-O(18) 92.4(1), O(%)-
Cuf3)-N(5) 93.2(1), O(9-Cu(3)-N(6) [71.4(1), O{13)-Cu(3)}-O(18} 92.6(1), O(13)—Cu(3)-N(3) 86.6(1), O(13)-Cu(3)-N(6) 102.5{1), O(18)-Cu(3}-N(5}
174.2(1), (18)-Cui3)-N(6) 92.4(1), Cu(2}-H9)-Cu(3) 92.8(1), Cu(2}-0{13}-Cu(3) 94.{1). A =-x+2, -y + 2, -z
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is doubly bridged by two didentate dihydrogenphosphato
anions. The geometry of the Cu(Il) ions is square pyrami-
dal (r value of 0.04; the t value describes the relative
amount of trigonality; =0 for square pyramid and
=1 for trigonal bipyramidal) [12]. The basal plane of
CuN>O,0" chromophore consists of two oxygen atoms
of the two bridging dihydrogenphosphato groups, O(5)
and O(8) (Cu-O distances of 1.949(3) and 1.928(3) A)
and two nitrogen atoms of a phen ligand (Cu-N distances
of 2.015(3), 2.021(3) A) The fifth axial coordination site is
occupied by one oxygen atom of non-bridging monoden-
tate dihydrogenphosphato group at the Cu-O(1) distance
of 2.230(3) A. The basal angles are 167.8(1)° and
165.6(1)°. The four in-plane atoms, N(1), N(2), O(5) and
O(8) are essentially planar (r.m.s. deviation 0.098 A), with
a slightly tetrahedral twist {dihedral angles between the
CuN; and CuQ; planes 16.1°). The Cu atom lies 0.197 A
above this plane towards O(1). The Cu---Cu distance is
5.043(3) A. The coordinated P-O bonds, 1.498(3) and
1.502(3) A, are shorter than the uncoordinated P-OH
bonds, 1.548(3) and 1.567(3) A. These differences are nor-
mally found for the two-coordinate bridging coordination
of dihydrogenphosphate anion [13]. The non-bridging
monodentate dihydrogenphosphato group involves O-P-
O angles ranging from 106.7(1) to 115.3(1) A. The P-OH
bonds, 1.563(3) and 1.572(3) A, are longer than the P=0
bonds, 1.495(3) and 1.570(3) A, which is in usual
observation.

The second unit, [Cuy(phen)y(p-HyPO04-0,07)(u-H;PO,-
OXu-HPO,-0)] (unit B, Fig. 1(b)}, is slightly asymmetric
and bridged by three different hydrogenphosphate anions:
a didentate bridging dihydrogenphosphate anion, a
monodentate bridging dihydrogenphosphate anion and a
monodentate bridging hydrogenphosphate anion. This
mode is unique and not reported so far for dinuclear Cu(II)
compounds.

The geometry of the Cu(IT) ions is distorted square pyra-
midal (z value of 0.14 and 0.004 for Cu2 and Cu3, respec-
tively) and the Cu—Cu distance is 3.074(3) A. The basal
plane of the CulN;0,0’ chromophore of each Cu(II)ion con-
sists of two nitrogen atoms of a phen ligand (Cu-N distances
vary from 1.995(4) to 2.011(3) A), one oxygen atom of a did-
entate bridging dihydrogenphosphato anion (Cu-O dis-
tances 1.937(3), 1.950(3) A) and an oxygen atom of a
monodentate  bridging  dihydrogenphosphato  anion
(Cu(3)-0(9) distance 1.945(3) A} or of amonodentate bridg-
ing hydrogenphosphato anion (Cu(2)}-0{13) distance
1.930(2) A) The basal angles are 167.5(1)°, 176.0(1)° and
171.4(1)°, 174.2(1)° for Cu2 and Cu3, respectively. The fifth
axial coordination site is occupied by an oxygen atom of
monodentate hydrogenphosphato anion (Cu(3)-0(13) dis-
tance 2.261(3) A) or of a monodihydrogenphosphato anion
{Cu(2)-0O(9} distance 2.288(3) A). The four basal atoms
show a small tetrahedral distortion with a dihedral angle of
11.5° and 7.5° formed between CuQ; and CuN; planes ang
the copper atoms are displaced by --0.095 and -0.047 A
from the basal plane towards the O(9) and O(13) atoms.

The lattice structure is stabilized by a complicated
hydrogen bonding network between the oxygen atom of
the non-bridged dihydrogenphosphate anion and oxygen
atoms of the bridged dihydrogenphosphate anion in unit
A and unit B.(O(Hzpm,---O(p_Hlm, distances 2.602(1),
2.532-2.692(1) A, respectively); between oxygen atom of
dihydrogenphosphate group of unit A and water oxygen
atom (O, p,ro4) " Opwarery distance 2, 564([)A) between
oxygen atoms of different dihydrogenphosphate groups of
unit B (Oy,.n,p04y  ‘Op-n.posy distance 2.547(1) A) and
between oxygen atoms of dihydrogenphosphate groups
and hydrogenphosphate group of unit B (Oy.upos

+O-vpo, distances 2.461(1)-2.584(1) A) The unique
brldgmg mode using three different phosphates is clearly
stabilized by this H bonding pattern.

The electronic diffuse reflectance spectrum shows a
broad band at 14,400 cm™". This single broad peak is con-
sistent with the square pyramidal stereochemistry and
assigned to be d.., dy,, d,., d,- — dxzy2 transition [14].

The polycrystalline EPR spectrum of the powdered
compound reveals at room temperature and at 77 K an
axial signal with gy=2.27 and g, = 2.05, respectively.
These signais are consistent with the d,. _ yz ground state
and resulting from a distorted square-based pyramidal
geometry. No strong triplet signals have been observed.
However, at around 160 mT a very weak “*half-field”” signal
is observed, indicative for dinuclear compounds.

The magnetic susceptibility of a powdered sample was
measured from 5 to 250 K. The magnetic properties are
given in Fig. 2 in the form of a T vs. T (a) and x vs. T plots
(b). In the yT curve, at 250K, the x7 wvalue is
2.088 cm® mol ' K, close to that expected for six uncou-
pled copper centres (xT = 2.25cm® mol 'K, g=2). As
the temperature is decreased the value remains constant
until 50 K, where a decrease begins, pointing at a weak
antiferromagnetic interaction. This is confirmed by the fact
that no maximum is observed in the y vs. T plot.

Two crystallographically different dinuclear units form
the unit cell with a total of six coppers, 2 in unit A and

T T T T T
e g 035
2.0 B N
14 X - 0.30
19 ——FitforgT
16 .y L o.2s
&7 020 ™
B [ a
2164 EY
154w L0155
244] 3 — 2
= 010 ~
* 13
12 ] + 0.05
1.1
0.00
[
10 T T =T T v
¢ 50 100 150 | 200 250
Temperature {K)

Fig. 2. Plot of y and y7T versus T for the title compound. The solid lines
represent the calculated curve for the parameter J, = -8.2 em™' and
J2 =0.96cm™ {see text).
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2 x 2 in unit B. The following Hamiltonian was considered
to fit the magnetic data: H= -J|8,S, — 2 /8.8, in
which J| is the interaction in the dinuclear unit A and J,
that in the dinuclear unit B. As they are independent units,
each may have its own coupling constant. Considering an
identical g value for the four different coppers and includ-
ing standard temperature independent paramagnetism, the
molar magnetic susceptibility is, based on a Bleaney-Bow-
ers equation [15], described by

% =2NAg* B [3kaT[1/(3 + exp(—J1 /KaT))
+ 2/(3 + exp(—Jz/KaT))] + TIP.

The best set of parameters that fits the magnetic data
are: Jy=-82cm™’, L =09 cm ' and g=192. TIP
was kept constant with a value of 60 x 10™* per copper
atom. The g value is somewhat lower than expected. This
may be due to the small quantity of the sample which
was measured. The low values for the coupling constants
indicate very weak interactions between the coppers in
both dinuclear units. For the unit bridged by two dihydro-
genophosphate anions {unit A}, the negative value of J;
implies that the interaction is antiferromagnetic. As the
two coppers have a square pyramidal (SP) geometry, their
magnetic orbital is d,: _ ,”. The angle between these orbi-
tals is about 180°. This and the fact that they are both in
the same plane explain the antiferromagnetic interaction.
The weakness of the interaction can also be due to the long
distance between the two coppers. J» (unit B) is on the con-
trary positive. The magnetic orbitals of the coppers are
again d,: _ % as the coppers have SP geometry. One of
the anions is bridging the two coppers through their mag-
netic orbitals, but in this case, they are parallel to each
other, thus no interaction is expected. A rather complicated
explanation of the ferromagnetic interaction alights and
DFT calculations will be needed for a better comprehen-
sion of this parameter.

The very weak (anti)ferromagnetic couplings found in
the title compound is in agreement with this structural
feature and the large Cu—Cu distances and is also in agree-
ment with the earlier observed compound, [Cu(dpyam)(p-
H,PO)(H,PO,)}b, with a J; value of —8.2cm ™' (6] The
unusuzl ferromagnetism observed for the second unit could
be further investigated with DFT calculations, which is out
of the scope of this study.

Supplementary material

Crystal  data: CrH7CugN7204P s (M, = 25794),
Monoclinic, P2(1)/n, a = 11.9784(5), b = 31.1685(14), ¢ =
13.3329(6) A, B = 101.5570(10)°, ¥V =4876.9(4) A>, T—=
2932)K, Z=2, D.=L175T;Mg/m’, p=1553mm™’,
FR000) = 2606.0, k(Mo Ka)=0.71073 A, 42,866 reflec-
tions measured (3.07° < h < 25.03°), 11,666 unique (R, =
0.0578), R, = 0.0497, wR, = 0.1240. Reflection data were
collected on a 1K Bruker SMART CCD area-detector dif-
fractometer. Data reduction and cell refinements were
performed using the program SAINT [16]. The structure

was solved by direct methods and refined by full-matrix
least-squares method on (F,p,)> with anisotropic thermal
parameters for all non-hydrogen atoms using the SHEL-
XTL-PC [17] software package. All hydrogen atoms were
located and refined isotropically except 13 water hydrogen
atoms, which were unable to locate and also not fixed. One
water oxygen atom was disordered and refined with site
occupancies of 0.50 and 0.50. The location of the H200
belonging to 020 is influenced by the disordered atom
O3W (two positions, no hydrogen atoms could be located
nor fixed) to which it forms weak hydrogen bonds. The
molecular graphics were created by using SHELXTL-PC
[17}. CCDC No. 284274, See htip://www.cede.cam.ac.uk
for crystallographic data in CIF format.

Synthesis: The compound was synthesized by adding an
aqueous solution (15ml} of Cu(ClO4)(H2O) (0.19¢g,
0.5 mmol) to a solution of phen (0.10 g, 0.5 mmol) in etha-
nol (10 ml) and followed by an aqueous sclution (10 ml) of
potassium dihydrogenphosphate (0.14 g, 1.0 mmotl). The
resulting blue-green solution was allowed to evaporate at
room temperature. After several days, bluish-green crystals
were deposited. Yield: ca. 55%. They were filtered off,
washed with the mother liquid and dried in air. Anal Calc.
for C72H34CH6N12049P|0 {Mw: 25925) C, 334, H, 33N,
6.5. Found: C, 32.9; H, 3.0; N, 6.5%. FT-IR data (cm™'):
1167s, 1109s and 1078(s), vas(P-O); 946s, v(P-0); 893m,
886m and 856s, & (P-O(H)) out-of-plane deformation;
596m, 535s, and 509s, & (O-P-0).

Acknowledgements

The authors thank The Thailand Research Fund and
Khon Kaen University for a research grant. Support of
the Postgraduate Education and Research Program in
Chemistry is also gratefully acknowledged. The work de-
scribed in the present paper has been supported by the Lei-
den University Study group WFMO (Werkgroep
Fundamenteel Materialen Onderzoek).

Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.inoche.2005.10.020.

References

[1] A.K. Cheetham, G. Ferey, T. Loiseau, Angew. Chem. Int. Ed. 38
(1999) 3268.

[2] M.E. Davis, Nature 417 (2002) 813.

[3] S.T. Wilson, B.M. Lok, C.A. Messina, T.R. Cannan, E.M. Flanigen,
J. Am. Chem. Soc. 104 (1982) 1146,

[4] M.E. Davis, C. Saldarriaga, C. Montes, J.M. Garces, C. Crowder,
Nature 331 (1988) 698.

[5] Q. Huo, R. Xu, 8. Li, Z. Ma, J.M. Thomas, R.H. Jones, AM.
Chippindale, J. Chem. Soc., Chem. Commun. (1992) 875.



P. Phuengphai et al. ! Inorganic Chemistry Communications 9 (2006) 147-151 151

(6] 5. Youngme, P. Phuengphai, N. Chaichit, G.A. van Albada, O.
Roubeau, J. Reedijk, Inorg. Chim. Acta 7 (2004) 3603.

[71S. Youngme, P. Phuengphai, N. Chaichit, G.A. van Albada, O.
Roubean, I. Reedijk, Inorg. Chim. Acta 358 (2005) 2262.

8} 5. Youngme, P. Phuengphai, N. Chaichit, G.A. van Albada, O.
Roubeau, J. Reedijk, Inorg. Chim. Acta 358 (2003) 849.

[9] S. Youngme, P. Phuengphai, C. Pakawatchai, G.A. van Albada, S.
Tanase, 1. Mutikainen, U. Turpeinen, J. Reedijk, Inorg. Chem.
Commun. 8 (2005) 335.

110] Z.-E. Lin, J. Zhang, Y.-Q. Sun, G.-Y. Yang, Inorg. Chem. 43 (2004)
797
[11] R.C. Finn, J. Zubieta, J. Phys. Chem. Solids 62 (2001} 1513.

[12] A.W. Addison, T.N. Rao, J. Reedijk, J. van Rijn, G.C. Verschoor, I.
Chem. Soc., Dalton Trans. {1984) 1349.

[13] AM. Krogh Andersen, P. Norby, J.C. Hanson, T. Vogt, Incrg.
Chem. 37 (1998} 876.

(14} B.J. Hathaway, in: G. Wilkinson, R.D. Gill, J.A. McCleverty {Eds.),
Comprehensive Coordination Chemistry, vol. 5, Pergamon Press,
Oxford, 1987 (Chapter 53).

[£5} O. Kahn, Molecular Magnetism, VCH Publishers, New York, 1993.
(16] Siemens, SAINT 1996, Versiond Software Reference Manual, Sie-
mens Analytical X-Ray Systems, Inc., Madison, WI, USA, 1996.
[17] Siemens, SHELXTL 1996, Version 5 Reference Manual, Siemens

Analytical X-Ray Systems, Inc., Madison, WI, USA, 1996.



PUBLICATION PAPERS OF PART I1I



Available online at www.sciencedirect.com

.cllucl@nlulcﬂ!

Polyhedron 23 (2004) 16411647

D

POLYHEDRON

www.elsevier.comflocate/poly

ELSEVIER

The novel dinuclear doubly and triply bridged copper(II) compound
with monoatomic bridges

Sujittra Youngme **, Chatkaew Chailuecha ?, Narongsak Chaichit ®
* Department of Chemistry, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
® Department of Physics, Faculty of Science and Technology, Thammasat University Rangsit, Pathumthani 12121, Thailand

Received 8 January 2004, accepted 29 March 2004
Available online 30 April 2004

Abstract

The planar dihydroxo-bridged [Cus(dpyam)2(u-OH)1a]-2H5O (1) and the roof-shaped trihydroxo-bridged [Cua(dpyam)a(p-
OH}JCL- 3H20 (2) (in which dpyam = di-2-pyridylamine) dinuclear copper(1l) compounds have been synthesized and their crystal
structures determined by X-ray crystallographic methods. All of compounds are being centrosymmetric molecule. Compound 1
contains a dinuclear [[(dpyam)Cu({p-OH),Cu(dpyam)I]* unit with a strictly ptanar CuQ; network, dihedral angle between the CuQ;
planes of 180°. Each copper(Il) ion is in a tetrahedrally distorted square pyramidal coordination geometry of the CuN,;O:l
chromophore with a dihedral angle 19.3° between the CuN; and CuQ; planes. In the dinuclear [(dpyam)Cu(u-OH); Cu{dpyam)]*
unit of compound 2, the triply bridged Cu(ll) ions show a distorted square pyramidal coordination. The fifth apical ligand is a
longer bonded bridging OH™ group, at distance of 2.433(4) A, which joins the basal CuN;O: planes in a roof-shaped configuration
with a dihedral angle of 142.5°. The Cu-Cu distance is 2.803(7) A.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Copper(I1) complexes; Crystal structure; Dihydroxo-bridged; Roof-shaped; Triply bridged

1. Introduction

In the last three decades, the dinuclear doubly
bridged copper(If) compounds with nitrogen donor li-
gand and monoatomic bridges have been received much
attention especially the di-u-hydroxo-bridged copper{II)
systems which have been studied widely both from ex-
perimental and theoretical points of view, since the
magnetostructural correlations described by Hatfield
et al. [1] for the Cu-O-Cu bridging angle and spin
coupling constant {27) between the metal centers. More
recently, these correlations have been extended by Ruiz
et al. [2,3]. However, the structure characterized of the
triply bridged copper(Il) compounds containing nitro-
gen donor didentated chelate ligand and monoatomic
bridges are less reported. So far only a few closely
related structures, {Cuz(dpyam).(u-OH)(p-OH)ICI; -

" Corresponding author. Tel.: +66-043-20222241; fax: +66-043-
202373,
E-mail address: sujittra@kku.ac.th (S. Youngme).

0277-5387/§ - see front matter © 2004 Elsevier Lid. All rights reserved.
doi:10.1016/j.poly.2004.03.02}

2H,0 [4], [Cuy(dpyam)r(n-OMe)(u-CDJC1- MeOH [5]
and [Cuy(dpyam);(p-OH)2(31-OH2)]Br> - 2H,0 [6] (in
which dpyam = di-2-pyridylamine) are reported in the
literature. In order 1o extend the investigation on this
series of compounds an attempt has been made to pre-
pare the novel planar di-u-hydroxo-bridged copper(Il)
compound, [Cuz(dpyam)2(p-OH);12] - 2H;O (1), and the
novel dinuclear copper(Il) compounds containing three
monoatomic bridges with homospecies, {Cux(dpyam),-
(p-OHXRICL- 3H,0 (2). Their IR, EPR and clectronic
spectra have been investigated and discussed, along with
structural and spectral comparisons with those of other
relevant compounds.

2. Experimental

2.1, Materials and measurements

Di-2-pyridylamine were purchased as commercial
chemicals from Aldrich. All reagents are commercial grade
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materials and were used without further purification.
Elemental analyses (C, H, N) were determined on a Per-
kin-Elmer PE 2400 CHNS/O Analyzer by Microanalyti-
cal Service of Science and Technologica! Research
Equipment Center, Chulalongkorn University.

IR spectra were recorded on a Biorad FTS-7/PC FT-
IR and a Perkin-Elmer Spectrum One FT-IR spectro-
photometer for compounds 1 and 2, respectively as KBr
disc in the 4000-450 cm~' spectral range. Solid-state
(diffuse reflectance) electronic spectra were measured as
polycrystalline samples on a Perkin-Elmer Lambda2$
spectrophotometer, over the range 8000-18000 cm™!.
The X-band powder EPR spectra were obtained on
polycrystalline samples at room temperature and 77 K
with a JEOL RE2X electron spin resonance spectrometer
by Microanalytical Service of Science and Technological
Research Equipment Center, Chulalongkorn University.

2.2, Synthesis of compound 1

2.2.1. [Cuy(dpyam);(u-OH),L}-2H,0 (1)

The hot aqueous solution (5 ml) of KI (0.166 g,
1.0 mmol) was added to a hot aqueous solution (5 ml) of
Cu(NO;)2 - 3H;0 (0.121 g, 0.5 mmol). Then a hot ace-
tone solution (8 ml) of dpyam (0.086 g, 0.5 mmol) was
added to the mixture yielding a green solution. Its color
became greenish-blue by slow addition of an aqueous
solution (10 ml) of NaOH (0.020 g, 0.5 mmol) and the
blue precipitate formed in a few minutes. The precipitate
was filtered off and recrystallized in a hot agueous so-
lution. After two weeks, blue-plate crystals of compound
1 were obtained. Amal. Calc. for CypH24CusIzNgQy4: C,
30.28; H, 3.05; N, 10.59. Found: C, 30.35; H, 3.12; N,
10.40%.

2.3. Synthesis of compound 2

2.3.1. [Cuy(dpyam),(p-OH); JCl-3H,0 (2)

This compound was prepared by adding a hot ace-
tone solution (10 ml) of dpyam (0.171 g, L. O mmol)to a
hot aqueous solution (30 ml) of CuCl;-2H,0 (0.170 g,
1.0 mmol) yielding a turquoise green solution. Its color
became blue by slow addition of an aqueous solution
(10 ml) of NaOH (0.039 g, 1.0 mmol). This solution was
allowed to evaporate at room temperature. After several
days, bluish-purple crystals of compound 2 were ob-
tained which were filtered off, washed with mother
liquor and air-dried. Anal Calc. for CogHyClCusNgOy:
C,41.70; H, 4.72; N, 14.59. Found: C, 41.67; H, 4.81; N,
14.53%.

2.4. Crystallography
The X-ray single-crystal data for two compounds

were collected at 298 and 293 K for compounds 1 and 2,
respectively on a | K Bruker SMART CCD area-

detector diffractometer using graphite monochromated
Mo Ko radiation (4 = 0.71073 A) at a detector distance
of 4.5 cm and swing angle of —35°. A hemisphere of the
reciprocal space was covered by combination of three
sets of exposures; each set had a different ¢ angle (0°,
88°, 180°) and each exposure of 40 s covered 0.3° in w.
Data reduction and cell refinements were performed
using the program SAINT [7]. An empirical absorption
correction by using the SADABS [8] program was ap-
plied, which resulted in transmission coefficients ranging
from 0.741 to 1.000 for compound 1, 0.752 to 1.000 for
compound 2.

The structures were solved by direct methods and
refined by full matrix least-squares method on (Fyps)
with anisotropic thermal parameters for all non-hydro-
gen atoms using the SHELXTL-PC V 6.12 sofiware
package [9]. All hydrogen atoms were located geomet-
rically and refined isotropically except those of a hy-
droxo group and two molecules of lattice water for 2.

The molecular graphics were created by using
SHELXTL-PC [9] package. The crystal and refinement
details for compounds 1 and 2 are listed in Table 1.
Selected bond lengths and angles are given in Tables 2
and 3.

3. Results and discussion

3.1, Crystal structure of [Cuy(dpyam),{u-OH):L]-
2H,0 (1)

The structure of compound 1 consists of a centro-
symmetric dinuclear [Cux{dpyam):(p-OH),12] unit and
two molecules of lattice water. This unit is depicted in
Fig. 1, together with the numbering scheme, with se-
lected distances and angles listed in Table 2. Both cop-
per(Il) atoms of the complex are linked through the
double hydroxo bridges. Each copper(Il) atom has a
distorted square pyramidal coordination, t = 0.04 {the
structure index is defined as t = (f — ) /60, where 8 and
o are the largest coordination angles [10,11]), with the
basal plane, CuN;Q; chromophore, comprised of two
nitrogen atoms from a terminal dpyam ligand (Cu(l}-
(N1} distance of 2.007(3) and Cu(1)-N(2) distance of
2.006(3) A) and two oxygen atoms from two hydroxo
groups (Cu(l)-O(l} distance of 1.967(2) and Cu(l)-
O(1A) distance of 1.960(2) A). The fifth apical coordi-
nation site of each copper(Il) atom is occupied by an
I atom (Cu-I distance of 3.040 A) to complete the
distorted square pyramidal CuN,O;I chromophore.
However, the Cu-I distance is too long for even weak
semi-coordination. The basal planes are slightly devi-
ated from planarity with a distinct tetrahedral twist,
evident from the dihedral angle of 19.3° between CuN;
and CuQ; planes. The Cu—Cu separation within the
dinuclear unit is 2.988(7) A, while the bridging Cu(l)-
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Table 1

Crystal and refinement data for complexes land 2
Complex (93] (2)
Molecular formula [Cu:(dpyam)z(n-OH).1;) - 2H, O [Cuz(dpyam)y(p-OH)]CL- 3H,0
Molecular weight 793.33 610.02
T(K) 2932y 293(2)
Crystal system triclinic orthorhombic
Space group P1 Cme2,
a(A) 9.191 15.690
b (A 9.440(2) 8.629
c(A) 9472() 18.249
o (%) 111.54 90
B 97.08(10) 90
y(®) 108.84(10) 90
¥ (AY) 695.66(2) 2470.85(5)
Zz 1 4
Doy (gem ) 1.980 1.626
u(mm") 3792 1.877
F(000) 402 1228
Crystal size (mm) 0.05 % 0,20 x 0.25 0.23x0.45 % 0.10
Number of reflections coilected 5226 9012
Number of unique reflections [Ri] 3810 [0.0165) 3593 [0.0408]
Data/restraints/parameter 38100219 3593/1/181
Goodness-of-fit 1.012 1.123

Final & indices [/ > 2a(f)]
R indices (all data)

Largest difference peak and hole (e A;) 0.963, -1.010

R; =0.0345 wR; = 0.0824
Ry = 0.0483, wR; = 0.0904

R = 0.0408, wk, = 0.1386
Ry = 0.0453, wR; = 0.1427
1.539, -0.402

Table 2

Selected bond lengths [;\] and angles [*] with e.s.d.s. in parentheses of [Cup(dpyam)z2(p-OH)lz] - 2H,0 (1)
Bond lengths
Cu(1)}-N(1) 2.007(3) Cu(1)}-0(1) 1.967(2)
Cu(1}-N(2) 2.006(3) Cu(1)-O(1A} 1.960(2)
Cu(t)-I(1) 3.040(5) Cu(1)-Cu(1A) 2.988(7)
Bond angles
O(1-Cuf1>-O(1A) 80.93(11) O(1A)-Cu(1)-I(1) 99.75(%)
O(1)-Cu(1)}-N(1) 93.51(10) N(I-Cu1}-N(2) 89.31(11)
O(1)-Cu(1}-N(2) 166.55(12) N(1)-Cu(1}-1(1) 95.83(8)
O{1-Cu(1)}-I(1) 97.48(8) NEZHCu(1HI(1) 95.30(9)
O(1AY-Cu(1)-N(1) 164.00(12) Cu{i}-O(1)- Cu{lA) 99.07(11)
O(1AFCu(1)-N(2) 92.82(10)
Hydrogen bonds D-H H...A D...A D-H...A
N(3) - H{5)...03) 0.79 243 29156 173
Ol) - H(10) ... O(2)* 0.53 2.25 2.7500 157
3 - H{13) ... OF 0.62 2.40 2.8474 130

A=-x-y+1,-z

-ll - x,l % -*Z].
Pl-x 1 -y, ~2}.

1 —x1 -y -zl

O(1)-Cu(1A) angle is 99.1(11)°. Each copper atom is
displaced toward the apical I atom of 0.243 A from the
basal N>, plane. The dinuclear unit is exactly planar,
a dihedral angle between two CuQ, planes is 180°
and that between the basal N;O: planes is 180°
(see Fig. 3). The bite angle of the dpyam ligand N(1)}-
Cu(1)-N(2) of 82.3(11)° is only slightly less than 90°
but the O(1)}-Cu(1)-O(lA) angle of 80.9(11)° is sig-
nificantly less than 90°. The individual pyridine rings

are planar, and the dpyam ligand is non-planar, dihedral
angle of 27.2° occurs between the individual pyridine
rings.

The lattice is further stabilized by a hydrogen bond-
ing between the amine N and the oxygen atom of lattice
water molecule with N..-Q contact of 2916 A ; be-
tween the oxygen atom of bridging hydroxo group and
the oxygen atom of lattice water molecules with O---O
contacts of 2.750-2.847 A.
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Table 3

Selected bond tengths [.5\] and angles {] with c.s.d.s. in parentheses of [Cuy(dpyam)a(p-OH)CL- 3IH:O (2)
Bond lengths
Cu{1)-N(1} 1.995(3) Cu(1-0(1) 1.942(3)
Cu(1-N(2) 2.006(3) Cu(1)-0(2) 1.953(3)
Cuf1)}-0(3) 2.433(4) Cu(1-Cu(EA) 2.803(7)
Bond angles
O(N-Cu(i)-X2) 81.1{2) N{1}Cu(1}-N(2) 31.79(13)
O{1)-Cu{1)-0(3) 78.8(2) N{Cuf 003} 102.05(14)
O(1-Cu(1)-N(1) 174.6(2) N(2}Cu(1)}-(3) 104.44(14)
O(1)-Cu(1}-N(2) 93.17(14) CulD-O(1)-Cu(tA) 92.4(2)
O(2)-Cul1)-(3) 76.4(2) Cu(1)-O(2)—Cu(lA) 91.7(2)
O2)-Cut 1)-N(1) 93.88(14) Cu{D-O{I)-Cu(1A) 70.34(13)
O(2)-Cul 1 -N(2) 174.002)
Hydrogen bonds D-H H...A D...A D-H...A
N(3) — H(S)... (1 0.86 2.39 3.2518 176
O(2) - H(11).. . CI{1p® 0.63 2.59 32283 178
O3) - H(12)...CKD 0.52 2.66 31756 174

A=—-x+2pz2

e =1+ 2).

PI1/2+x, ~1/2+ 2]

Fig. 1. ORTEP 50% probability plot of the cation in [Cuy(dpyam){u-
OH) L] - 2H,0 (1} Atoms with an “A”™ are generated by a mirror plane.

3.2, Crysial structure of [Cuz(dpyam),{u-OH);]Cl-
3H, 0 (2)

The structure of compound 2 15 made up of a dinu-
clear [Cux(OH)i(dpyam)]™ cation, an uncoordinated
Cl” anion and three crystallisation water molecules.
This unit is depicted in Fig. 2, together with the num-
bering scheme, with selected distances and angles listed
in Table 3. The cation is located on a mirror plane
through the three bridging OH~ groups. The whole
cationic unit and the copper environment are the roof-
top configuration, Compound 2 involves a triplyhy-
droxo-bridged structure with a square pyramidal
CuN,0,;0 chromophore, the fifth axial position is oc-
cupied by a longer bonded bridging OH™ group with a
distance of 2.433(3) A. The copper atom is displaced
from the basal plane towards the apical oxygen by 0.035
A. The Cu(l)-N(1) and Cu(l)}-N(2) distances are

Fig. 2. ORTEP 5(% probability plot of the cation in [Cuzidpyam)(p-
OH);]Cl- 3H,0 (2) Atoms with an “A” are generated by a mirror plane.

Ha

Fig. 3. The chremophore of [Cuz(dpyamh(p-OH) 11 - 2H,O (D).
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Fig. 4. The chromophore of [Cuz(dpyam){p-OH);]Cl1- 3H,0 (2).

1.995(3) and 2.006(3) A, respectively, The average Cu-O
(hydroxo bridge} distance of 1.948 A is slightly shorter
and very close to those observed in the corresponding
di-hydroxo bridged copper(Il) dimers [5,6,12,13]. The
CuN20; chromophore is planar with a slight tetrahedral
twist, dihedral angle of 2.8° between the CuN, and
CuO; planes, but the Cu0; network is not planar, a
dihedral angle beiween the CuQ; plancs 18 142.5° (see
Fig. 4). The Cu—Cu distance is 2.803(1) A. The bridging
Cu-O(1}-Cu and Cu-O(2)-Cu angles are 92.4(2)° and
91.7(2)°, respectively, which are not in the range nor-
mally found for the planar dihydroxo-bridged cop-
per(Il) dimers. The dpyam ligand as a whole is nearly
planar and involves a dihedral angle of 9.1° between the
individual pyridine rings.

The lattice is stabilized by a hydrogen bonding be-
tween the amine N and the chloride atom with N .- Cl
distance of 3.252 A and between the oxygen atom of
bridging hydroxo group and the chloride atom w1th
O---Cl contacts of 3.176-3.228 A.

3.3. Spectral characterization

The infrared spectra of compounds 1 and 2 show a
broad band at 3460 and 3400 cm~!, respectively which
can be assigned to the bridging OH vibrations of the
hydroxo bridge and/or lattice water.

The electronic diffuse reflectance spectrum of com-
pound 1 shows a broad band centered at 15120 cm—F.
This observed single broad peak is consistent with the
tetrahedrally distorted square pyramidal sterecchemis-
try and assigned to be the d.,dy,dg,dp,— dpe
transition [14,15). The reflectance spectrum of 2 displays
a broad band and a lower energy shoulder at the fre-
quencies of 17800 and 14 600(sh) cm~'. The relatively
higher energy of this triply bridged dimer is unusual for
the square pyramidal geometry. However, they are
consistent with those observed for the relevant bipy
complexes [16} and the dyy,dy; — d,2_p» and d,d2 —
d,2_,2 transitions are assigned for a broad band and a
lower energy shoulder, respectively.

The X-band polycrystalline EPR spectrum of com-
pound 1, at room temperature, displays a weak signal at
~320 mT (g; = 2.078), while a triplet state signal at
~100-160 mT (g; = 6.964) is not observed properly. The
former feature is most certainly from a monomeric
Cu(Il) impurity, which is always present in dinuclear
species. Compound 2 exhibits an intense signal at ~101
mT (g = 6.695} and a weaker signal at ~307 mT
(g; = 2.220). The latter is attributed to the monomeric
impurity while the former is usually attributed to in-
tramolecular exchange interaction between copper(Il)
jons, AMs = 2 transition [17,18].

Compound 1 is planar (dihedral angle of 180° be-
tween the CuQ: planes) and involves the Cu-O-Cu
angle of 99.1° expecting a moderate antiferromagnetic
coupling (J/ = —~116 cm™!) following Hodgson and
Hatfield’s linear relationship [1,18]. However, the ex-
perimental value of singlet-triplet energy gap (2J) would
be smaller than the predicted value. The difference could
be due to the deviation from planarity of the CuN,O;
plane with a tetrahedral twist between CuN; and CuO;
planes, which may reduce the orthogonality of the
copper(ll) d,z_,2 (or dy,) orbital with the bridging hy-
droxo groups [4]. The most relevant compound
[Cua(dpyam)(u-OH), Bra] - 4H,0 also involves a double
hydroxo bridge and an observed J value of —48.6 cm™!,
while the predicted value was as high as =116 cm~! [6].
On the other hand compound 2 has the roof-shaped
hydroxo bridge network with a dihedral angle of
142.5° between the CuO; planes and the Hatfield’s linear
relationship, which arises from studies of planar
Cuy(OH); cores, is not valid then. The related structure,
[Cuz(dpyam):(u-OH)(u-OH3))Br; - 2H2O  compound
exhibits J = —0.6 cm™!

3.4. Structure comparison

There are five dihydroxo-bridged copper(Il) dimers
containing the dpyam ligand: [Cuy(dpyam);(u-
OH);Br;] - 4H,0 (3), [Cuz(dpyam).(u-OH)2(FBF3);] (4),
[Cux(dpyam):(p-OH)2(ONOz)2] (5), [Cuz(dpyam)a(p-
OH){(p-OH)ICL - 2H,0 (6) and[Cuz(dpyam):(p-OH);
(n-OH3)]Br; - 2H,0 (7} have been structurally reported
[4-6,12]. In the known dimer structures, three copper
environments are observed: rhombic coplanar [19],
CuN,0,, square-based pyramidal, CuN;0»X [18,20],
and elongated rhombic octahedral [21,22], CuN20»X,.
Compounds 1, 3, 4 and 5 involve the planar dihydrexo-
bridged copper(Il) dimer, all exhibit the square pyra-
midal CuN>O,X chromophore geometry. Compound 1
involves the square-based pyramidal CuN;O;l chro-
mophores which are very comparable to the CuN,O,Br,
CuN;O5F and CuN;0.0 chromophores in 3, 4 and 5,
respectively. The fifth axial distances of 3.040(5) A in
compound 1 are much longer than those of 2.803(2)
and 2.804(2), 2.745(7), 2.400{1) and 2.500(1) A in
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compounds 3, 4 and 5, respectively. The marked tetra-
hedral twists of the CuN;Q; chromophores in com-
pound 1 and also in compounds 3, 4 and 5 (dihedral
angle of 19.3°, 21.8° and 21.4°, 24.0°, 20.7° and 16.7°,
respectively) are less usual. However, the Cu;O; net-
work in these compounds is planar and the planarities of
both the CuN;O, chromophore and the Cu; O, unit for
cach compound are not many different. Consequently,
the Cu—Cu separation of 2.988(7) A in compound 1 is
more similar iq compounds 3, 4 and 5 (2.993(2); 2.919(5)
and 2.954(2) A, respectively). The Cu-O-Cu bridging
angle of 99.1 A in compound 1 is comparable to that of
compounds 3,4 and 5 (98.1° and 100.1°, 99.3°, 99.4° and
98.9°, respectively). There are a significant difference
observed in the Cu to N>O; mean plape distances, those
of compounds 1 and 3 (0.243, 0.273 A, respectively) are
longer than those of compounds 4 and 5 (0.022; 0.079
and 0.142 A, respectively) arising from a very weak in-
teraction in the sixth position of the chromophore pro-
vided from the other F atom of the BF; group in
compound 4 and the other G atom of the NOj group in
compound 5. However, these sixth distances are between
3.0-4.0 A. The structural data of compounds 1, 3, 4 and
5 have revealed that the bigger in the bite N-Cu-N angle
(98.3°, B88.6° and 88.9°, 99.3°, 98.9° and 99.4°, respec-
tively), the bigger the bridging Cu—O-Cu angle is ob-
served. Consequently, the Cu~O-Cu angles in the parent
dpyam complexes are bigger (>>97.5°) than those of the
corresponding bipy complexes (<97.5°). This feature is
also observed in other corresponding dimers involving
the other terminal ligand. This concludes that the ter-
minal ligand other than the anion and solvent molecule
influences the magnitude of the Cu-O-Cu angle.

The most interesting and unusual feature in structure
of compound 2 is that this is the triply bridged dinuclear
compound with a roof-shaped bridge, the dihedral angle
between the CuQ; planes is far from 180°. Each hy-
droxo group is symmetrically bound, with Cu-O(l)
bond slightly shorter than Cu-0(2) bond. The bridging
angles in compound 2 are significantly less than those
found in the planar dihydroxo-bridged copper (II) di-
mers and are not in the usual range 95°-105°, normally
found for these dimers [23-25]. So far, compound 2
represents the second structurally characterized exam-
ples of a triply bridged dinuclear copper(II) compound
containing three monoatomic bridges with homospecies.
The first one has been pointed out for the known
Cs3[CuzCl; (H20);] compound [26], containing three
CI- anions bridging two copper atoms separated by
3.45 A. The related structures of the roof-shaped di-
nuclear copper(IT) containing three moneatomic bridges
are [Cuy (dpyam);(p-OH)(p-OH)ICl; - 2H,0 (6) and
[Cuy (dpyam)s(n-OH)2(u-OH3)IBrz-2H,O (7) and
[Cuz(dpyam)(p-OMe)(u-CHJC1- MeOH (8). The ca-
tions present in compounds 2, 6, 7 and 8 show a similar
structure, they exhibit the metal centres in a square

pyramidal configuration with in-plane configuration of
a dpyam ligand and of two bridging O atoms and in-
volve in similar CuQ,Cu roof-top angles (142.5°, 140.6°,
135.8°, 144.3°, respectively). Also the in-plane Cu-N
and Cu-O distances are similar to each other and the
Cu-Cu separations are quite comparable (2.803, 2.797,
2.849, 2.792 A, respectively). The cations differ, how-
ever, in the nature of the fifth bridging ligand, which is a
hydroxo group in compound 2, a water molecule in
compounds 6 and 7, and a bigger chloride anion in
compound 8.

4. Conclusion

In comparison to the planar di-p-hydroxo-bridged
complexes significant differences are observed. The di-
hedral angle between the CuO; planes of the dihydroxo-
bridged dimers becomes near 180°, while their CuN,O-
chromophores are not planar with a distinct tetrahedral
twist {except that for the octahedral geometry). On the
other hand, the planarity of the square planes for each
CuN,0; chromophore with a slight tetrahedral twist is
observed in the triply bridged dimers. Due to bending in
the molecule, the Cu~Cu distances (2.792-2.849 A) in
the triply bridged complexes are significantly shorter
than those of the planar dihydroxo-bridged complexes
(2.870-3.000 A). However, these distances are typical in
the range previously observed, 2.80-3.00 A [1,27]. There
is an additional remarkable difference observed, the
bridging Cu-O-Cu angles (91.0°-94.7°) in the roof-
shaped dimers are significantly smaller than 95.0° while
in the planar dihydroxo-bridged dimers, these angles are
in the range 95.0°-104.1°,

5. Supplementary material

Crystallographic data (excluding structure factors)
for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as sup-
plementary publication no.CCDC-223620, 223621, for
structures | and 2, respectively. Copies of the data can
be obtained free of charge on application to CCDC, 12
Union Read, Cambridge CB2 1EZ, UK (fax: (interna-
tional) +44-1223-336-033, e-mail: deposit@ccdc.cam.ac.
uk or www: huip://'www.ccdc.cam.ac.uk).

Acknowledgements

The authors would like to thank The Thailand Re-
search Fund and Khon Kaen University for research
grant. Support of the Postgraduate Education and
Research Program in Chemistry is also gratefully
acknowledged.



S. Youngme et al. | Polyhedron 23 (2004) 16411647 1647

References

f1] ¥.H. Crawford, H W. Richardson, J.R. Wasson, D.J. Hodgson,
W.E. Hatfield, Inorg. Chem. 5 (1976} 2107,
[2] E. Ruiz, P. Alemany, §. Alvarez, J. Cano, Inorg. Chem. 36 (1997}
3683,
[3] E. Ruiz, P. Alemany, S. Alvarez, J. Cano, J. Am. Chem. Soc. 119
(1997) 1297.
[4] L.P. Wu, M.E. Keniry, B.). Hathaway, Acta Cryst. C48 (1992)
35.
[5] N. Marsich, A, Camus, F. Ugozzoli, A.M.M. Laniredi, [norg.
Chim. Acta 236 (1995) 117.
[6] S. Youngme, G.A. van Albada, O. Roubeau, C. Pakawatchai, N.
Chaichit, J. Reedijk, Inorg. Chim. Acta 342 (2003) 48,
[7] Siemens. SAINT. 1996, Versiond Software Reference Manual,
Siemens Analytical X-Ray Systems, Inc., Madison, WI, USA.
[8] G.M. Sheldrick, SADABS, Program for Empirical Absorption
correction of Area Dectector Data, University of Gottingen,
Géttingen, Germany, 1996.
[9] Bruker. XSHELL. 1999, Version 6.12 Reference Manual, Bruker
AXS, Inc., Madison, Wi, USA.
[10] A.W. Addison, T.N. Rao, J. Reedijk, J. van Rijn, G.C. Verschoor,
J. Chem. Soc., Dalton Trans. (1984) 1349.
{11] M. Brophy, G. Murphy, C. O'Sullivan, B. Hathaway, B. Murphy,
Paolyhedron 18 (1999) 611.
[12] 8. Youngme, W. Somjitsripunya, K. Chinnakali, S. Chant-
rapromma, H.K. Fun, Polyhedron 18 (1999) 857.
[13] 8. Youngme, G.A. van Albada, H. Koocijman, Q. Roubeau, W.
Somjitsripunya, A.L. Spek, C. Pakawalichai, }. Reedijk, Eur. J.
Inorg. Chem. (2002) 2367,

[14] G. Murphy, C. Murphy, B. Murphy, B. Hathaway, J. Chem. Soc.,
Dalton Trans. {1997) 2653.

[15] G. Murphy, C. O'Sullivan, B. Murphy, B. Hathaway. Inorg.
Chem. 37 {1998) 240.

{16} C.M. Harris, E. Sinn, W.R. Walker, P.R. Woolliams, Aust. J.
Chem. 21 (1968) 631.

[17] G. De Munno, M. Julve, F. Lloret, J. Faus, M. Verdaguer, A.
Caneschi, Inorg, Chem. 34 (1995) 157,

[18] G.A. van Albada, I. Mutikainen, W.J.J. Smeets, A.L. Spek, U.
Turpeinen, §. Reedijk, Inorg. Chim. Acta 327 (2002) 134.

[19] M_F. Charlot, S. Jeannin, Y. Jeannin, O. Kahn, §. Lucrece-Abaul,
J. Martin-Frere, Inorg. Chem. 18 (1979) 1675,

[20] J.M. Seco, U. Amador, M.J. Gonzilez Garmendia, Polyhedron 18
(19599) 3605.

[2]] G.A.van Albada, I. Mutikainen, U. Turpeinen, J. Reedijk, Inorg.
Chim. Acta 324 (2001) 273.

[22] S. Amani Komaei, G.A. van Albada, J.G. Haasnoot, H. Kooij-
man, A.L. Spek, J. Reedijk, Inorg. Chim. Acta 286 (1999) 24.

[23] 1. Castro, M. Julve, G.D. Munno, G. Bruno, J.A. Real, F. Lloret,
J. Faus, J. Chem. Soc., Dalton Trans. (1992) 1739,

[24] §. Castro, M. Julve, G.D. Munno, G. Bruno, J.A. Real, F. Lioret,
J. Faus, J. Chem. Soc., Daiton Trans. (1992) 47.

[25]) P.}. Hay, J.C. Thibeault, R. Hoffmann, J. Am. Chem. Soc. 97
(1975) 4884,

[26] V.W. Vogt, H. Haas. Acta Cryst., Sect. B, (1971) 1521.

[27] B.J. Hathaway, Comprehensive co-ordination chemistry. in: G.
Wilkinson (Editor in Chief), R.D. Gillard, J.A. McCleverty
(Executive Editors), The Synthesis, Reactions, Properties and
Applications of Co-ordination Compounds, vol. 5, Sec. 53,
Pergamon Press, Oxford, 1987; pp. 533-774.



Available online at www.sciencedirect.com

lcmucz@mn!c'r-

Inorganica Chimica Acta 357 (2004) 2532-2542

alaEgis

————

www.elsevier.com/locatefica

Synthesis, crystal structure, spectroscopic and magnetic properties
of doubly and triply bridged dinuclear copper(II)
compounds containing di-2-pyridylamine as a ligand ™

Sujittra Youngme **, Chatkaew Chailuecha ?, Gerard A. van Albada ®
Chaveng Pakawatchai , Narongsak Chaichit ¢, Jan Reedijk ®

* Department of Chemistry, Faculty of Science, Khan Kaen University, Khon Kaen 40002, Thailand
¥ Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 9502, 2300 RA Leiden, The Netherlands
© Department of Chemistry, Faculty of Science, Prince of Songkla University, Hatyai, Songkla 90112, Thaifand
4 Department of Physics, Facuity of Science and Technology. Thammasat University Rangsit, Pathumthani 12121, Thailand

Received 8 October 2003; accepted 21 January 2004
Avaitable online 19 March 2004

Abstract

The dihydroxo-bridged dinuclear copper(Il) compound [Cuz(dpyam):(u-OH);]I> (1) and the triply bridged dinuclear copper(II)
compounds with a formato bridge [Cux(dpyam)(p-O:CH)(u-OHXi-OMe)(ClO;) (2) and [Cuz(dpyam)(p-OCH)(p-OH)(p-
ChJ(CIOQ4) - 0.5H;0 (3) (in which dpyam = di-2-pyridylamine} have been synthesized and their crystal structures determined by
X-ray crystallographic methods. All three compounds are either centrosymmetric, or have a symmetry plane in the molecule.
Compound 1 contains the [Cuz{dpyam);{u-OH);]* unit and iodide anions. Each copper(ll) ion is in a slightly tetrahedrally distorted
square planar coordination with the sguare plane consisting of two nitrogen atoms of the dpyam ligand and two bridging hydroxo
groups. The Cu-1 distances of 3.321 A are quite long and only involve a weak semi-coordination. Compound 2 contains a triply
bridged dinuclear copper(ll) species, the coordination environment around each copper(Il) ion involves a distorted trigonal-
bipyramidal CuN;0; chromophore. In the dinuclear unit of compound 3, the triply bridged copper(ll) ions show a distorted tri-
gonal-bipyramidal coordination of the CuN,0;Cl chromophore. The Cu-Cu distances are 2.933(2), 3.023(1) and 3.036(1) A for
compounds 1, 2 and 3, respectively.

The magnetic susceptibility measurements, measured from 5 to 280 K, revealed a weak antiferromagnetic interaction between the
Cu(Il) atoms for compound 1 with a singlet—triplet energy gap (/) of =15.3 cm ™!, whereas compounds 2 and 3 are ferromagnetic
with J = 62.5 and 79.1 cm~!, respectively.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Copper(Il) complexes; Crystal structure; Formato-bridged; Triply bridged; Magnetic propertics

1. Introduction

The magneto-structural characterization of ligand-
bridged dinuclear copper(Il) compounds have received
much attention during the past several years [1,2]. The
planar dihydroxo-bridged and the triply bridged cop-
per(II) dinuclear species are extensively studied, because

* Supplementary data associated with this article can be found, in the
online version, at doi:10.10164).ica.2004.01.039.
* Corresponding author, Fax: +66-43-243-338,
E-mail address: sujittra@kku.ac.th (8. Youngme).

0020-1693/$ - see front matter © 2004 Elsevier B.Y. All rights reserved.

doi:10.1046/].ica.2004.01.039

of the magnetic interaction between two unpaired elec-
trons [3-19]. For the dihydroxo-bridged copper(l)
dinuclear species, the linear correlation between the Cu-
0O-Cu bridging angle and the singlet-triplet energy gap
(J) was first observed by Hodgson and co-workers [3).
An antiferromagnetic interaction is found when the Cu-
O-Cu angle is larger than 97.5°, but when the Cu-O-Cu
angle is smaller than 97.5°, a ferromagnetic interaction
would be expected. Several theoretical approaches were
applied to understand the behavior of the antiferro-
magnetic and ferromagnetic intéraction of such dihy-
droxo-bridged copper(Il) dinuclear species [4-11].
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The magnetic interaction in the triply bridged dinu-
clear copper(Il} complexes can cccur via bridging li-
gands in various pathways, which depend on the type of
the bridging ligand, monoatomic and polyatomic bridge
for example, and the coordination geometry of the
copper(II) center [12-19]. For the square-pyramidal ge-
ometry, the magnetic orbital for the copper(IT) center is
the d,2.,» orbital which lies along the basal plane.
Therefore, a superexchange interaction between two
copper(Il) ions is usually observed through the ligands
which are located in the same equatorial plane. If the
geometry of the copper(Il) ion is trigonal-bipyramidal
the unpaired spin density is along the z-axis, i.e., in the
d_- orbital, that can overlap with the apical-positioned
bridging ligands. The magnitude of magnetic interaction
is primarily governed by an overlap of two magnetic
orbitals centered on the nearest-neighbour copper(Il)
ions. The present work is focused on the various types of
overlapping interactions between the ligand atomic or-
bital and the copper(Il} d orbitals. For this purpose, a
dihydroxo-bridged [Cux{dpyam);}(u-OH),JI> (1) and
two triply bridged dinuclear copper(Il) compounds
[Cuz(dpyam)y(p-O,CH)(u-OH)}p-OMe))(Cl04) (2) and
[Cuz(dpyam)y(p-02 CHYp-OH)(p-CD)(C104) - SH,0 (3)
are synthesized with the ligand di-2-pyridylamine and
characterized by spectroscopy and X-ray crystallogra-
phy; also magnetic measurements are performed on the
compounds.

2. Experimental
2.1. Reagents and physical measurements

The ligand di-2-pyridylamine and all reagents are
commercial grade materials and were used without
further purification. Elemental analyses (C, H, N) were
determined on a Perkin-Elmer PE 2400 CHNS/O An-
alyzer by Microanalytical Service of Science and Tech-
nological Research Equipment Center, Chulalongkorn
University.

IR spectra were recorded on a Perkin-Elmer Spec-
trum One FT-IR spectrophotometer as KBr disc in the
4000450 cm~! spectral range. Solid-state (diffuse re-
flectance) electronic spectra were measured as poly-
crystalline samples on a Perkin-Elmer Lambda2S
spectrophotometer, within the range 8000-18 000 cm™'.
The X-band powder EPR spectra were obtained on
polycrystalline samples at room temperature and 77 K
with a JEOL RE2X electron spin resonance spectrom-
eter with DPPH (g = 2.0036) as a reference. Magnetic
susceptibility measurements (5-280 K) were carried out
using a Quantum design MPMS-5 5T SQUID magne-
tometer {measurements carried out at 1000 Gauss) per-
formed at Leiden University. Data were corrected for
magnetization of the sample holder and for diamagnetic

contributions, which were estimated from the Pascal
constants.

2.2, Syntheses

2.2.1. [Cu(dpyam);(p-OH), [ (1)

A hot aqueous solution (5 ml) of KI {0.166 g, 1.0
mmol) was added to a hot aqueous solution (5 ml) of
Cu(NOj3)2 - 3H;0 (0.121 g, 0.5 mmol). Then, a hot ace-
tone solution {10 ml) of dpyam (0.086 g, 0.5 mmol) was
added to the mixture yielding a green solution. Its color
became greenish-blue by slow addition of an aqueous
solution (10 ml) of NaOH (0.020 g, 0.5 mmol) and a
blue precipitate formed within a few minutes. The pre-
cipitate was filtered off and recrystallized from a hot
aqueous solution. After a month, blue crystals of com-
pound 1t were obtained. Amal Calc. for
CaHCu1:NgO1: C, 31.7; H, 2.7; N, 11.1. Found: C,
319; H, 24, N, 11.3%.

2.2.2. {Cuz(dpyam),(pu-0,CH) (u-OH) (1-OMe) }(CIO, )
(2)

This compound was prepared by adding a hot eth-
anolic solution (10 ml) of dpyam (0.171 g, 1.0 mmol}

_ to a hot aqueous solution (10 ml) of Cu(ClO;4)-6H,0

(0.371 g, 1.0 mmol}, after which solid HCOONa (0.272
g, 4.0 mmol) was added. The resulting green solution
was allowed to evaporate at room temperature. After
one week, green crystals of compound 2 were obtained
which were filtered off, washed with the mother liquid
and air-dried. Anal. Calc. for CaHnClCu;NgQOs: C,
39.9; H, 3.5 N, 12.7. Found: C, 39.8; H, 36; N,
12.9%.

2.2.3. [Cup(dpyam)s(u-O0:CH ) (p-OH}{(p-Cl) [( CIOy) -
0.5H,0 (3)

A hot DMF solution {20 ml) of dpyam (0.171 g, 1.0
mmol) was added to a hot aqueous solution (10 ml) of
CuCl, (0.135 g, 1.0 mmol). Then, a hot aqueous solution
(10 mI) of HCOONa (0.136 g, 2.0 mmol) was added to
the mixture yielding a dark green solution, after which
the solid KCl0Oy4 (0.416 g, 3.0 mmol) was added. The
resulting dark green sclution was allowed to evaporate
at room temperature, After a month, dark green crystals
of compound 3 were formed which were filtered off,
washed with the mother liquid and air-dried. Anal Calc.
for CyHy ClCu;NgOqs: C, 37.3; H, 3.1; N, 124,
Found: C, 37.7; H, 3.4; N, 12.5%.

2.3. Crystallography

The X-ray singlecrystal data for three compounds
were collected at 293 K on a | K Bruker SMART CCD
area-detector diffractometer using graphite monochro-
mated Mo Ka radiation (4 = 0.71073 A) at a detector
distance of 4.5 cm and swing angle of —-35°. Data
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reduction and cell refinements were performed using the
program saINT [20]. An empirical absorption correction
by using the sapass [21] program was applied, which
resulted in transmission coeflicients ranging from 0.701
to 1.000 for 1, 0.654 to 1.000 for 2 and 0.773 to 1.000 for
3

The structures were solved by direct methods and
refined by full-matrix least-squares method on (Fips )
with anisotropic thermal parameters for all non-hydro-
gen atoms except O atoms of the disordered perchlorate
group in 2 using the sHELXTL-PC V 6.12 software
package [22]. The O atoms of the perchlorate group of 2
showed high disorder; the occupancies of the disordered
positions were initially refined and later fixed at (.45 and
0.55, respectively. The O atoms of the percholrate group
of 3 also showed disorder. Attempts to model disordered
positions into two sets are unsuccessful, However, their
thermal parameters are substantially reasonable. All
hydrogen atoms in 1 and 3 were located geometrically
and refined isotropically. In 2, ali hydrogen atoms of the
formate and dpyam ligands were geometrically fixed and
allowed to ride on the attached atoms, those of the
bridging hydroxo and bridging methoxo groups were
located geometrically.

The molecular structure pictures were created by us-
ing SHELXTL-PC [22] package. The crystal and refine-
ment details for compounds 1, 2 and 3 are listed in
Table 1.

3. Results and discussion
3.1. Description of {Cus(dpyam);(u-OH}; ]I (1)

The structure of compound 1 consists of a centro-
symmetric dinuclear [Cup(dpyam);(u-OH);** cation,
with iodide counter amions. This unit is depicted in
Fig. 1, together with the numbering scheme, with se-
lected distances and angles listed in Table 2. Both cop-
per(II) ions of the complex cation are linked through the
double hydroxo bridges, leading to a Cu-Cu distance of
2.933(2) A. Each copper(Il) ion is in a tetrahedrally
distorted square-planar coordination environment con-
sisting of a CuN;0; chromophore, which has two
bridging hydroxo groups and a terminal dpyam ligand
coordinated through their nitrogen atoms. A dihedral
angle of 21.9° is present between the Cqu and CulN;
planes. The apical Cu-I distance (3.321(5) A) is too long
to be considered as coordination (semi-coordination
only). The fact that the copper(Il) ions are lifted from
the N2O» planes, toward the I™ ions by 0.122 A is a
further indication for the semi-coordination. The Cu-O
distances (1.935(5) and 1.937(5) A) are slightly shorter
than the Cu-N distances (2.006(5) and 2.007(5) A). The
bridging Cu-O-Cu angles are 98.5(2)°, greater than
97.5°, hence an antiferromagnetic coupling between
copper(11} ions s predicted from Hodgson and Hatfield
equation [3]. The dpyam ligands are essentially planar

Final R indices [/ > 2a(/}]
R indices {all data}

Largest difference peak and hole (e A)

Ry = 0.0542, wR; = 0.0972
R = 00965, wR; =0.1168
1.182, -0.894

Ry = 0.0571, wR; = 0.1668
Ry =0.0625, wRy =0.1734
0.979, -0.419

Table 1
Crystal and refinement data for complexes 1, 2 and 3
Complex 1 2 3
Molecular formula [Cuz{dpyam)o(u-OH);]i> [Cuz(dpyam):(p-O; CHYp-OH)p- [Cux(dpyam)(p-O,CH)(-
OMe)(C10y) OHXp-CHKClOy) - 0.5H,0
Molecular weight 757.30 661.99 675.43
T (K) 293(2) 293(2) 273(2)
Crystal system triclinic orthorhombic orthorhombic
Space group Pl Cmc2, Cmc2,
a(A) 7.28690(10) 16.7872(13) 16.8229(3)
b (A) 9.3274(3) 807957 7.8066(2)
c{A) 9.5968(3) [B.7410(15) 19.2753(0)
a (%) 101.345(2) 90 90
B ) 96.997(2) 90 90
¥ (°)_ 109.985(2) 90 90
V{AY 588.23(3) 2541.8(4) 2531.42(10)
Z 1 4 4
D, (gem?) 2.138 1.693 1.749
kg (mmY) 4.462 1.837 1.946
F({000) 362 1312 1344
Crystal size (mm) 0.08 x 0.08 x 0.20 0.08 x 0.20 x 0.30 0.13x0.33x 040
Number of reflections collected 4407 10804 9109
Number of unique reflections 3210 (R, = 0.0246) 3124 (Rin = 0.0226) 3640 (Rin = 0.0208)
Data’/restraints/parameter 3210/0/185 3124114206 3640417230
Goodness-of-fit 1.089 1.095 1.007

.R| = 00278, W.R; = 0.0707
R] = 00322, ng = 0.0731
0.388, —0.373
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Fig. 1. ORTEP 50% probability plot of the cation in [Cuz{dpyam):(-OH);]lz (1) Atoms with an “A” are generated by a mirror plane.

Table 2
Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cus(dpyam)y(p-OH)); (1)

Cu(1)-N(1) 2006(5) Cu(1}H-OK1) 1.937(5)
Cu(1)}-N(2) 2007(5)  Cu(1}-O(1A) 1.935(5)
Cu(1A) - -I(1) 3.321(5) Cu(l)}-Cu(lA) 2.933(2)
O{1)-Cu{1)-N(1) 94.2(2)  O(IA}Cu(1}-0(1)  81.52)
O(1)-Cu(1)-N(2) 158.6(3) N(I}Cu{i}-Cu(l1A)} 134.5(4)
O(1}-Cu(1)-Cu(lA)  40.7(2)  N{I}Cu(1}-N(2) 92.6(2)
O(1A>-Cu(1)}-N(1) 171.7(2)  N2}-Cu(1)-Cu(1A)  131.3(2)
O(EAXCu(1)-N(2)  94.0{2) Cu(lA}O(1>Cu(l) 98.52)

O(1ACu(1}-Cu(1A)  40.7(2)
A [=x+1, —p+1, —z+1].

with small dihedral angles of 4.8° between the individual
pyridine rings. The bite angles of the dpyam ligands (N-
Cu-N, 92.6(2)°} are only slightly greater than 90°.

3.2. Description of {Cuz(dpyam);(u-O,CH){u-OH }( u-
OMe)}}(ClO,) (2)

Compound 2 is a dinuclear unit copper(II) complex
bridging by three different ligands. The structure of
compound 2 consists of symmetric dinuclear
[Cux{dpyam);(p-O:CHYp-OH)Ypu-OMe)]+ cations with
a single ClO,~ counteranion. This unit is depicted in
Fig. 2 together with the numbering scheme, with selected
distances and angles listed in Table 3. Each copper(II)
ion involves a CuN,0; chromophore. The coordination
geometry around each copper(Il) ion is distorted trigo-
nal-bipyramidal (z = 0.65). The structure index is de-
fined as T = (f — «)/60, where 8 and « are the largest
coordination angles [23,24]. The three longer bonds in
the trigonal planar plane are a nitrogen atom of the
dpyam ligand (Cu-N(2) distance 2.010(4) A}, an oxygen
atom of the bridging formato ligand (Cu-O(3) distance
2.175(3) A) and an oxygen atom of the bridging meth-
oxo ligand (Cu-O(2) distance 2.169(5) A). The two
shorter bonds in the axial positions involve the other
nitrogen atom of the dpyam ligand (Cu-N(1) distance
1.961(4) A) and an oxygen atom of the bridging hydroxo

Fig. 2. ORTEP 50% probability plot of the cation in [Cuy{dpyam)(p-
O; CHYp-OH)(p-OMe){CIHO4) (2) Atoms with an “A" are generated
by a mirror plane.

ligand (Cu-O(1) distance 1.918(4) A). This is typical for
the trigonal-bipyramidal geometry [25]. The formate
anion bridges two copper atoms in a syn-syn arrange-
ment [26,27]. The Cu-Cu distance is 3.023(1) A. The
bridging Cu(1}-0(1)}-Cu(1A) and Cu(l1)}-0O(2)}-Cu(lA)
angles are 104.0(3)° and 88.3(2)°, respectively. The
dpyam ligands are essentially planar, with only a dihe-
dral angle of 6.9° between the individual pyridine rings.
The bite angles of the dpyam ligands (N-Cu-N,
91.4(2)°) are only slightly greater than 90°. The lattice is
further stabilized by hydrogen bonding between the
amine N and the oxygen atom of bridging formato
group with a N---O contact of 2.869 A. Details of the
hydrogen bonding are also listed in Table 3.

3.3. Description of {Cuy{dpyam);(u-0;CH){p-OH) (-
Cj(ClO,}-0.5H,0 (3)

The structure of compound 3 consists of symmet-
ric dinuclear [Cuz({dpyam)(p-O;CHY(pu-OH)p-Cht
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Table 3

Selected bond lengths (A) and angles (°) with e.s.d.s. in patentheses of [Cya(dpyam h(p-O: CH)(u-OH)(p-OMe](ClO4) (2)
Cu(l)}-N(1) 1.961(4) Cu(1)}-(X2) 2.169(5)
Cu(1)-N(2) 2.010(4) Cu(1}-0(3) 2.175(3)
Cu(1)X1) 1.918(4) Cu(1}Cu{1A) 3.023(1)
O{1)-Cu{1)-O{2) 81.9(2) N{1}HCu(1}-Cu({lA) 138.2(1)
O(D)-Cu{1-(3) 88.5(2) N(I-Cu(1)-N(2) 91.1(2)
O{1)-Cu(1)}-N(1} 174.8(2) N(2-Cu{ 1)-0(2) 133.0(3)
O(1)Cul1)-N(2) 93.7D) N(2)}-Cu(1)-O(3) 135.7(2)
O(1-Cu{1)-Cu(1A) 38.0(1) N(2-Cu({1»Cu{iA) 125.3(1)
0O(2)-Cu({1}-0(3) 91.1(2) Cu(1}-0(1)}-Cu(1A)} 104.0(3)
O{2)-Cu(1)-Cu(1A) 45.8(1) Cu(1-O()-Cu(1A) 88.3(2)
O(3)-Cu(1}-Cu(1A) 79.7(1) C{11)-O(3}-Cu(1) 126.5(3)
N(1)-Cu(1)-0(2} 95.6(2) O(3}-C{11-0(3A) 126.6(6)
N{D-Cu(1)-0O(3) 86.9(2)
Hydrogen bonds D-H H-- A DA D-H---A
N(3)-H(5) - -O(3)B 0.86 212 2.869 146

A [=x p 2l B(1/2=x /24y, 2]

cation, a Cl0,” counter anion and half 2 molecule of
lattice water. This unit is depicted in Fig. 3 together with
the used numbering scheme, with selected distances and
angles listed in Table 4. In the dinuclear unit, the cop-
per(Il} ions are triply bridged through three different
ligands, i.e., formate, chloride and hydroxide anions.
Each copper(II} center is coordinated by two oxygen
atoms and an chloride atom of the triple bridges and
two nitrogen atoms of a dpyam ligand, leading to the
five-coordinated, distorted trigonal-bipyramidal geom-
etry with CuN;0O,Cl chromophore {(t = 0.67). The tri-
gonal plane consists of a nitrogen atom of the dpyam
ligand {(Cu-N(2} distance 2.027(2) A), a bridging chloro
ligand (Cu-CI(1) distance 2.478(2) ;\) and an oxygen

atom of the bridging formato ligand (Cu-O(2) distance
2.158(1) A). The apical coordination sites are occupied
by another nitrogen atom of the dpyam ligand (Cu-N(1)
distance 1.975(1) A) and an oxygen atom of the bridging
hydrexe group (Cu-O(1) distance 1.916(1) A). The Cu-
Cu distance is 3.036(1) A. The bridging Cu(1}-O(1)}
Cu(lA) and Cu{l)}-CIl(1)-Cu(1A) angles are 104.8(1)°
and 75.6(1)°, respectively. The dpyam ligands are pla-
nar, the dihedral angle between the individual pyridine
rings is as low as 6.6°.

The lattice is further stabilized by hydrogen bonding
between the amine N and the oxygen atom of bridging
formato group with a N---O distance of 2.864 A; be-
tween the oxygen atom of bridging hydroxo group and

Fig. 3. ORTEP 50% probability plot of the cation in [Cuy(dpyam);{p-02CH)p-OH){p-CHICLO4) - 0.5HO (3) Atoms with an “A™ are generated by a

mirror plane.
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Table 4

Selected bond lengths (A) and angles {°) with e.s.d.s. in parentheses of [Cux(dpyam)(p-O:CHYp-OHYp-CHHCIO4) - 0.5H,0 (3)
Cu(1»-N(1) 1.975(1) Cu(1)-¥1) 1.916(2)
Cu(1-N(2) 2027(2) Cu(1}-0(2) 2.158(1)
Cu(1)-Cl(1) 2.478(2) Cu{1)-Cu(1A} 3.036(1)
O(H)-Cu(1)}-N({) 173.8(1) NO)}-Cu(1}-Ci(1y 96.4(1)
O 1)-Cu(1)}-N(2) 94, 1(1} N(1-Cu(1)-Cu(1A) 138.0(1)
O{1}-Cu(1}-O() 88.1(1) N(2)-Cu(1)-0(2) 133.6(1)
O{1-Cu(1)-CK1) 82.5(1) N{2}-Cu(1)}-Cl(1) 119.1(1)
Q(1)-Cu{1)}-Cu(lA) 37.6(1) N(23-Cu(1Cu{1A) 126.3(1)
Q(2)~Cu(1)-CI(1) 107.2(1} Cu{1)-0{1)-Cu(lA) 104, B(1)
O(2}-Cu(1)}-Cu(1A) 79.4(1) Cu(1}-CI{1)-Cu(1A) 75.6(1)
N -Cu(13-N) 9L.7¢1) C(11)-O-Cu(l) 126.8(1}
N(1)}-Cu(1)}-2) B6.4(1) OQ)-C(11-O2A) 127.1(3)
Hydrogen bonds D-H H---A D-.-A D-H---A
N(3)}-H(5)- - -O(2)B 0.83 2.06 2.864 164
O(1»-H(12)---O(4)C 0.66 2.33 2922 151

A [—x+2p 2;B, [}/2—x, 1/2+y, 2 C. [-x, 1 —p, 1/2+12).

the oxygen atom of perchlorate molecule with an O---O
contact of 2.922 A, Details of the hydrogen bondings are
also listed in Table 4.

3.4. Structure comparison

Compound 1 involves a tetrahedrally distorted
square-planar species with CuN;0O; chromophore. The
Cu;0; network is exactly planar (dihedral angle be-
tween CuQ; and Cu0,, 180.0°), however, the marked
tetrahedral twist in the CuN2Qs chremophore (dihedral
angle between CuNy and CuQs,, 21.9°) is less common.
Both dihedral angles are compared to those of the other
dihydroxo compounds in the literature, as summarized
in Table 5. The non-planarity of the CuN20; group
reduces the antiferromagnetic character that causes the
J value in this compound to be smaller.

The cationic unit of the compounds 2 and 3 consist of
a triply bridged pair of five-coordinated copper(Il) ions.
Each copper(II) ion is in a distorted trigonal-bipyrami-
dal geometry. The copper(II} orbital ground state for
this geometry is based on the orbital d: with the z-axis
aligned along the axial direction. The d_. orbitals, one
on each copper(1l) center, are more favorably positioned
to overlap directly in a o fashion with the hydroxo
bridging. So an exchange interaction becomes possible
between the unpaired electron via the & orbital of the
hydroxo bridge. The comparable exchange parameters,
J, are shown in Table 5.

3.5. IR and electronic spectra

The infrared spectra of compounds 1, 2 and 3 show a
broad band at 3460, 3467 and 3449 cm™!, respectively,
which can be assigned to the bridging OH vibrations of
the hydroxo bridge and/or lattice water. For compounds
2 and 3, the spectra also exhibit the broad and intense

band at 1570 cm~! correspend to the vg(COO™) vi-
bration and a medium broad band at 1435 and 1434
em~! correspond to the v, (COO~) vibration of the
didentate bridging coordination mode of the formate
group within a dinuclear species. Moreover, the spectra
of compounds 2 and 3 exhibit the broad and strong

"band about 1104-1082 cm™! correspond to the charac-

teristic vibration of non-coordinated ClO,~ group [28].

The electronic diffuse reflectance spectrum of com-
pound 1 shows a broad band centered at 16750 cm™",
The relatively low energy of the spectrum may be as-
sociated with the slight tetrahedral twist of the CuN>O;
chromophore. This observed single broad peak is con-
sistent with the tetrahedrally distorted square planar
stereochemistry and  assigned to be the
d:, dy, de, dy,— d2_» transition. The reflectance
spectra of compounds 2 and 3 display a broad band
centered at 12740 and 12610 em ™!, respectively. These
spectra are typical for the distorted trigonal-bipyramidal
geometry and the bands are assigned to be the
dy_2, dy, d, dyz — d: transition. A regular trigonal-
bipyramidal geometry is usually characterized by an
asymmetric broad peak at =11 500 cm™! with a possible
high-energy shoulder at =14 500 ¢cm~', The principal
absorption may be assigned as a d,»_» - d_» transitien,
with the high-energy shoulder assigned as a
de =d,, — d [29,30].

3.6. EPR and magnetic properties

For all three compounds, the X-band EPR spectra
(measured on polycrystalline samples at r.t. and 77 K) in
all cases are either very weak (some of them show a gp,,
at 2.07) or broad (g;s, at 2.11), and no hyperfine is re-
solved. Therefore, magnetic susceptibility studies were
undertaken.
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The magnetic susceptibility of a powdered sample of
compound 1 was measured from 5 to 280 K. The
magnetic property of 1 is depicted in Fig. 4 in the form
of u versus T for two Cu(ll) ions. At 280 K, the yq
starts at a value of about 2.43uy (this values is close to
what is expected for two spin = 1/2 uncoupled centres).
Upon cooling, the effective moment of 1 stays almest
constant and at about 50 K is started to decrease to
reach the value of 1.07uy at 5 K. This behaviour is
typical for a weak antiferromagnetic interaction.

The theoretical expression for the magnetic suscepti-
bility for two interacting § = 1/2 centres, which is based
on the general Hamiltonian [2), is: He = —JS$18, in
which the exchange parameter J, is negative for anti-
ferromagnetic and positive for ferromagnetic interac-
tion. The magnetic data were fitted to the equation given
in the literature for dinuclear copper compounds [2, p.
132]:

X = (NG BHKT — (227 /(3 + exp(~J /kT)))] ™
[3 + exp(—J/kT)] 7' (1 - p) + xp + TIP,

in which N, g, 8, k and T have their usual meanings. The
parameter p denotes the fraction of paramagnetic im-
purity in the sample and =/’ the interaction between
neighbouring dinuclear identities. A temperature inde-
pendent paramagnetism (TIP) was also considered and
fixed at 60 x 10~% per copper ion. The fit was accom-
plished by minimisation  ofR = 3 (¥ - Teare—
X * Tobs)2/ (2w - Tops)? by least-squares procedure. The
best fit was obtained for J=-153 cm”!, g=
1.98, z/' =0.56 cm™', p=006, with a final R of
4.2 x 1072 (see Fig. 4). The antiferromagnetic behavior
nicely corresponds to the structural data, i.e., with a Cu-
O-Cu angle larger than 97.5°.

The magnetic properties of compounds 2 and 3 mu-
tually show a very similar behaviour and are depicted in

Py

A ananntA

Mu (cm’mol ™)
2

142

124

1'0 T T M L] 1 T
0 80 100 150 200 250

T(K)

Fig. 4. A plot of the temperature dependence of gy vs. T for com-
pound (1). The solid line represents the calculated curve for the pa-
rameters J = —15.3 cm~!, g = 1.98, 27" = (.56 cm~' (see text).

Figs. 5 and 6, respectively, also in the form of pq versus
T for two Cu(Il) ions. At 280 K, p.r is 2.56pp for
compound 2 (2.78uy for compound 3) which agrees well
with the spin-only value of Cu{Il) calculated for two
uncoupled spin=1/2 centres. Upon cooling, it raises
gradually to reach 2.74ug and 2.97 at 30 K, for com-
pounds 2 and 3, respectively. This is typical for a fer-
romagnetically coupled Cu(Il) dinuclear compound.
Below that temperature, p.q then diminishes till a value
of 2.63ug at 5 K for compound 2 (2.76 for compound 3),
which may originate from intermolecular antiferro-
magnetic interactions, or from zero-field splitting of the
S =1 state of the dinuclear species.

The best fit was obtained for compound 2 with the
following values: J = 62.5cm™', g =199, z/' = -3.80
em}, p = 0.06, with a final R of 1.4 x 1073 (see Fig. 5).
For compound 3, these values are J=79.1 cm™!,

.l)

m mol

Mu (e

2604

255

T{K)

Fig. 5. A plot of the temperature dependence of .y vs. T for com-
pound (2). The solid line represents the calculated curve for the pa-
rameters J = 62.5cm™! g =199, 2F = ~3.80 cm™! (see text).

0 50 w0 180 200 250
T(K)
Fig. 6. A plot of the temperature dependence of i vs. T for com-

pound (3). The solid line represents the calculated curve for the pa-
rameters J = 79.1 cm™!, g = 2.14, zF' = —4.27 cm™! (see text).
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Table 6
Structural and magnetic data for singly and triply bridged dinuclear copper(I1) compounds
Compound* Coordination 1t Chromo- u-OH CuOH-Cu J(cm™') Reference
geometry” phore position® )
Triply bridged
{Cux(dpyam)(Q, CH)YOH)OMe)})(CIOy) (2) Dist. TBP (.65 CuNy0O, Axial/Axial 88.6, 145  62.5 this work
[Cuy(dpyam 2 {O;CHOHNC)KCIOy) - 0.5H,0  Dist. TBP 0.67 CuN;O,Cl  Axial/Axial  104.8 79.1 this work
&)
[Cuz(bpy)a(p-0,CCH, ) [(CI0y) Dist. Spy., 0.14°, CuN, O, - - 16 [34]
Intermediate  0.47¢ CuN;O,
[Cuz{bpy )2, (OH)H0) O, CCH, K CIO,), Dist. Spy. 0.14, 0.25  CuN;0, Eq./Eq 78.7,103.8 193 [34]
[Cu(EtBITPYOH)Cly] - DMF Dist. TBP 0.58, 0.55% CuN;Cl,O Axial/Axial 104.7 =260 [44]
[Cuz(PTPYORYCL;) - 2CHCN Intermediate 0.5} CuN; 0 - 106.2 -296 [45)
[Cus(PAPXOHXIO;)] - 4H,O Dist. Spy.¢ 0.40¢ CuN;0, Axial/Axial 1{3.8 -283 [45-47)
[Cuz(PAPXOH)CI(S(,)] - 2H,O Dist. Spy. 0.35,0.377 CuN;O; Eq./Eq 115.5 -532 (48]
Singly bridged
[Cua(bpy)x(OH)I(CLQ,)y Dist. TBP 0,32, 0.71°  CuN,O Eq./Eq. 141.6 -322 [311
[Cuy(LLNOH)I(BF.) Dist. Sq. 0.1 CuS,ON  Eq./Eq. 132.2 -820 [48.49]

* Abbreviations: dpyam, di-2-pyridylamine; bpy, 2,%-bipyridine; EtBITP, 3,6-bis(2-benzimidazolylthio)pyridazine; PTP. 3,6-bis(2-pyndyl-
thio)phthalazine; PAP, |,4-bis-(2-pyrodyl amino)phthalazine); LL, 1.4-bis{(1-oxa-4,10-dithia-7-azacyclododecan-7-yl)methyl)benzene).
" Dist. TBP, distorted trigonal-bipyramidal, Dist. Spy., distorted square-pyramidal.

¢ Eq., equatorial.

9 Average trigonality (1,,). According to the 1 value of 0.40, the preferred geometry should be intermediate towards distorted square-pyramidal.

®Calculated from the known structural parameters.

g=2.14,z) = ~427 cm~!, p = 0.025, with a final & of
1.6 % 1073 (sce Fig. 6).

These J values do not correspond to the values ex-
pected from the correlation of J and Cu—O-Cu angle for
dihydroxo-bridged species. Two origins are to be held
responsible for this. The copper(II) ions in both com-
pounds have a fivecoordinate trigonal-bipyramidal ge-
ometry with the d: ground state, whereas the
dihydroxo-bridged copper{Il) complexes are square-py-~
ramidal with d,2_,» ground state. A change in electron
density of the magnetic orbital can have a pronounced
effect on the sign and magnitude of a magretic exchange
interaction [31,32]. In this case, for both complexes, a
single pathway via (Cu-OH-Cu) is possible for the
electron delocalization via the d. magnetic orbitals,
corresponding to the weak, or intermediately strong,
ferromagnetic interaction. Secondly, also the formato
bridge plays a role in the magnetic interaction, a fact
already described earlier in the literature as a so-called
“countercomplementary effect” [2,34,50-52).

The obvious explanation for the single hydroxo-
bridged and triply bridged dinuclear copper(Il} com-
plexes lies in the fact that the most complexes have an
intermediate geometry between the square-pyramidal
and trigonai-bipyramidal extremes [31-33,44-49). It
should be noted that when the copper(Il) geometry is
close to regular square-pyramidal, an often strong an-
tiferromagnetic interaction will be predominant, but a
reduction of an antiferromagnetic contribution will be
observed when the geometry becomes closer to trigonal-
bipyramidal (see Table 6).

It is somewhat surprising that compounds 2 and 3
exhibit a moderately strong ferromagnetic interaction
which may originate from the triply bridged nature of
both compounds. So far only a few closely related
structures in the triply bridged copper(Il} compounds
have reported ferromagnetic properties, examples being
[Cuz(bpy)2(n-0:CCH31](Cl0g);  and  [Cua(bpya(p-
OH)(-OH)(1-0,CCH3)[(ClOy); with J = 3.6 and 19.3
cm~!, respectively [34]. The comparison of the trigo-
nality, the parameter t, and exchange parameter, J, are
summarized in Table 6.

4, Conclusions

The structure of the dihydroxo-bridged compound 1
displays a strictly planar Cu;0; network of copper(II)
dinuclear species. Each copper(II} ion is in a tetrahe-
drally distorted square planar geometry with the un-
paired electron occupying the d.:_,» orbital. However,
the value of singlet-triplet energy gap (J/ = —15.3 em™!)
is noticeably smaller than the value calculated from the
correlation of Hatfield and Hodgson for the hydroxo-
bridged compounds for a bridging angle of 98.5(2)°
(J = =71 em™ ). Such a deviation is not uncommon {see
Table 5) and the tetrahedral distortion is to be held re-
sponsible for this significant deviation of the magnetic
behaviour.

Compounds 2 and 3 contain a triply bridged dinu-
clear copper(II) unit both with a hiydroxo and a formato
bridge. The coordination geometry around each cop-
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per(Il) ion is slightly distorted trigonal-bipyramidal. A
strong magnetic interaction requires both good ¢ ori-
entation of the magnetic orbitals and good superex-
change properties of the bridging atom(s) [2,52]. The
magnetic orbital is d» for both copper(I} centers with
lobes directed toward the bridging hydroxo ligand, but
also the formato bridge cannot be excluded as a coun-
tercomplementary effect. Further it must be kept in
mind that both compounds have a third bridging mol-
ecule, i.e., a methoxo group and chloride for compounds
2 and 3, respectively. Therefore, the “overall” effect is in
this case a moderate ferromagnetic exchange.

5. Supplementary material

Crystallographic data (excluding structure factors)
for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as sup-
plementary publication no. CCDC-219202-04 for
structures 1, 2 and 3, respectively. Copies of the data can
be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK [fax: (internat.)
+44(1223)336-033, e-mail: deposit@ccdc.cam.ac.uk].
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Abstract

Three new triply-bridged dinuclear copper(II) compounds with carboxylato bridges, [Cus(p-O,CH)(u-OH)}pu-Cl{dpyam):}(PF¢)
(1), [Cux(u-O;CH)Ap-OH)(dpyam);](PFg) (2) and [Cuas(pu-02CCHLCH3)a(u-OH)Ydpyam);(C1O4) (3) (dpyam = di-2-pyridylamine)
have been synthesized and characterized crystallographically and spectroscopically. Compound 1 consists of a dinuclear unit in
which both copper(I1} ions are bridged by three different ligands, i.e., formate, chloride and hydroxide anions, providing a distorted
trigonal bipyramidal geometry with a CuN20.Cl chromophore. Compounds 2 and 3 have two bridging formato ligands and two
bridging propionato ligands, respectively, together with a hydroxo bridge. The carboxylato ligands in both compounds 2 and 3 exhi-
bit different coordination moedes. One is in a syn, syn ':m!:p, bridging mode and the other is in a monoatomic bridging mode. The
structure of compound 2 involves a dinuclear unit, with a distorted trigonal bipyramidal geometry around each Cu(II) ion with a
CuN,0; chromophore. Compound 3 contains a non-centrosymmetric unit; the coordination environment around Cu(l) is a dis-
torted square-pyramidal geometry and an intermediate geometry of sp and tbp around the Cu(ll) ion. The Cu---Cu separations
are 3.061, 3.113 and 3.006 A for compounds 1, 2 and 3, respectively. The EPR spectra of all three compounds show a broad isotropic
signal with a g value around 2.10.

The magnetic susceptibility measurements, measured from 5 to 280 K, revealed a moderate ferromagnetic interaction between the
Cu(il} ions with a singlet—triplet energy gap (J) of 79.7, 47.8 and 24.1 cm ™/, for compounds i, 2 and 3, respectively. Also a very weak
intermolecular antiferromagnetic interaction was observed between the dinuclear units.
© 2004 Elsevier B.V. All rights reserved.

Keywaords: Copper carboxylate complexes; Copper(l[) complexes; Crystal structures; EPR spectra; Magnetic properties, Triply-bridged dinuclear
copper(I{) complexes; Carboxylato-bridged

1. Introduction considerable attention [1-9], due to the various possible
super-exchange pathways between coupled copper(Il)

Triply-bridged dinuclear copper(II) compounds with centers. The magnetic exchange interactions are depend-
one or more carboxylate moieties have recently received ing on the coordination geometry around the copper(Il)
centers. Structurally, the triply-bridged dinuclear cop-

"7 Corresponding author. Tel.: +664320222241; fax : +6643202373. per(II) carboxylato compounds with didentate chelating
E-mail address: sujittraG@ikku.ac.th (5. Youngme). ligands and a five coordination of the Cu(Il) ion, show

.

0020-1693/% - see front matter © 2004 Elsevier B.V. All rights reserved.
doi: 10.1016/.ica.2004.11.019
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an extensive range of compounds with a distortion
between regular trigonal bipyramidal and regular
square-based pyramidal. This feature can be useful for
understanding the relationships between structural fea-
tures and the value of the intramolecular magnetic
exchange interaction in the dinuclear unit.

With the ligand 2,2'-bipyridine (abbreviated as bpy) a
number of carboxylated triply-bridged dinuclear cop-
per(ll) compounds, [Cuy(p-0,CCH3)(bpy)2(CI04) [1;
[Cua(p-O2CCH3)(u-OHYp-OH2)(bpy)2l(C104), [1]; [Cu,
(u-02CCH;3X(u-OH){(u-Cl)(bpy)z[(ClO4) - HZO [2]; [Cup-
(1-02CCH1)2(p-OEt)(bpy)2J(PFe} [3] and [Cuaz(p-0,C-
CHai): (p-OMe)(bpy):](PFe) [3] have been reported in
the literature [1-3]. These compounds exhibit many
types of bridging conformations of the carboxylato mol-
ecule and various geometries of the Cu(Il) ions. How-
ever, compounds with formate and propionate as
bridging molecules, in contrary to acetate bridges, have
rarely been reported for bpy and related ligands. To ob-
tain more insight into the geometries displayed by the
Cu(Il} ion in connection with the magnetic properties
we now use the ligand dpyam (dpyam = di-2-
pyridylamine),

In this study three new triply-bridged dinuclear
copper{Il} compounds with hydroxo, formato and
propionato  bridges, [Cux(u-O;CH)}p-OH)p-Cl)(dp-
yam);(PFe) (1), [Cuy(p-0,CH)(n-OH)dpyam);](PFs)
(2} and [Cuy(u-O,CCHCH3){p-OH)(dpyam),{(ClOx)
(3) have been synthesized and characterized by X-ray
crystallography, IR, EPR and electronic spectra. Also
the magnetic susceptibility has been investigated and
will be discussed in comparison with other relevant
compounds. '

2. Experimental
2.1. General

The ligand di-2-pyridylamine and all reagents are
commercial grade materials and were used without fur-
ther purification. Elemental analyses (C, H, N) were
determined on a Perkin-Elmer PE 2400 CHNS Analyzer
by Microanalytical Service of Science and Technological
Research Equipment Center, Chulalongkorn University.

IR spectra were recorded on a Perkin-Elmer Spec-
trum One FT-IR spectrophotometer as KBr disc in the
4000-450 cm ! spectral range. Solid-state (diffuse reflec-
tance) electronic spectra were measured as polycrystal-
line samples on a Perkin-Elmer Lambda2§
spectrophotometer, within the range 8000-18000 cm ™'
The X-band powder EPR spectra were obtained on
polycrystalline samples at room temperature and 77 K
with a JEOL RE2X electron spin resonance spectrome-
ter with DPPH (g =2.0036) as a reference. Magnetic
susceptibility measurements (5-280 K) were carried

out using a Quantum design MPMS-5 5T SQUID mag-
netometer (measurements carried out at 1000 Gauss)
performed at Leiden University. Data were corrected
for magnetization of the sample holder and for diamag-
netic contributions, which were estimated from the Pas-
cal constants.

2.2, Syntheses of the compounds

2.2.1. [Cus{p-0;CH){p-OH) (p-Clj(dpyam);]( PFs)
(1)

A hot DMF solution (10 ml} of dpyam (0.171 g, 1.0
mmol) was added to a hot DMF solution (10 ml) of Cu-
Cl; - 2H0O (0.171 g, 1.0 mmol). Then solid HCOONa
(0.136 g, 2.0 mmol) was added to the mixture yielding
a brown solution. Its color became green by addition
of an aqueous solution (5 ml) of KPF, (0.184 g, 1.0
mmol). After a month, green polygon-shape crystals of
compound 1 were obtained which were filtered off,
washed with the mother liquid and air-dried. Anal. Calc.
for C2|H20C[CU2F6N603P: C, 354, H, 28, N, 11.8.
Found: C, 35.5; H, 2.5; N, 11.6%.

222 Cuy(p-0,CH)5(4-OH) (dpyam)a]{ PFs) (2)

This compound was prepared by adding a hot
DMSO solution (5 ml) of dpyam (0.171 g, 1.0 mmol),
to a hot aqueous solution (10 ml) of Cu(COOH);
(0.154 g, 1.0 mmol), after which a hot methano! solution
(10 ml) of KPFg (0.184 g, 1.0 mmol) was added. The
resulting green solution was allowed to evaperate at
room temperature. After two weeks, needle green crys-
tals of compound 2 were obtained which were filtered
off, washed with the mother liquid and air-dried. Anal.
Calc. for CZleiCUZFﬁNﬁOjP: C, 366, H, 2.9; N, 11.7.
Found: C 36.1; H 2.6; N, 11.8%.

2.2.3. [Cuz(dpyam ) u-O1:CCH;CH3):(u-OH) J(CIO,)
(3)

Compound 3 was prepared by adding an aqueous
solution (10 ml) of Cu(ClOs); - 6H,O (0.370 g, 1.0
mmol) to a solution of dpyam (0.171 g, 1.0 mmol} in
acetone {10 ml), then a solution of CH,CH;COONa
{0.384 g, 4.0 mmol} in ethanol (10 ml) was added, yield-
ing a bluish-green solution. The solution was allowed to
evaporate at room temperature. After a week, bluish-
green hexagon crystals of compound 3 were formed.
They were filtered off, washed with mother liquid and
air-dried. Anal Calc. for CyeHyClCuNgOg: C, 42.7;
H, 4.0; N, 11.5. Found: C, 42.4; H, 4.1; N, 11.3%.

2.3. Crystallography

The X-ray single-crystal data were collected at 293
K for compounds 1 and 2 and 100 K for compound
3 on a 4 K Bruker SMART APEX CCD area-detector
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diffractometer (rotating anode, graphite-monochro-
mated Mo Ka radiation, 4 =0.71073 A) using SMART
program [[0]. Raw data frame integration was per-
formed with sainT [11], which also applied correction
for Lorentz and polarization effects. An empirical
absorption correction by using the sapas [12] program
was applied, which resulted in transmission coefficients
ranging from 1.000 to 0.733 for 1, 1.000 to 0.800 for 2,
1.000 to 0.801 for 3.

The structures were solved by direct methods and re-
fined by full matrix least-squares method on (F)* with
anisotropic thermal parameters for all non-hydrogen
atoms except disordered F atoms of the PF,~ groups
in 1 using the SHELXTL-PC v 6.12 software package.
For the structure determination of compound 1 and 2,
the two F atoms of each PF,~ group showed disorder;
the occupancies of the disordered positions were initially
refined and later fixed at 0.49 and 0.51 for compound 1
and 0.47 and 0.53 for compound 2. Furthermore, for
compound 2, one O atom of a formato group is also dis-
ordered and refined with site occupancies of 0.5. Three
O atoms of the C10,~ anion in compound 3 found also
to be disordered and were refined into two sets with
occupancies of 0.49 and 0.51. All hydrogen atoms in 1,
2 and 3 were located geometrically and refined isctrop-
ically, except for nine H atoms of the dpyam ligand in
2 which were fixed and allowed to ride on the attached
atoms. The molecular structure pictures were created
by using sHELXTL-pC package [13]. The crystal and
refinement details for compounds 1, 2 and 3 are listed
in Tabie 1.

3. Results and discussion
3.1. Synthesis

Reaction of CuCly-2H,0 with one equivalent of
dpyam in DMF/H;O followed by addition of HCOONa
and KPF¢ led to the very rare example of a triply-
bridged dinuclear copper(IT) complexes, [Cux{O,CH)-
(OH)Cl(dpyam}),)(PF¢) (1) containing three different
anionic bridging ligands. Its formation can be summa-
rized in Eq. (1).
2CuCl - 2H,0 + 2dpyam + HCO,~ + PF,~ )

[Cuz(0,CHY(OH)Cl(dpyam),|(PFs) + 3C1™ + H*

(N

Treatment of Cu(O,CH); in water with one equiva-
lent of dpyam in DMSO followed by addition of
KPF; in MeOH (Eq. (2)) gave a clear green solution,
from which pure, highly crystalline [Cuy(O,.
CH),{OH)}dpyam),J(PF¢) (2) can be obtained.

2Cu(0,CH}, + 2dpyam + PF~ DMS0/H.0/M=0H

[Cu,(0,CH),(OH){dpyam),)(PF;) + 2HCO,” + H*
(2)
" In a similar fashion, treatment of Cu(ClQOy4), - 6H.0 in
water with one equivalent of dpyam in acetone and
CH,CH,COONa in EtOH led to the triply-bridged dinu-

clear complex [Cuy(0,CCH,CH3)(OH)Ydpyam),](ClO,)
(3). The reaction stoichiometry is presented in Eq. (3).

Table {

Crystal and refinement data for complexes 1, 2 and 3

Complex 1 2 3

Moiecular formula [Cux{p-O,CHY(p-OH M p-Cl) [Cua(p-O>CH)x{p-OH) [Cua(p-0:CCH2CH; )o(p-OH)
(dpyam},](PFg) (dpyam},](PFg) (dpyam)J(ClOy)

Molecular weight T11.94 721.50 732.08

T{K) 293(2) 293(2) 100(2)

Crystal system orthorhombic orthorhombic monoclinic

Space group Cmc2, Cme2, Plilc

a(A) 16.8665(1) 17.011(4) 11.0890(7)

& (A) 7.829 8.031(2) 16.7467(11)

c (A) 19.4941(1) 19.258(5) 16.1864(16)

5 90 90 187.7110(10%

V(;\") 2574.22(2) 2631.1¢11) 2863.4(3)

z 4 4 4

D_{gem) 1.837 1.821 1.693

2 (mm~') 1.900 1.767 1.644

F000) 1424 1448 1496

Crystal size (mm) 0.13x0.28x0.33 0.25x%0.12x0.05 0.26 x0.20 x 0.09

Number of reflection collected 9380 11030 16 907

Number of unique reflections (R ,n,) 3725 (0.0224) 3180 (0.0355) 6660 (0.0380)

Data/restraints/parameter 372517234 3180/1/234 6660/0/541

Goodness-of-fit 1.033 1.022 1.039

Final R indices [{ > 2a{/)]
R indices (all data) .
Largest differential peak and hole (e AY

R =0.0387, wR; = 0.1673
R, =0.0441, wR, = 0.1115
0.651 and —0.672

R, = 0.0515, wRy =0.1194
Ry = 0.069%, wR; = 0.1206
0.669 and —0.468

R, = 0.0440, wR; = 0.0857

‘R =0.0618, wRy = 0.0916

0.519 and —-0.464
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2Cu(Cl04), - 6H,0 + 2dpyam + 2CH;CH,CO,-

e Cy (02 CCH,CH; ), (OH ) dpyam), | (PF)
+3Clo,” +H* (3)

3.2. Description of structures

3.2.1. Description of [Cu(u-O;CH ) (u-OH ) { u-Cl)
(dpyam),](PFs) (1)

The structure of compound 1 consists of a dinuclear
[Cua(p-0-CH)p-OH)pu-Cl)(dpyam},]" cation and a dis-
ordered PF;~ counteranion. This unit is depicted in Fig.
| together with the numbering scheme. Selected dis-
tances and angles are listed in Table 2. Each copper(Il)
ion has a distorted trigonal bipyramidal geometry
(r=0.72, the structure index is defined as 1= (8 — o)/
60, where f and are the largest coordination angles,
1 =0 for square pyramidal (SP) and t =1 for trigonal
bipyramidal (TBP) geometry) [14], of the CuN,0,Cl
chromophore, with a nitrogen atom of the dpyam ligand
(Cu(1)-N(1) 2.031(3) A) an oxygen atom of the bridg-
ing formato ligand (Cu(1)-0(1) 2.183(2) A) and a bridg-
ing chloro ligand (Cu(1)-CI{1) 2.451(1) A) forming the
trigonal plane. The axial site of each copper(Il) atom
is occupied by another nitrogen atom of the dpyam li-
gand (Cu(1)-N(2) 1.983(2) A) and an oxygen atom of
the hydroxo ligand (Cu(1)}-O(2) 1.918(2) A), which are
shorter than those of the equatorial plane corresponding
to the typical environment of the trigonal bipyramidal
geometry [15]. The symmetric syn,syn-coordinated for-
mato ligand bridges the two equatorial planes, giving a

u- - -Cu distance of 3.061(5) A. The dihedral angle be-
tween the equatorial planes is 86.8°. The bridging angles
(Cu(H-0(2)-Cu{l)A and Cu(l)-Cl(1)-Cu(l)A are
105.9(1) and 77.2(1)°, respectively. The dpyam ligands

are essentially planar, with only a dihedral angle of
4.4° between the individual pyridine rings.

The crystal lattice is stabilized by hydrogen bonding
between the amine N and the oxygen atom of bridging
formato group with a N- - -O distance 2.860(3) A and be-
tween the oxygen atom of bridging hydroxo group and
the fluoride atom of PF,™ anion with O---F contact of
2.954(7) A. Details of the hydrogen bonding are listed
in Table 2.

3.2.2. Description of [ Cuz(p-0;CH },(u-OH) (dpyam )1 ]
(PFs) (2)

Compound 2 is made up of one-half [Cu{u-
0,CH)»(u-OH)dpyam)]* moiety, which the other half
being symmetry related via a mirror plane and a disor-
dered PF,~ anion. This unit is depicted in Fig. 2 to-
gether with the numbering scheme. Selected distances
and angles are listed in Table 3. The formato ligands,
one of which is in a disordered position, in compound
2 exhibit a different coordination mode. Both copper(1l)
ions within the dinuclear unit are bridged by three li-
gands, ie., a hydroxo group and two formato ligands,
of which one formato ligand is in a didentate syn,syn
n':n':py-bridging mode [16,17] and the other is in the

- disordered monoatomic bridging mode. A terminal

dpyam ligand completes the five coordination at each
copper atom, which has a distorted trigonal bipyramidal
geometry (T = 0.71) of the CuN;O; chromophore. An
oxygen atom of the monoatomic bridged formato ligand
(Cu(1}0(2) 2.144(6) A), an oxygen atom of the
rJ n':p,-bridging formato ligand (Cu(1)-O(4) 2.200(3)
A) and a nitrogen atom of the dpyam ligand (Cu(l)-
N(2) 2.029(4) A) comprise the trigonal plane. These
equatorial distances are considerably longer than the
two axial bonds occupied by an oxygen atom of the

Fig. 1. Thermal ellipsoid {50% probability) plot of [Cux{p-O,CHYXp-OH)Xp-ClXdpyam);J(PFs) {1). Atoms with an “A’ are generated by a mirror

plane. The uncoordinated PF, anion is omitted for clarity.
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Table 2 ]

Selected bond lengths (A) and angles (°) of (Cuz(p-O,CHYp-OH ¥ p-ClXdpyam)a)(PFe) (1)

Cu(1)-N(I) 2.031(3) Cu(1}-1) 2.183(2)
Cu()-N(2) 1.983(2) Cu(1)-X2) 1.918(2)
Cu(1)-CI(1) 2451(1) Cu(1)Cu(DDA 1.061(5)
O{1-Cu(1)-N(I) 130.6(1) N{1)-Cu(1-CI{1) 124.4(1)
O(1)-Cu(1)}-N(2) 86.7(1) N(2)}Cu(1)-0(2) 173.8(1)
(1Cu(1)-0(2) 87.3(1) N{2}-Cu(1)}-CK1) 97,71
O(1)-Cu(1}-Cl(D) 104.8(1) Cu(1)}-02}-Cu()A 105.9(1)
Q(2}-Cu(1)-CI(1} B82.3(1) Cu(1)-CI(1)Cu(DHA T1.2(1)
N(1)}Cu(1)-N(2) 91.8(1) C(I1)-O0)Cufi) 127.5(2}
N{1}Cu(1)-0(2) 93.2(1) O(NH-CUON-O{)A 126.5(4)
Hydrogen bonds H---A DA D-H---A
NGRHEG) -0 [112 — x, 12 +y, 7 2.08(3) 2.860(3) 162(3)
O(2y-HQ2) - -F(6) [-112 = x, =112+ p, 2] 2.18(7) 2.9547T) 159(7)

e.s.d.s. in parentheses.
A=[-x+1,y ]

Fig. 2. Thermal ellipsoid (50% probability) plot of [Cus{(p-O;CH)(p-OH )} dpyam);](PFs) (2). Atoms with an “A™ are generated by a mirror plane.

The uncoordinated PF4 anion is omitted for clarity. Only one site occupancy of the disordered formato molecule is shown.

Table 3

Selected bond lengths (.:\) and angles (°) of [Cux(p-Q-CH):{u-OH)dpyam)-J{PFs) (2)

Cu(1)}-N(1} 1.972(4) Cu(1)-0(2} 2.144(6)

Cu(1)}-N(2) 2.029(4) Cu(1)}-O(4) 2.200(3)

Cu(1)(1) 1.934(5) Cu(1)}-Cu(1)A 11139

Cu(1}-0X3) 2.246(5)

O{1-Cu(1)-0(2) 78.2(2) N{}Cu(1)-0(2) 100.5(2)

O(1-Cu(H)-O4) 96.6(2) ND-Cu(10(4) 87.2(1)

O{1)-Cu(}}-N(1} 173.6(2) N(1)-Cu(1}-N(2) 91.7(1)

O(1Cu(1)-N(2) 93.3(2) N(2)-Cu(1)}-(2) 138.3(3)

O(Z)}-Cu(1)>-0(4) 89.7(3) N(2)-Cu(1)-0(4) 130.9(1)

CI2-0(4-Cu(l) 127.4(4) O4)-C12-O(HA 127.5(7)

Cu(1-O(1}+Cu({1)A 107.2(4) Cu(1}-0(2)-Cu(DA 93.1(4)

Hydrogen bonds D-H H---A DA D-H A
N{)}-H(5)- - -O4) 0.86 2.15 2.917(5) 148

[32 - x, =12 +y,z]

e.5.d.s. in parentheses,
A=[-x+2,y, 2.

N
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bridging hydroxo ligand (Cu(1)-O(1) 1.934(5) A) and
another nitrogen atom of the dpyam ligand (Cu(l)-
N(1) 1.972(4) A) corresponding to the typical environ-
ment of the trigonal blpyramldal geometry [15]. The
Cu- - -Cu separation is 3.113(5) A. The bridging Cu{l)-
O(1)-Cu()A, Cu(1)-O(2)-Cu(l)A angles are 107.2(4),
93.1(4)°, respectively. The dihedral angle between the
two equatorial planes is 90.3°, The dpyam ligands are
essentially planar, with only very small dihedral angles
varies for individual pyridine rings.

The crystal lattice is stabilized by hydrogen bonding
between the amine N and the oxygen atom of bridging
formato group with a N - -O contact of 2.917(5) A. De-
1ails of the hydrogen bonding are listed in Table 3.

3.2.3. Description of {Cuy(p-O,CCHCH;) 5( -
OH)(dpyam),](CIO,) (3)

The structure of 3 consists of a dinuclear [Cuz(p-
0,CCH,CHa)y(n-OH)(dpyam),]* cation and a disor-
dered uncoordinated ClO,~ anion. This unit is depicted
in Fig. 3, together with the numbering scheme used. Se-
lected distances and angles are listed in Table 4. The
Cu(Il) ions are triply bridged by twe propionate ligands
and a hydroxo group. One of the propionato ligands is
in the didentate syn,syn n':n':p;-bridging mode and the
other is in the monoatomic bridging mode, similar to
those of the formato ligands in compound 2. The

Cu: - -Cu separation is 3.006(2) A. The coordination
environment around Cu(1) can be best described as dis-
torted square pyramidal, with a CuN,0,0 chromo-
phore and a t value of 0.22. The four shorter bonds in
the basal plane involve two nitrogen atoms of the dpyam
ligand (Cu-N 1.985(2) and 2.018(2) A), an oxygen atom
of the bridging hydroxo ligand (Cu(1)-O(1) 1.931(2) A)
and an oxygen atom of the didentate bridging propio-
nato ligand (Cu{1)}-0(3) 1.959(2) A) An oxygen atom
of the monoatomic bridging propionato ligand com-
pletes the five-coordination of Cu(1) (Cu-O(4) 2.318(2)
A), consistent with a square-pyramidal geometry [18].
The four basal atoms are not coplanar, showing a signif-
icant tetrahedral distortion with a dihedral angle of
25.7° formed between CuQ, and CuN, planes and the
copper atom is displaced by 0.112 A from the basal
plane towards the O{4) atom.

The geometry arcund Cu(2) is an intermediate be-
tween a trigonal bipyramid and a square pyramid which
is distorted via a Berry-Twist process [19], with a z value
of 0.43.The basal plane comprises of two nitrogen
atoms of the dpyam ligand (Cu-N 1.986(2) and
2.01002) A), an oxygen atom of the bridging hydroxo k-

gand (Cu(2)-O(1) 1.942(2) A) and an oxygen atom of
the monoatomic bridging propionato ligand (Cu(2)-
O(4) 2.065(2) A). The fifth apical coordination site is
occupied by an oxygen atom of the didentate-bridging

c23

LC2G

Fig. 3. Thermal ellipsoid (50% probability) ptot of [Cuz(u-0yCCH,CH;)(p-OH X dpyam))(ClO4) (3). The uncoordinated CiO, anion is omitted for

clarity.
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Table 4
Selected bond lengths (A) and angles (°) of [Cus(i-02CCHACH3 ot p-OH)dpyam)(CIO4) (3)
Cu(1}-N(1) 1.985(2) Cu(2-N(4) 1.986(2)
Cu{1}-N{2) 2.018(2) Cu(2}-N(5) 2.010(2)
Cu(1)-0{1) 1.931(2) Cu(2}-0(1) 1.942(2)
Cu(1)}-0(3) 1.959(2) Cu{2}-0(2) 2.236(2)
Cu(1)-O(d) 2.318(2) Cu(2)-0(4) 2.065(1)
Cu(1}-Cu()A 3.006(5)
O{1)-Cu(1)-X(3) 93.0(1) O(1)-Cu(2)~0(2) 8841
O(1)-Cu(1)-0(4) 75.9(1) O(1)-Cu(2)-0(4) 82.0(1)
O(1)-Cuf1}-N(1) 169.2(1) O(1)-Cu(2)-N¢4) 171.9(2)
O(1-Cuf1)-N(2) 9341} O{1)-Cu(2)-N(5) 95.3(7)
O(31-Cu(1)-H4) 104.3(1) O2-Cu(2)-O4) 100.3(1)
N(1}-Cu( 1)-(3) 87.6(1) N{4»-Cu(2)-0(2) 85.4(1}
N(D-Cu(1)-O(4) 93.5(1) N(4FCu(2)-0(4) 94.0(1)
N{1}-Cu(1}-N(2) 90.4(1) N(E#-Cu(2}-N(5) 91.8(1)
N{2)-Cuf{1)-O(3) 156.0(1) N(5)}-Cu(2)-0(2) 113.4(1)
N(2)}-Cu(1}-O(4) 99.6(1) N(5)}-Cu(2-04) 146.2(1)
C{21)-O{3)-Cu(l} 129.7(1) Cu(1-0(1)}-Cu(2) 101.8(1)
C21)-0(2}-Cu(2) 126.0(1) Cu(1)~O{4)-Cu(2) 86.4(1)
O2)-C2H-(H 125.1(3)
Hydrogen bonds D-H H.. A D---A D-H---A
O(1)-H(21)- - O(8)

[x, V2 -y, =12+ z] 0.75(3) 2.23(3) 2.986(3) 176(3)
N(3}-H(5} - -O(5)

[x, 12—y, —1/2+ 3} 0.83(3) 1.95(3) 2.763(3) 165(3)
N(6)-H(15) --O(2)

[-x -y 1-z 0.75(4) 2.10(4) 2.827(3) 165(5)

e.5.d.s. in parentheses.
A=[x, W2 -y -112+7z].

propionato ligand with a Cu(2)-0(2) distance of
2.236(2) A, providing a distorted square-pyramidal
CuN;0,0' chromophore with a marked tetrahedral
twist, 34.4° between CuN; and CuO; planes. The copper
atotn is displaced 0.246 A from the basal plane toward
O(2) atom. The bridging Cu(1}-O(1)-Cu(2) and
Cu{1}0(4)-Cuf2) angles are 101.8(1)° and 86.4(1)°,
respectively.

The crystal lattice is stabilized by a hydrogen bonding
between the amine N and an oxygen atom of bridging
propionato group with N--.O contacts of 2.763(3)-
2.827(3) A and between the oxygen atom of bridging hy-
droxo group and the oxygen atom of ClO,~ anion with
a distance of 2.986(3) A. Details of the hydrogen bond-
ing are listed in Table 4.

3.3. Structure comparison

The compounds together with a number of related
dinuclear triply-bridged copper(II) compounds are listed
in Table 5. The molecular structures and the copper(Il)
chromophores of {Cu(p-O;CCH3)(u-OHY p-Cl)(bpy):)-
(Cl3y)-HO (8) (1=040) {2] and [Cuy(u-O,CH)-
(H-OH)(u-Cl}{dpyam):(CiO4) - 0.5H,O (11) (1 =0.67)
[5] are comparable to that of compound 1 (x=0.72)
(see Table 5), in which two copper(1]} atoms are bridged
through three different bridging ligands: carboxylate,
hydroxide and chloride anions. The carboxylate bridges

in these three compounds display the same syn, syn
n'n'p-bridging mode. However, the coordination
geometry of compound 8 is slightly different in distor-
tion towards the square pyramid geometry (z = 0.40),
presumably due to the more flexibility of the dpyam
ligand.

The structure of compound 2 (r = 0.71) shows some
similarity to those of [Cux(p-O,CCHj3):(n-OCH;Xb-
pv)al(PFg) (%) (r=0.66 and 0.59) (3] and [Cu(p-
O,CH)(p-OH){(4-OCH )}(dpyam),}(C104) (10) (z = 0.65)
[5], all of which involve a distorted trigonal bipyramidal
geometry with a CuN;0O; chromophore (see Table 5).
Compounds 10 and 2 have two monoatomic bridges,
which one connects two apical sites of the trigonal bipy-
ramidal copper(Il) chromophores whereas, compound 9
has only one monoatomic bridge (a methoxo group),
which connects two apical sites of the trigonal bipyrami-
dal geometry.

The copper(Il) environments of compound 3
(t=0.22 and 0.43) are related to those of the known
dinuclear structures, [Cux(p-Q,CCH;),(pn-OEt)(bpyk]-
(PFg) (4) (=023 and 0.10) [3], [Cux(u-OH){j-
O,CH)y(bpy)XBFy) (5) (r=0.11 and 043) [4],
[Cua(p-0rCCH3)a(bpy)a(ClOy4) (6) {(x=0.14 and 0.47)
(1) and [Cuz(p-0;CCH;}pu-OH)(u-H0)(bpy)2(ClO4):
(7) (z=0.14 and 0.25) {1] (see Table 5). The apical
distances in these compounds are typical Cu-O dis-
tances of 2.2-2.7 A [20]. The molecular structure
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and the copper(Il) chromophores of compound 3 are
very comparable to that of compound 7, both of them
have two monoatomic bridges and a triatomic bridge.

3.4. Spectral characterization and EPR measurements

The IR spectra of compounds 1, 2 and 3 show broad
and intense bands of the ionic PF,~ anion (843 cm™" for
1 and 842 cm ™' for 2) and ionic ClO,~ anion (1086 cm ™
for 3). The spectra also exhibit a broad band at 3563,
3580 and 3750 cm~! for compounds 1, 2 and 3, respec-
tively, which can be assigned to the bridging OH group.
The broad and intense bands at 157t and 1396 cm~! in
compound 1 correspond to the v, (COO™) and
vs(COO™) vibration of the didentate bridging coordina-
tion mode of the carboxylate group within a dinuclear
species [5]. Owing to the presence of two different coor-
dination modes of carboxylate bridges in 2 and 3, two
voi(COO7) and two v,(COO™) bands are observed in
its TR spectrum (1619 and 1385 cm™' bands for com-
pound 2 and 1600 and 1392 cm ' for compound 3).
These bands are assigned to the stretching modes of
the monoatomic carboxylate bridges [1,8]. The vibra-
tions observed at 1603 and 1436 cm™' for compound 2
and 1556 and 1435 cm™! for compound 3 are consistent
with the triatomic carboxylate bridge [1,8].

The electronic reflectance spectrum of compound 1
shows a broad asymmetric band at =11 800 cm™' with
a high-energy shoulder at ca. 14 600 ecm™' consistent
with a distorted trigonal bipyramidal geometry [21,22].
Compound 2 has a very broad band centered at ca.
12 810 cm™". Compound 3 exhibits a broad asymmetric
band centered at ca. 12810 em™' with a high-energy
shoulder at ca. 14 710 cm™!, which would be consistent
with two different metal geometries (r = 0.22 and 0.43)
within the complex.

The X-band EPR measured on polycrystalline sam-
ples at RT and 77 K showed in all three compounds a
broad isotropic signal with a g, at around 2.10 and
no hyperfine is resolved. To have more insight into the
magnetic behaviour magnetic susceptibility studies were
undertaken of a powdered sample from 5 to 280 K (see
below).

3.5. Magnetic properties

The magnetic properties of the compounds are de-
picted in Figs. 4-6, for compounds 1, 2 and 3, respec-
tively, in the form of p.g versus 7T plots for two Cu(Il)
ions.

The magnetic properties of all three compounds show
a very similar behaviour. At 280 K the peq is 2.75 up for
compound 1 (2.40 g and 2,60 up, for 2 and 3) which
agrees reasonable with the spin-only value calculated
for two uncoupled spin = 1/2 Cu(II) centers. Upon cool-
ing it raises gradually to reach 3.02, 2.68 and 2.78 up, at

304
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Fig. 4. A plot of the temperature dependence of peg vs. T for
compound 1. The solid line represents the calculated curve (see text).
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Fig. 5. A plot of the temperature dependence of geq vs. T for
compound 2. The solid line represents the calculated curve (see text).
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Fig. 6. A plot of the temperature &cpendence of peg vs. T for
compound 3. The solid line represents the calculated curve (see text).
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around 30 K, for compounds 1, 2 and 3, respectively.
This behaviour is typical for a ferromagnetically coupled
Cu(Tl) dinuclear compound. Below that temperature,
penr then diminishes till a value around 2.85-2.45 ug at
5 K for the three compounds, which may originate from
intermolecular antiférromagnetic interactions, or from
zero-field splitting of the § = | state of the dinuclear spe-
cies. The theoretical expression for the magnetic suscep-
tibility for two interacting §= 1/2 centers, which is
based on the general Hamiltonian [23] is: H.y = —J8:5,,
in which the exchange parameter J, is negative for anti-
ferromagnetic and positive for ferromagnetic interac-
tion. The magnetic data were fitted to the equation
given in the literature for dinuclear copper compounds
[23. p. 132].

Xm = QN KT — 22713 + exp(—JKD)]™'[3 + exp-
(~FkT) (1 — p) + yp + TIP, in which N, g, 8, kand T
have their usual meanings. The parameter p denotes the
fraction of paramagnetic impurity in the sample and zJ’
the interaction between neighbouring dinuclear identities.
A temperature independent paramagnetism (TTP) was also
considered and fixed at 60 x 10~ per copper ion. The fit
was accomplished by minimization of R =% (¥, - Teuc—
X - Tobe)’/ (2 - Tots)” by least-squares procedure.

The best fit was obtained for compound 1 with the
following values: J=79.7 cm™!, g=2.15, zJ'=-2.9
em™!, p=0.0, with a final R of 1.0 x 10~? (see Fig. 4).
For compound 2 these values are J=478 cm™),
g=1.99, zJ'=-7.6 em™', p=0.002, with a final R of
1.6 -107? (see Fig. 5). For compound 3 these values
are J=24.1 em™', g=205, zJ'= 34 ecm™!, p=0.0,
with a final R of 1.2 x 107 (see Fig. 6).

This overall ferromagnetic behaviour has been ob-
served earlier for many other triply-bridged dpyam com-
pounds, also containing a hydroxo bridge [5], ie.,
compounds 10 and 11 in Table 5. For dinuclear bis-
hydroxo-bridged compounds a correlation is known be-
tween J and the Cu-O-Cu angle; an antiferromagnetic
interaction was found when the Cu—O—Cu angle is larger
than 97.5°, but when the Cu—0-Cu angie is smaller than
97.5° a ferromagnetic interaction would be expected
[24]. In this study the angles vary between 101.8° and
107.2° and by neglecting the other bridges an antiferro-
magnetic exchange would have been expected. However,
the difference between the compounds with only hydroxo
bridges and the triply bridges is great. The copper(Il)
ions in compounds 1-3 (and also 10 and 11 in Table 5)
have a five-coordinate (more or less distorted) trigonal
bipyramidal geometry with the d.. ground state, whereas
the dihydroxo-bridged copper(Il) complexes are square
pyramidal with d,: ,* ground states. Also it is known
that a change in electron density of the magnetic orbital
can have a pronounced effect on the sign and magnitude
of a magnetic exchange interaction [25,26]. In this case,
for compounds 1-3, a single pathway via the unit (Cu-
OH-Cu} is possible for the electron delocalization via

the d.. magnetic orbitals, corresponding to the weak,
or intermediate, ferromagnetic interaction. Secondly
also the carboxylato bridge plays a role in the magnetic
interaction, which was described in the literature as a so-
called “countercomplementary effect” {23,27-29]. This
effect cannot be quantitated, however.

From Table 5 it can anyway be noted that for almost
all triply bridges Cu(Il) dinuclear compounds, when the
copper(II) geometry is (distorted} trigonal bipyramidal a
moderate overall ferromagnetic interaction is observed
(compounds 10, 11, 1 and 2) and when the geometry be-
comes more distorted to square pyramidal (compounds
6, 7 and 3) the overall ferromagnetic interaction be-
comes, in general, weaker.

4. Conclusions

Three new triply-bridged compounds with dpyam
are synthesized, characterized and their magnetic inter-
action studied. All three compounds contain a dinu-
clear copper(Il) unit with a hydroxo and a formato/
chloride bridge (compound 1), two formato bridges
{compound 2) and two propionate bridges {(compound
3). The coordination geometry around each copper(Il)
ion is slightly distorted trigonal bipyramidal for 1 and
2 and an intermediate between SP and TBP for 3. A
strong magnetic interaction requires both good o orien-
tation of the magnetic orbitals and good superexchange
properties of the bridging atom(s) [23,29]. The mag-
netic orbital is d: for the copper(II) centers with lobes
(more or less) directed toward the bridging hydroxo li-
gand, but also the formato/propionatoichloride
bridge(s) cannot be excluded as a countercomplemen-
tary contribution. Therefore the “‘overall” effect is in
this case a moderate ferromagnetic exchange, as can
be seen for compounds 10, 11, 1 and 2 with the same
type of geometry, while in compounds 3, 6 and 7 the
distortion is large, the overlap of the orbitals becomes
weaker and also the ferromagnetic interaction becomes
weaker. An exception appears to be compound 5, but
in this compound, both Cu(Il) ions have differently dis-
torted 5 coordinated geometries and a fairly large Cu-
O-Cu angle.

5. Supplementary material

Crystallographic data (excluding structure factors)
for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as Supple-
mentary Publication Nos. CCDC 24306264 for struc-
tures 1, 2 and 3, respectively. Copies of the data can
be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [fax: (inter-
nat.) +44(1223)336 033, e-mail: deposit@ccdc.ac.uk].
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Abstract

The synthesis, X-ray structure, spectroscopic and magnetic properties of a zig-zag formato-bridged chain complex with the for-
mula [Cu(dpyam)(p-O,CH)OH)].{NQ3}, (1) (in which dpyam = di-2-pyridylamine) is described.

The geometry of the copper(II} ion is distorted square pyramidal with a basal plane consisting of two nitrogen atoms of the
dpyam ligand (Cu-N distances 1.987(3) and 2.010(3) A) and two oxygen atoms of two different formato ligands (Cu-O distances
1.974(2) and 1.975(2) A). A coordinated water molecule occupies the axial position at a distance of 2.222(3) A. The copper atoms
are bridged unsymmetrically by a formato anion in a syn-anti arrangement, resulting in a polymeric zig-zag chain structure.

The magnetic susceptibility measurements (5-280 K) agree with a very weak ferromagnetic chain interaction between the Cu cen-

tres with a J value of 0.75cm ™.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Copper(Il} complex; Di-2-pyridylamine; Magnetic properties; Crystal structure

1. Introduction

Reported complexes of copper(Il) and didentate
mono(chelating) ligands with monovalent oxoanions
may be grouped in several classes for each type of oxoan-
ion, depending on coordinating nature. Complexes with
monovalent oxeanions formulated as Cu(LL){anionl), -
nH,0, or Cu(chelate}(anionl)(anion2}) - nH,0, (in which
anionl and/or anion2 = NO,~, NO,", Cl0, ", CH3CH>-
C0O0O~, CH,COO ™ or HCOO™ and LL = didentate che-
lating ligand}, were found to exhibit four types of local

* Corresponding author. Tel.: +66 43 202 222 41; fax: +66 43 202
.
E-mail address: sujittra@kku.ac.th (5. Youngme).

0020-1693/$ - see front matter © 2005 Elsevier B.V._ All rights reserved.
doi:10.10164.ica.2004.12.032

molecular structures: {A) mononuclear tetrahedrally-
distorted elongated octahedral units with an extremely
asymmetric didentate coordination of both oxoanicns
[1]; (B) polymeric clongated tetragonal (or rhombic)
octahedral units with the nearly symmetric didentate
coordination of a basal oxoanion and the bridging diden-
tate coordination in the axial positions of the second one
[2}; (C) polymeric tetrahedrally distorted square pyramid
with non-bridging monodentate and bridging didentate
oxoanions [3.4]; (D) dinuclear tetrahedrally distorted
square pyramidal with non-bridging monodentate and
bridging didentate oxoanions [5,6). An example of each
class is presented in Scheme 1.

X-ray studies of polynuclear formato-bridged Cu(II)
compounds with N-donor ligands are relatively rare
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Scheme 1.

[7-12} and the number of magnetic studies undertaken
with these compounds is even more scarce {7,8]. Also
polynuclear Cu{Il) compounds with the ligand used in
this study, di-2-pyridylamine (abbreviated as dpyam)
are relatively rare, as only a few are reported to date
f1.3,22-25]. With the ligand dpyam and formato as a
bridging ligand only one dinuclear compound, [Cuy{(d-
pyam)(p-0:CHYO,CH),(H0)[(H,0), has been re-
ported [6].

In this study we describe the synthesis, spectroscopic
properties, magnetic study and EPR of a chain-type for-
mato-bridged Cu(Il) compound, [Cu(dpyam)(p-
0:CHYH;0)1{NO3), (1).

2. Experimental

2.1. Synthesis of [Cufdpyam }(u-O,CH}(H:0) ],
(NOs)a (1)

Solid NaHCQO (0.i36g, 2.0 mmol) dissolved in
water (10 ml) was added to a warm solution of di-2-pyr-
idylamine (0.171 g, 1.0 mmol) in methanol (10 mi} yield-
ing a pale-yellow solution. Its colour became greenish by
slow addition of an aqueous solution (10 ml) of Cu-
(NO;); - 2.5H;0 (0.232 g, 1.0 mmol). The resulling green
solution was allowed to evaporate at room temperature,
After several days, blue-green crystals of 1 were depos-
ited. Yield: ca. 60%. Anal. Calc. for C;H,,CuN,Og:
C, 36.7; H, 34; N, 15.6. Found: C, 36.3; H, 3.3; N,
15.4%, IR (KBr; cm™')y: v, (C-0) [591(s}, v,s(N-O)

-1384(5), v(C-0) 1354(s), v(N-O) 1340(s) and  (O-C-
Q) 906(w).

2.2. Physical measurements

Elemental analyses (C, H, N) were determined on a
Perkin-Elmer PE2400 CHNS/O Analyzer by the Micro-
analytical Service of Science and Technological Re-
search Equipment Center, Chulalongkorn University,
Thailand. TR spectrum was recorded on a Spectrum
One Perkin-Elmer FT-IR spectrophotometer as KBr
pellets in the 4000-450 cm™' spectral range. Diffuse
reflectance measurement from 9000 to 20000 cm™!
was recorded as polycrystalline samples using a Per-
kin-Elmer Lambda 2S spectrophotometer equipped
with an integrating sphere attachment. Barium sulfate
was used as the reflectance standard. X-band powder
EPR spectrum was recorded on a JEOL RE2x electron
spin resonance spectrometer using DPPH (g = 2.0036)
as a standard. Magnetic susceptibility measurements
(5-300 K) were carried out using a Quantum Design
MPMS-5 5T SQUID magnetometer (measurements car-
ried out at 1000 G) performed at Leiden University.
Data were corrected for magnetisation of the sample
holder and for diamagnetic contributions, which were
estimated from Pascal constants.

2.3. Crystallography

Reflection data were collected at 293 K ona 1 K Bru-
ker SMART CCD area-detector diffractometer using
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graphite monochromated Mo Ka radiation (4=
0.71073 A) at a detector distance of 4.5 ¢cm and swing
angle of —35° A hemisphere of the reciprocal space
was covered by a combination of three sets of exposures;
each set had a different ¢ angle (0°, 88°, 180°) and each
exposure of 15 s for 1, covered 0.3° in . Data reduction
and cell refinements were performed using the program
sAaINT [13]. An empirical absorption correction by using
the sapaBs [14] program was applied, which resulted in
transmission coeflicients ranging from 0.7662 to 1.0000
for 1. The structure was solved by direct methods and
refined by full-matrix least-squares method on (Fous)®
with anisotropic thermal parameters for all non-hydro-
gen atoms using the sHELXTL-pC V 6.1 [15] software
package. All hydrogen atoms in 1 were located by differ-
ence synthesis and refined isotropically. The nitrate
group is disordered with site occupancies of 0.50 for
both conformers and the average bond length,
1.216(6) A and bond angle, 119.8(3)° are within the typ-
ical values for the uncoordinated nitrate group [16]. The
molecular graphics were created by using SHELXTL-PC.
The crystal and refinement details are listed in Table 1.

3. Resuits and discussion
3.1. Description of the structure

A plot of the structure together with the used num-
bering system is shown in Fig. 1 with selected bond dis-
tances and angles given in Table 2. The structure of 1
consists of a polynuclear [Cu(dpyam)(p-O,CH)(H0)]*
cation, and an uncoordinated disordered NO,~ anion.

Table |

Crystal and refinement data of [Cu(dpyam){pu-O,CHYOH;)],(NO4),
Molecular formula CiyHsCuN,Og
Molecular weight 359.79

T(K) 293(2)

Crystal system monoclinic

Spa_ce group P2

a(A) 9.7179(2)

b (;;\) 19.06310(10)

c (.Q) 7.5004(2)

B{A) 94.8530(10)

¥ (A 1385.60(5}

Z 4

Deae (Mgm™) 1.723

#{mm ') 1.613

Crystal size (mm) 0.05x0.13%0.38

o Range (°) 2.10-30.47

Number of reflections collected 10 187

Number of unique reflections 3941 (R = 0.0462)
Goodness-of-fit 1.042

Final R indices (/ > 2a(0)], wR; = 0.0752 =0.0541; wRy = 0.0971
R indices {all data) . R, =0,1057; wR; =0,1147
Largest difference peak and hoke (¢ A™%)  0.538, —0.461

R = TIIFol = 1Fel/ 52 ol Ru = (X wilFol — 1Fel}? /wiFal’] .

Fig. 1. Thermal ellipsoid plot (50% probability) of [Cu{dpyam)(j-
O,CHYXH,OL(NO,), (1). The uncoordinated nitrate anion has been
omitted for clarity.

The copper atoms are bridged unsymmetrically by a for-
mate group in a syn-anti arrangement [17), resulting in a
polymeric zig-zag chain structure (Fig. 2). The Cu(II}
atom is five-coordinated with a basal plane consisting
of two nitrogen atoms of the dpyam ligand (Cu-N dis-
tances 1.987(3) and 2.010(3) A) and two oxygen atoms
of two different formato ligands (Cu-O distances
1.974(2) and 1.975(2) A). The coordinated water moie-
cule occupies the axial position at a distance of
2222(3)A The CuN;QO; chromophore is non-planar
with a tetrahedral twist of 14. 4(1)°. The Cu atom lies
above this plane, 0.202 A toward O(1). The copper chro-
mophore can be described as having a slightly distorted
square pyramidal geometry, The distortion of square
pyramidal can be best described by the structural
parameter t (1 = for square pyramid and t =1 for tri-
gonal bipyramidal [18]), which in this case is 0.11. The
.-Cu distance is 4.881(3) A.

The lattice structure is stabilised by a hydrogen-bond-
ing network between the N-H atom of the ligand and
oxygen atoms of the nitrate anion with N-H---O con-
tacts of 2.839(8)-3.072(17) A and between the hydrogen
of water oxygen atom and the nitrate oxygen atoms with
O-H. - -O contacts of 2.617(12)-3.096(16) A. A plot of
the hydrogen bond system is given in Fig. 3 and details
are given in Table 2.

3.2. EPR and magnetic measurements

The polycrystalline EPR spectrum of 1, at both room
temnperature and liquid nitrogen temperature (77 K)
shows a rhombic spectrum with g; =2.06, g; =2.15
and g; = 2.21, consistent with the de_, ground state
for the square pyramidal geometry of the CuN,0,(0)
chromophore [19]. No hyperfine splitting is resolved.
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Table 2

Selected bond lengths (A) and angles (°) with e.s.d. in parentheses of compound 1

Cu(1}-0(3) 1.975(2) Cu(1)}-0(2) 1.974(2)
Cu{)-N(1) 1.987(3) Cu(l)}-N(2) 2.010(3)
Cu(l)-1) 2.222(3) Cu(l)---Cu(1A} 4.881(3)
O(3N-Cu(1)}-0(2) 90.8(1) O3}Cull)}-N(1) 173.3(1)
O(2-Cu(1-N(1) 91.4(1) O)Cuf{l}-N(2) 87.3(1)
O2}Cu(1)}-N(2) 166.8(1) N{E-Cu(1)-N(2) 89.0(1)
O3Cu(1)-O1) 95.1(1) O(2)-Cul{1)-O(1} 94.9(1)
N(I)-Cuf 13- %0.8(1} N(2)-Cu(1}-0(1) 98.1(1)
D-H.- A (%) D-H (A) H A (A) DA (A) D-H-- A
Hydrogen-bonding parameters

N(3)-H(5)- - *O(4) [-1 + xp.— | + 2] 0.75(4) 2.37(4) 3.072(17) 154(4)
N(3)-H(5)- - -*O(6A} [ + x,y,—1 + =] 0.75(4) 2.13(4) 2.839(8) 157(4)
O{1)}-H(11)---*O4) [1 — x,—y,1 — =] ‘ 0.82(6) 2.32(6) 3.050(16) 149(5)
O()-H(ID-- - *O(4A) [1 — x,~ 3,1 — =] 0.82(6) 1.98(6) 2.790(11) 168(5)
O{1-H(LD- - *O5) [1 — x,-»1 - 2] 0.82(6) 2.33(6) 3.096(16) 1 56(5)
O(1)-H(12)- - -*(5) 0.68(%) 2.00(6) 2.617(12) 153(6)
O(1}-H(12} - -*O(5A) 0.68(6) 2.08(6) 2.749(8) 170(6)

Fig. 2. The polymeric zig-zag chain of {Cu{dpyam)}p-O,CHXH,0)],-
(NO3),. The uncoordinated nitrate anion has been omitted for clarity.

The EPR recorded in a frozen solution (DMF) at
77 K revezl a well-resolved axial spectrum with a g, of
2.05 a gy of 2.28 and with an A of 16.5 mT, indicating
that in solution the geometry around the Cu(ll) ion
has been changed. These solution EPR values have also
observed for another formato-bridged Cu(Il} compound
with an CuN;O,(0O) chromophore [7] and indicate that

Fig. 3. A plot showing the H-bond system. Only one conformation of
the disordered nitrate anion is showing here.

also the DMF molecule plays an important role in the
coordination.

The magnetisation of a powdered sample of 1 was
measured from 5 to 300 K in an applied field of 0.1 T.
The resulting molar magnetic susceptibility, ym, and
the product yu7 are plotted in Fig. 4. At around
300K, the compound exhibits a yy7 value of
¢.34 cm® mol ™! K, which is close to the theoretical value
expected for one non-coupled Cu(Il) centre with § = 1/2
(xmT =0.375 cm® mol~! K). On lowering the tempera-
ture, the yuq7 value stays almost constant till around
50 K when it start to increase until it reaches a value of
about 0.68 cm® mol™' K at 5K, a behaviour indicative
of a weak ferromagnetic coupling between Cu centres.

The temperature dependence of x, has been fitted
using the equation [20] derived from the Heisenberg ex-
change Hamiltonian for an uniformly spaced chain of
spins with S= 1/2: H = —JY.77/S,, - Saipr (in which 4,
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Fig. 4. A plot of temperature dependence of Xy 7 vs. T(Q) and Xy vs.
T (Q) for compound 1. The solid line for X\ vs. 7 represents the
calculated curve for the parameters J = 0.75cm™, g = 2.00 (see text).

are the nearest neighbour Cu(Il} ions and the exchange
parameter J is positive for ferromagnetic and negative
for an antiferromagnetic interaction). A Temperature
Independent Paramagnetism (TIP) of 60x 107%cm’
mol™! per Cu(Il) ion has been used. The best fit of the
experimental magnetic susceptibility data for a chain
(solid line in Fig. 3) was obtained using the magnetic
parameters g=2.00, J=0.75e¢m™!, with R=1.09x
107, As the Cu---Cu distance is fairly large
(4.881(3) A) this very weak ferromagnetic interaction
most likely occurs via the Cu-0-C-O-Cu pathway.
Similar cases have been observed in the literature {8],
although in one example even no interaction was found
at all for such a bridge [7]. Such a weak ferromagnetic
interaction has alse been observed for a number of poly-
nuclear malonate-bridged Cu(Il) compounds [21].

4. Supplementary material

Crystallographic data for the structure in this paper
have been deposited with the Cambridge Crystallo-
graphic Data Centre as Supplementary Publication
CCDC No. 240813 for structure 1. Copies of the data
can be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 IEZ, UK
(fax: +44 1223 336033; e-mail: deposit@eccdc.cam.ac.uk,
htip/fwww.ccde.cam.ac.uk).
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