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Three binuclear Cu(Il) complexes of two pyrimidine derived Schiff base ligands, 2-S-methyl-6-methyl-4-
formyl pyrimidine-N(4)-ethyl thiosemicarbazone (HL;) and salicyl hydrazone of 2-hydrazino-4,6-dim-
ethylpyrimidine (HL,), have been prepared. HL; produces a bis(pi-thiolato) Cu(Il) complex co-crystallizing
with its mononuclear analog, [Cuy(L;)2(NOs),][Cu(L;)(NO3)] (1). On the other hand HL, shows versatility
by producing two different classes of binuclear Cu(ll) complexes, a bis(jl-phenoxo) complex
[Cuy(L,)2(NOs),] (2) and another a (p-4,4’-bipyridyl) complex, [Cup(L;)(-4,4'-bipyridyl)(NOs),] (3)
under suitable conditions. All the three complexes show distorted square pyramidal geometry around
each Cu atom but to a varied extent. Magnetic behavior of complex 1 shows that it is strongly ferromag-
netic in nature whereas compounds 2 and 3 are weakly antiferromagnetic in nature. A magnetostructural
correlation study combined with molecular modelling on complexes 1 and 2 has thrown light on the dif-
ference on magnetic interaction between the Cu atoms in these two complexes. Various factors that may
be responsible for such differences are also explored. A novel and potentially useful pH dependant con-

version of 3 to 2 has also been noticed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The chemistry of dinuclear copper complexes with ligands of
biological relevance and with metal centers at close proximity is
one of the central themes of current research [1-3] due to their
interesting structural, electrochemical and magnetic properties
[4] and also because of their relevance to the active sites of several
metalloenzymes [5] as synthetic models [6,7]. Apart from the binu-
clear or polynuclear copper(Il) complexes of multidentate donor
ligands containing in-built bridging units, synthesis and character-
ization of di, tri and polynuclear copper complexes using bridging
molecules like 4,4’-bipyridyl [8], pyrazine [9] and 1,2 bis(4-pyridyl)
ethane [10], etc. are also well documented. These bridging mole-
cules may act singularly or in cooperation with other ligands in
the complexes and play a crucial role towards developing diverse
innovative structural networks, such as chains, sheets and matrices
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[11]. Such compounds have found potential applications in cataly-
sis [12], absorption chemistry [13] and molecular magnetism [14].

In the present work we report the synthesis and structural char-
acterization of three dinuclear copper (II) complexes using two
pyrimidine based Schiff base ligands, HL; and HL,(Fig. 1). The for-
mer one, 2-S-methyl-6-methyl-4-formylpyrimidine-N(4)-ethyl thi-
osemicarbazone forms a binuclear bis(p-thiolato) copper(Il)
complex (1). This complex being pyrimidine derived is a refreshing
addition among many other pyridine derived similar complexes
[15]. The second chosen ligand HL,, has restricted electron donating
capacity because it produces a five membered and a six membered
ring at the metal centers (chelation asymmetry) [16,17]. Hence the
metal ion’s urge for electrons may be supplemented intrinsically by
forming a transaxial bis(pi-phenoxo) dimer or by bridging separate
monomeric units through an externally added bridging ligand such
as 4,4'-bipyridyl. In this work both the possibilities have been duly
exploited in synthesizing complexes 2 and 3 respectively. Further,
careful selection of the ligands ensures that the synthesized
bis(pt-phenoxo) and the bis(p-thiolato) complexes 1 and 2 are
similar in structure with subtle variations in co-ordination atmo-
sphere for which they are suitable for attempting a magnetostruc-
tural correlation study on them. Temperature dependant magnetic
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Fig. 1. Representative diagram of ligand HL, (1) and ligand HL; (2).

moment studies and molecular modelling have also led to a com-
parative account of the variation of their magnetic behavior. The
4,4'-bipyridyl bridged complex 3 has been found to have the weak-
est metal-metal interaction as the metal centers here are far apart.

2. Experimental
2.1. Materials

Ethyl diethoxy acetate and N(4)-ethyl-3-thiosemicarbazide,
Phosphorus oxychloride, acetyl acetone, urea and hydrazine
hydrate were obtained from Aldrich Chemicals, USA and used
without further purification. Solvents were also used as received
from commercial sources.

1:1 molar proportion
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1:1 molar proportion
CHOH
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2.2. Syntheses

2.2.1. Preparation of ligand HL,
The ligand HL; was synthesized and characterized using the
same procedure as reported earlier [18,19].

2.2.2. Preparation of ligand HL,

The ligand HL, was prepared by using 2-hydrazino 4,6-dimethyl
pyrimidine and salicylaldehyde in a method similar to that reported
by Chiswell and Lions [20]. When a methanolic solution of 1.39 g
(10 mmol) of 2-hydrazino 4,6-dimethyl pyrimidine refluxed with
a methanolic solution of 1.21 g (10 mmol) of salicylaldehyde for
2 h and the resulting solution kept for slow evaporation, ligand
HL, separated as crystals from the mother liquor. Filtered and dried
in vacuo over fused CaCl,. Yield: 2.20¢g (90%). The compound
melted with decomposition at 280 °C. IR (v, cm™'): 3247 (vN-H),
1620 (vC=C), 1566 (vC=NH), 885 (vCpym-H), 1255 (vC-0); 'H
NMR (300 MHz, CDCl3, 25 °C, TMS) 6/ppm: (6.68) (s, 1H, Cs-H
pyrimidine), (6.8-7.3) (m, 4H, -CgH4), (8.2) (s,1H, —-CH=N-),
(12.8) (s, 1H, aromatic-OH), (2.28) (s, 1H, N-H of hydrazone),
(2.46-2.53) (m, 6H, CHs)

2-Hydrazino 4,6-dimethyl pyrimidine was prepared using an-
other literature method [21,22].

2.2.3. Preparation of the complex [Cux(L;)2(NO3),][Cu(L;)(NO3)] (1)
The complex 1 was prepared by simply adding an ethanolic
solution of hydrated cupric nitrate (1 mmol, 295.5 mg) drop wise
to a hot stirred ethanolic solution of ligand HL; (0.269 g, 1 mmol).
The resulting greenish-yellow solution was refluxed at water bath
temperature for 1 h. The solution was filtered and kept for slow
evaporation. The dark green compound that separated was filtered
off, washed with ice-cold ethanol and dried over fused CaCl,. Yield
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Fig. 2. A scheme showing the method of preparation for the complexes 1, 2 and 3.
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55%. Anal. Calc. for C30SeN1509H4,Cus: C, 30.49; H, 3.18; N, 17.98.
Found: C, 30.12; H, 3.56; N, 17.81%. IR (v,cm™'): 1582 v(C=N),
1601 v(C=C), 750 v(C=S), 800.6 (v2 of NOs), 1483, 1292 (v3 of
NOs). UV-Vis (4/nm) (¢/L-'molecm™!): 332.5 (30130)(n—> ="
pyrimidine), 434 (10000) (CT, pyrimidine — Cu), 628(440) (d —
d). CV E,e/(V): —0.23, —0.92 [Cu"Cu" - cu"cu!, cucu' - cu'cd'],
Epa/(V): +0.40 [Cu"Cu" - Cu"cu™].

X-ray quality crystals were grown by slow evaporation of etha-
nolic solution of the complex at room temperature.

2.2.4. Preparation of the complex [Cux(L,),(4,4'-bipy)(NOs),] (3)

To a mixture of 4,4’-bipyridyl (1 mmol, 150 mg) and HL,
(1 mmol, 241 mg) in a methanolic solution (20 ml), of Cu(NO3), -
6H,0 (1 mmol, 295.5 mg) in the same solvent was added with con-
stant stirring. Immediately, a dirty green precipitate appeared.
Stirring was continued for 15 min. The precipitate was filtered
off, washed with methanol and dried over fused CaCl, (Yield
80%). Anal. Calc. for C46N;140gH40Cuy: C, 51.92; H, 3.76; N, 18.43.
Found: C, 51.43; H, 3.62; N, 18.59%. IR v/(cm™'): 1561 v(C=N)
1611 v(C=C) 814(v2 of NO3) 1304, 1418 (v3 for NO3). UV-Vis (i/nm)
(¢/L-"molem™"): 3325 (30130) (n—> = pyrimidine), 434
(10000) (CT, pyrimidine — Cu), 628 (440) (d —d). CV E,/(V):
—042, —-0.72 [cu"cu" > cu" cul, cu'cu' > cu' cu' |, Epa/(V):
+0.479 [Cu"Cu" > cu"cu™].

The compound was found to be sparingly soluble in common
organic solvents; hence X-ray quality crystals were obtained from
a mixed solvent of DMF and CH30H by slow evaporation.

2.2.5. Preparation of the complex [Cux(L;)>(NOs3),] (2)

Method a: The complex 2 was prepared by adding an methanolic
solution (10 ml) of Cu(NOs), - 6H,0 (1 mmol, 295.5 mg) to a meth-
anolic solution (15 ml) of ligand HL,, (1 mmol, 242 mg) under con-
stant stirring condition. Stirring was continued for half an hour,
When dark brown micro crystalline compound separated. It was fil-
tered off, washed with methanol and dried over fused CaCl,. Yield
(62%). Anal. Calc. for CyN190gH,4Cus: C, 41.54 H, 3.19; N, 18.64.
Found. C, 41.12; H; 3.52; N,18.69%. IR v/(cm~!): 1546 v(C=N),
1607 v(C=C), 807 (v2 of NO3), 1470, 1293 (v3 of NO3). UV-Vis
(/nm) (/L= mol cm™!): 332.5 (32400) (n — ' pyrimidine), 383
(16000) (Phenoxide — Cu), 429 (19200) (CT, pyrimidine — Cu),
675 (300) (d — d). CV E,/(V): —0.44, — 0.62 [Cu"Cu" - Ccu"CU,
cu''cu' - cu'Cu'], Epa/(V): +0.515 [Cu''Cu" - Cu''cu™)].

X-ray quality crystals were grown by slow evaporation of a
methanolic solution of the complex at room temperature.

Method b: To an ethanolic suspension of complex 3 (223 mg,
0.5 mmol), Cu(NO3), - 6H,0 (1.5 mmol, 443.2 mg) was added and
the mixture was refluxed for ca. 2 h at water bath temperature. A
brown colored solution resulted during this time along with a blue
violet insoluble residue which could not be characterized. It was
filtered and kept for slow evaporation. Dark blue crystals of com-
plex 2 was found to deposit from the solution within few days.

2.3. Physical measurements

Elemental analyses (C, H and N), IR spectra (KBr discs, 4000-
200cm™!), 'H NMR spectra (DMSO-dg) and UV-Vis spectra
(MeCN), were done with a Perkin-Elmer Model 240 C CHN ana-
lyzer, a Jasco FTIR model 420 spectrophotometer, and a Hitachi
U-3501 spectrophotometer, respectively. Cyclic voltammetry (CV)
experiments were carried out using Sycopel Model 77 AEW2
1820F/S instrument. The measurements were performed at 300 K
in a DMF solution containing 0.2M TEAP and 103-10*M
Cu(I)-Cu(Il) complexes 1, 2, 3, deoxygenated by bubbling with
nitrogen. A platinum wire, a platinum coil and a SCE were used
as a working, a counter and reference electrodes, respectively.
Magnetic susceptibility measurements for compounds 1, 2 and 3

were carried out on polycrystalline samples, at the Servei de Mag-
netoquimica of the Universitat de Barcelona, with a Quantum De-
sign SQUID MPMS-XL susceptometer apparatus working in the
range 2-300 K under magnetic field of approximately 500 G (2-
30K) and 1000 G (35-300 K). Diamagnetic corrections were esti-
mated from Pascal Tables. The EPR spectra have been recorded
on X-band Bruker Spectrometer (ESR 300E), working with an ox-
ford helium liquid cryostat for variable temperature.

2.4. Crystallographic measurements

Relevant crystallographic data are listed in Table 1. Intensity
data for 1 and 2 were measured on a Bruker SMART APEX CCD dif-
fractometer and the same for 3 were measured on a NONIUS Kap-
pa-CCD diffractometer, using graphite-monochromated Mo Ko
radiation (1=0.71073 A) in the w-20 scan mode. These were cor-
rected for Lorentz-polarization effects. The structures were solved
by using sHeLxs-97 package of program and refined by full matrix
least-squares technique based on F? (sHewxi-97). Hydrogen atoms
were added in the calculated positions. Selected bond angles and
bond distances are supplied in Table S1 (Supplementary data). Per-
spective view of the complexes 1, 2 and 3 along with the atom
numbering schemes are shown in Figs. 3-5.

3. Results and discussion
3.1. Synthesis

The ligand HL,, used in this work, is prepared using standard lit-
erature procedures [18,19]. Ligand HL; has been employed to syn-
thesize the bis(p-thiolato) complex, 1, while the ligand HL, is
synthesized for the first time for preparation of the bis(p.-phenoxo)
complex, 2.

With the examples of several other closely related ligand sys-
tems to both HL; and HL, reported earlier as binucleating ligands
towards Cu?" ion [23], it seemed worth while to try them out for
this purpose and establish a comparative relation between the
resulting thiolato and phenoxide bridged complexes with respect
to their structures and magnetic behavior. Our pursuit turned fruit-
ful when binuclear copper complexes resulted from both the li-
gands using Cu(NOs),, 6H,0 as the precursor. Both ligands act as
tridentate mono negative type donors towards Cu?* ion and the
complexes obtained were notably similar from the structural point
of view barring the bridging donor atoms. Further we extended the
purview of this work by attempting the synthesis of 4.4’-bipyridyl
and pyrazine bridged dinuclear Cu?* complexes with ligand HL,.
While the 4,4'-bipyridyl bridged complex was easily formed, the
attempt with pyrazine was unsuccessful. This is because formation
of such a complex would require a close approach of the mono-
meric bulky units and would exert a severe steric congestion
around the bridging pyrazine ring making the species highly unsta-
ble. Thus at such a close approach of the monomeric units forma-
tion of the phenoxide bridge was favored to a pyrazine bridged
binuclear complex.

A most intriguing observation was that the bipyridyl bridged
complex, 3, which is stable in heat (refluxing MeOH temperature),
gets transformed to complex 2 when a suspension of 3 in MeOH is
refluxed with 3 equiv. of Cu(NOs), - 6H,0. Within a span of 2 h,
complex 3 which was originally insoluble in MeOH became com-
pletely soluble to give a brown solution. Slow evaporation of this
solution resulted in X-ray quality crystals of 2. This conversion of
3 to 2 may be attributed to the slight decrease of pH in the result-
ing solution on addition of excess Cu(NOs), - 6H,0 to the suspen-
sion of 3 in MeOH. Solvolysis of the metal salt causes lowering
of pH (4.5-5.0) which is just enough to free the co-ordinated
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Table 1
Crystal data and structure refinement for complex 1, 2, 3
Crystal Complex 1 Complex 2 Complex3
Empirical formula C20H28Cu;N1506S4 C6H26CU;N 1008 C36H34Cu;N120g
Formula weight 787.86 731.65 889.84
Temperature (K) 295(2) 295(2) 150(2)
Crystal system monoclinic monoclinic triclinic
Space group P2(1)/n P2(1)/c P1
Unit cell dimensions

a (A) 14.6940(7) 7.5729(3) 7.4141(4)

b (A) 14.0601(7) 13.1332(6) 9.9865(6)

c(A) 15.8096(8) 14.8400(7) 12.8196(7)

o (°) 90 90 105.026(1)

8 (°) 111.190(1) 96.7425(18) 99.735(1)

y(°) 90 90 95.096(1)
Volume (A3) 3045.4(3) 1465.73(11) 894.70(9)
VA 4 1 2
Absorption coefficient (mm " 1.729 1.519 1.262
F(000) 1608 748 456
Crystal size (mm) 0.35 x 0.20 x 0.20 0.50 x 0.20 x 0.10 0.30 x 0.13 x 0.05
0 Range for data collection (°) 2.00-27.50 2.76-27.50 2.32-27.50
Reflections collected 24467 11639 11697
Independent reflections (Rin¢) 7004 (0.0340) 3347 (0.0585) 4108 (0.0418)
Completeness to 0 =27.50° (%) 100.0 99.8 99.9
Absorption correction semi-empirical from equivalents none semi-empirical from equivalents

Maximum and minimum transmission

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 2a(I)]

R indices (all data)

Largest difference in peak and hole (e A=)

0.7236 and 0.5828

full-matrix least-squares on F?
7004/0/397

1.015

R; = 0.0394, wR; = 0.0948

Ry =0.0552, wR, = 0.1026
0.440 and —0.299

0.782 and 0.536

full-matrix least-squares on F?
3347/0/210

1.075

R; =0.0459, wR, = 0.1314

Ry =0.0661, wR, = 0.1395
0.804 and —0.404

0.9396 and 0.7033

full-matrix least-squares on F
4108/0/264

1.008

Ry =0.0550, wR, = 0.1315

Ry =0.0652, wR, = 0.1384
1.570 and —0.489

Fig. 3. Structural representation of complex 1.

Fig. 4. Structural representation of complex 2.

Fig. 5. Structural representation of complex 3.
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4,4'-bipyridyl with a view to protonate it. This slight decrease of pH
is however insufficient to protonate other donor atom/ion in the
deprotonated prime ligand and thus no change is brought about
in the main ligand’s binding property. Complex 3 can thus easily
get transformed to 2 using the bridging capability of phenoxide
ion. The reaction scheme for the preparation of the complexes is
shown in Fig. 2.

3.2. Spectroscopic characterization

The ligand HL; shows characteristic IR bands for v(C=N) at
1608 cm™'. This is shifted ca. 26 cm™! towards lower energy in
the complex 1 indicating co-ordination via azomethine nitrogen
[24]. The ligand HL; shows a band at 800cm™' assigned to
v(C=S), this is also shifted towards the lower frequency to ca.
750 cm™! confirming co-ordination via thiolate sulphur atom in
the complex 1. A band at 272cm™! may be assigned to
v(Cu—Onp,) consistent with bands at 253-280 cm~! for other nit-
rato complexes [25]. Moreover two strong bands at 1420 cm™!
and 1306 cm ™! at a separation of 114 cm ™' indicate that the nitrate
is bound in monodentate fashion [26].

In the ligand HL, the significant bands are observed at
1566 cm~' for v(C=N), 1620cm~' for v(C=C), 2924cm! for
v(0-H) and v(N-H) at 3247 cm~'. Among these the broad band
at 2924 cm! is absent in the complexes 2 and 3 showing that
the phenolic -OH is deprotonated in the complexes.

Interestingly, the v(C=N) band undergoes more deviation to-
wards the lower energy in complex 2 (1546 cm~!) compared to 3
(1561 cm™!). This may be explained as an indirect effect of the dif-
ference in co-ordination mode of the phenoxide oxygen of the in 2
and 3. In 2, phenoxide ion serves as a bridging ligand. Conse-
quently, the electronic requirement of the copper ions has to be
fulfilled more by the other donor atoms (pyrimidine and azome-
thine nitrogen). Hence the azomethine nitrogen binds more
strongly to the copper ions making the C=N bond comparatively
weaker. On the other hand in 3 phenoxide ion shares greater
responsibility of donation being non-bridging in nature, leaving
the azomethine nitrogen rather weakly bound. Similar effects are
observed in case of v(C=C) for complexes 2 and 3.

In complex 2 the nitrate bands are observed at 807 cm™! (v2)
1293 cm~! and 1470 cm~!(v3) indicating that the nitrate bonding
mode is bidentate. On the other hand complex 3 the v3 nitrate
vibrations are observed at 1304 cm~! and 1418 cm~! and the v1
vibration at 841 cm™'. These results signify a monodentate mode
of nitrate binding [26].

The v(C=C) and v(C=N) peaks for 4,4’-bipy in the complex 3
generally coincide with those of the ligands. An additional peak
at 848 cm~! was obtained for 4,4’-bipy [8].

The electronic solution spectra of the complexes were recorded
in DMF solution. Complex 1 shows a n-r" band of the pyrimidine
ring at 332.5 nm [27]. A broad band at 434 nm contains the re-
sponses for LMCT charge transfer band for pyrimidine — Cu and
S — Cu [28]. The n—-=" transition has the highest molar absorption
among these bands (¢ =30130L~! mol cm™!). The d-d transitions
occur at much lower energy region and are weak in nature. The
broad band at 628 nm is consistent with the broad structured band
for square planar (square pyramidal) complexes of copper [29].
Spectra for complex 2 and 3 are almost similar to that of complex
1. In complex 2, n-n transition is observed at 332 nm, Two very
prominent charge transfer bands occur at 383 nm and 429 nm.
The former may be assigned to Npym)— Cu and the latter to
O(phenosidey = Cu charge transfer. Much weaker d-d band appears
at 675 nm [30]. The CT band in 3 for phenolate — Cu appears at a
little higher energy (426 nm) compared to 2 because of the differ-
ence of binding mode of the phenolate group in the two com-
pounds. In compound 3 one additional CT band corresponding to

N4 4'bipyridiney — Cu LMCT appears at 344 nm. The d-d transition
bands occur at a lower energy in 3 compared to 2 in keeping with
the higher distortion of geometry of the copper ion environment.
The € value is also considerably higher in the former. In all three
complexes intense m-7t transition bands for ligands are observed
at high energy zones.

3.3. Redox behavior

All the complexes show two irreversible cathodic responses at a
platinum electrode in DMF solution, with E,, values (versus SCE) at
—0.42V and —0.72V for complex 3, 0.44V and —0.62 V volt for
complex 2, where as the two reductive responses for complex 1
occurs at —0.23V and —0.92 V. The two reductive responses may
be assigned to Cu"'Cu" - Cu''Cu. and Cu"Cu' - Cu'Cu' [4e] reduc-
tions. Both reductions are one electron process compared to
Fe/Fe* process. The difference of the peak positions for the two
reductive responses is indicative of the stability of the electro gen-
erated Cu''Cu' mixed valence state [30]. In complex 1 if is found to
be maximum. The thiolate bridging donor may have also played a
role. However the irreversible nature of the reductions point to the
non-supportive nature of the ligand systems towards the structural
reorientations required for different preferred co-ordination poly-
hedra for Cu(II) and Cu(I).

On an anodic scan between 0 and 1.0 V the complexes show one
oxidative response for Cu!! - Cu'! between 0.40 and 0.53 V. The
peak to peak separation values range between 0.129 and 0.302 V
indicating the irreversible nature of the oxidation. Here again the
thiolate-bridged complex undergoes oxidation at the least positive
potential. Interestingly, despite the presence of a mononuclear
asymmetric unit along with thiolate-bridged dimer, complex 1
shows no additional peak in cathodic as well as anodic scan.

3.4. Description of the structure

3.4.1. Structure of [Cux(Lq)2(NO3)>][Cu(L{)(NO3)] (1)

The crystal structure of 1 consists of two crystallographically
independent molecules in the asymmetric unit of the complex.
One is a binuclear thiolate-bridged pentacoordinated copper(Il)
complex while the other is its tetracoordinated mononuclear coun-
ter part. In the mononuclear unit the ligand acts as a tridentate
mono negative NNS donor, using a pyrimidine nitrogen (N10),
the azomethine nitrogen (N9) and the thiolato sulphur (S3) atoms.
The fourth co-ordination position in the approximately square pla-
nar environment of Cu is occupied by the nitrato oxygen atom. The
ligand forms two five membered chelate rings at the copper center.
The thiol form of the co-ordinated ligand in the complex is evident
from the increased C13-S3 bond length (1.736 A) and decreased
C13-N8 bond length (1.334 A) compared to standard bond lengths
observed in thione form of other thiosemicarbazone ligands [31].
The deviation of the copper atom from the mean square plane
containing S3N904N10 is negligible. The two chelate rings formed
by the ligand are strikingly co-planar with a dihedral angle of less
than 1° between the mean planes of Cu2S3C13N8N9 and
Cu2N10C15C14N9. This co-planarity of the chelate rings facilitates
electron delocalization in the co-ordination sphere rendering en-
hanced stability to the complex. The thiosemicarbazone bite angles
S3Cu2N9 and N10Cu2N9 are observed to be 84.16° and 81.09°
respectively while the angular measurements of the trans donor
ligands, O4Cu2N9 and S3Cu2N10 are 176.29° and 165.25°, respec-
tively, showing considerable distortion from ideal square planer
angles (90° and 180°). However the results are in agreement with
those reported for similar mononuclear thiosemicarbazone com-
plexes of copper[32]. The deviation of the copper atom from the
basal plane is found to be negligible.
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The binuclear unit may simply be regarded as a centrosymmet-
ric dimer of the mononuclear unit, where the two monomeric units
are linked by a four membered ring that includes both symmetry
related copper atoms and co-ordinated sulphur donors. The local
co-ordination environment of each copper comprises of a square
pyramidal N,0OS, chromophore. The geometry around the copper
atoms may be described as distorted square pyramidal. Where
the basal plane is occupied by a pyrimidine nitrogen (N4), azome-
thine nitrogen N(3), a bridging thiolato sulphur (S1) from a mono-
negative ligand and an oxygen (O1) from a nitrate anion. The apical
position is occupied by a bridging thiolate (S1) from another li-
gand. The bonds formed by the basal ligand atoms with each cop-
per i.e. Cu(1)-S(1), Cu(1)-N(3) and Cu(1)-N(4) are comparable to
those observed in the monomeric unit as well as other structurally
characterized binuclear thiolato bridged copper complexes [33].
Despite the fact that the co-ordination angles subtended at
each copper center is considerably deviated from ideal square pla-
ner angles [180° and 90°] (Table S1, Supplementary data), an
approximate square pyramidal geometry is established by the cal-
culation of Addison parameter 7, T =(f — «)/60°. In this case o and
B are O1Cu1N3 and N4CulS1 angles respectively giving a t value
0.198 [34]. The apical bridging Cu-S bonds are comparatively long-
er than the basal Cu-S bonds (2.82 A versus 2.29 A). The dominant
Jahn-Teller distortion characteristics to square pyramidal copper
complexes seem to be the reason behind it. The opposite interior
angles of the Cu,S, tetragonal core are 86.54° and 93.46°. Thus
from the non-equivalence of bond lengths and bond angles it is
clear that this is an asymmetric binuclear thiolate double bridged
structure. The distance between the two copper atoms is 3.52 A,
comparable to other similar complexes. The Cu,S, core is essen-
tially planer, with all the four atoms sitting in the mean plane. This
facilitates the magnetic exchange interaction between the Copper
atoms. The mean basal planes at each copper atom through
SI01N3N4 show that there is very little deviation (<0.1 A) of the
atoms from the mean plane. The copper atom is deviated only ca.
0.06 A towards the apical bridging Sulphur atom. The basal planes
of the square pyramid are almost orthogonal with the mean plane
of Cu,S, bridge bearing a dihedral angle of 85.9° in each case.

The binding mode of the NOs™ as the fifth coordinating ligand is
worth discussing as nitrate ions are reported to bind metals in
monodentate, bidentate and anisobidentate fashion [35]. Based
on the available parameters for assigning the nitrate-binding mode
[36], it was determined that in both the asymmetric units mono-
dentate fashion of nitrate binding is present. It is found that the ni-
trate ion is almost planer in the crystal.

A closer look at the crystal lattice shows that the two asymmet-
ric units are networked by profound H-bonding interaction. Each
binuclear unit is H-bonded to four mononuclear units. In this
case the interaction is between a nitrate oxygen and the Hydro-
gen of the secondary amine group of the N(4)-substituted
thiosemicarbazone.

3.4.2. Structure of the [Cuy(L;)(NOs)>] (2)

This dimeric molecule sits on a crystallographically imposed
center of inversion forming a bridged dinuclear structure with each
copper being five-coordinate. The geometry around each copper
may again be described as an approximate square pyramidal
arrangement. Three positions in the basal plane being occupied
by the tridentate ligand, acting as a monoanionic NNO donor and
the fourth position being occupied by a co-ordinated nitrate. A
bridging O from the second ligand unit occupies the apical posi-
tion. The basal mean plane of the square pyramid through the
pyrimidine nitrogen (N1), the azomethine nitrogen (N4), the phen-
oxide (O1) and the nitrate oxygen (02) does not contain any of
these atoms (The deviations range between 0.167 and 0.201 A).
The copper atom is deviated by 0.125 A towards the apical bridging

oxygen. The chelate rings (one five and another six membered)
formed by the ligands at each copper center are at a dihedral angle
of 9.2°. The angles produced at the axial phenoxide bridge by the
basal donors (~374°) shows considerable pyramidal distortion.
Overall it may be inferred that complex 2 suffers less distortion
(t=0.157) from square pyramidal geometry towards TBP geome-
try than complex 1 in spite of the fact that angular deviations from
ideal square planar angles are more pronounced in 2 than 1. The
Cu-0(1) (bridging) bond distance is 2.33 A whereas the Cu-0(1)
(basal) is 1.921 A are unexceptional [37], as are the other bond
lengths in the co-ordination sphere of each copper atom (Table
S1, Supplementary data). The distance between the two copper
atoms is 3.18 A which is more to the higher end of the range
(2.9-3.34) A reported for Cu-Cu distances in macrocyclic and
non-macrocyclic bis(p-phenoxo) bridged dicopper complexes
[38]. In this complex the Cu,0, core bears dihedral angle of
88.69° with the mean basal plane of each square pyramid. The
internal angles produced at the Cu,O, core (96.57° and 83.43°)
are comparable to those observed in the Cu,S,core of complex 1.

Unlike complex 1 the nitrate ion is bound to the copper in an
anisobidentate fashion. (See Table S2, Supplementary data) how-
ever the large nitrate bite angle (118°) supports the view that
the second oxygen (04) of the nitrate should be regarded as a sixth
co-ordinating ligand approaching vacant the axial end, rather than
both oxygens (02,04) of nitrate occupying a single co-ordination
position in the basal plane. The Cu-0(4) distance of 2.55 A suggests
an weak axial interaction. No appreciable H-bonding interaction is
observed of either intra or intermolecular nature. From the Cg-Cg
distances it is observed that there is notable n-m interaction be-
tween the benzene and pyrimidine ring systems between two sep-
arate dimeric molecules. However such interaction if present
between aromatic rings belonging to same molecule may be weak
in nature.

3.4.3. Structure of [Cuy(u-4,4'bipy )(L2)2(NO3)2] (3)

The molecular structure of 3 shows two pentacoordinated cop-
per ions bridged by a 4,4'-bipyridyl molecule. The co-ordination
environment around each copper may be described as irregular,
distorted to an extent of ~50% (7 = 0.496) along the path way from
square pyramidal towards trigonal bipyramid. Similar to complex
2, the ligand (HL;) acts as tridentate mono negative donor. The
only difference is that the phenoxide group (O1) does not operate
as a bridging group, i.e. each phenoxide group donates to a single
copper ion. The fourth co-ordination position in the basal plane
is occupied by the nitrogen (N5) of the bipyridyl bridging ligand.
The axial position is occupied by a nitrate donor. In this complex
the nitrate acts as a monodentate donor through (02), the other
oxygen (03) is too far away from the copper ion (3.25 A) for any
appreciable bonding interaction. The Cu-0O(2) bonds being the ax-
ial one, are found to be the longest (2.247 A) among all five bond
lengths in the co-ordination sphere of each copper (Other bond
lengths are in the range 1.89-2.03 A). The chelate rings formed
by the ligand at each copper center are co-planar, bearing a dihe-
dral angle of only 2.09°. This observation is in contrast to complex
2 where a puckering of the chelate rings was observed to accom-
modate the rigid bis(pu-phenoxo) bridged structure. The two rings
of the 4,4'-bipyridyl bridging donor are co-planar to one another
in conformation. Hence the compound bears two fold axis of sym-
metry perpendicular to the plane containing the bipyridyl rings
and also a center of symmetry. The distance between the two cop-
per atoms in 11.14 A which is similar to other bipyridyl bridged
binuclear complexes [8-10].

There are two intermolecular H-bonding interactions between
the hydrogen of azomethine nitrogen atoms (N3) of a unit with
the bonded nitrate oxygen (02) of another unit. The binuclear com-
plexes thus forms a mixed one dimensional co-ordination polymer
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held by both co-ordinate and H-bonds (Fig. S1 in Supplementary
data).

3.5. Magnetic studies

3.5.1. Magnetic study on complexes 1 and 2

The magnetic behavior of the compound 1 is shown in Fig. 7, as
a ymT versus T plot. At room temperature the yyT value is
0.860 cm® K mol~! which is close to the expected value for two
uncoupled copper (II) ions with g=2.14. yuT increases slightly
with lowering of temperature and reaches a maximum of
0.962 cm® K mol~! ca. 7.3 K. Below this temperature yyT decreases
to a value of 0.833 cm?® K mol~! at 2 K. The shape of this curve indi-
cates dominant ferromagnetic coupling which result from the
interaction of the copper(ll) ions through sulphur atoms (thi-
oalkoxo-bridges). The yuT decreasing observed at low-tempera-
ture is may be due to the intermolecular antiferromagnetic
exchange and/or the presence of the ZFS of the ground state (S=1).

To determine the exchange parameters via sulphur atoms we
have used the Bleaney-Bowers expression for an isotropically cou-
pled pair of S = 1/2 ions [39], (Eq. (1)) and a Curie-Weiss correction.
The best fit parameters for the reproducing satisfactorily the exper-
imental data, as shown in Fig. 6, are J=+7.6 cm !, = —0.78 K and
g=214withR=1 x 10°° (R ="t Ticalc — XTieXp)z/(XTiexp)z):

y — Ngzﬂ% zexp(‘]/kB) (1)
"M kg(T — 0) 1+ 3 exp(J/ks)

For compound 2 the global feature of the yuT versus T curve is
characteristic of very weak antiferromagnetic interaction in a dinu-
clear copper(Il) complex and/or intermolecular interaction (Fig. 7).
The value of yuT at 300K is 0.951 cm® mol~! K which is as ex-
pected for two uncoupled copper(ll) ions (0.475 cm® mol~' K per
one Cu' with g=2.25). The yuT values are more or less constant
at high temperature and then decreases suddenly in the low-tem-
perature region reaching a value of 0.332 cm® mol ' K at 2 K.

The interaction through oxygen atoms was determined by the
use of the above equation Eq. (1) The best fit parameters from 300
downto2 Karefoundasj=-1.8cm™!,0=—1.5Kandg=2.25 with
an error R=9.8x10"° (R=1x10"") (R=i(}Ticatc — (Tiexp)*/
(XTiexp)z)-

The field dependence of magnetization (0-5.0 T) measured at
2 K for compound 1 is shown in Fig. 6b, in the form of M/NB (per
Cu, unit) versus H. The magnetization reaches a value of 2.11 N
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Fig. 6. (a) Plot of the ymT vs. T for compound 1. The squares and solid line are the
experimental values and the best fit respectively. (b) The field dependence of ma-
gnetization at 2 K for compound 1 (per Cuy).
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Fig. 7. (a) Plot of the yT vs. T for compound 2. The squares and solid line are the
experimental values and the best fit respectively. (b) The field dependence of
magnetization at 2 K for compound 2.

at 5.0 T which is close to the expected S =1 value of 2 NB for the
Cu, system, indicating the presence of ferromagnetic interaction
between the nearest copper(ll) ions. For compound 2 the field
dependence of magnetization (0-5.0 T) measured at 2 K is shown
in Fig. 7b, reaches a value of 1.7 N near of two electrons but with
a particular shape that we cannot fit satisfactory with Brillouin
expression for two isolated ion with S=1/2. The curves indicate
very slow magnetization which is consistent with a net weak anti-
ferromagnetic interaction.

The EPR spectrum of 1 recorded in X band at 4 K is shown in
Fig. S2 (Supplementary data). One band is observed at g=2.09
(3228.66 G for v=9.460 GHz), corresponding to the transition
AM;s = +1. For the compound 2 (Fig. S3, Supplementary data), two
bands are located at g;=2.28 and g, =2.09 (2962.77 and
3224.75 G for v = 9.458 GHz).

In order to evaluate the nature of the interaction with similar
topology, via sulphur (thioalkoxo-bridges) and oxygen atoms (al-
koxo-bridges) in 1 and 2, respectively, the experimental atomic
co-ordinates were performed to obtain the J values. The calculated
J=+9.9 cm™! for compound 1 are reasonably close to the fit value
+7.6 cm ! but for 2 the calculated J value is +1.2 cm~' which con-
tradicts the experimental one (—1.8 cm™').

To clarify this discrepancy, we have modelled the structure of
both compounds attempting to understand the influence of the
distance, d(Cu-X), in the exchange coupling parameter J between
nearest copper(Il) (Fig. 8). Therefore, in the model 1 we have varied
the Cu-S distance in the range 2.5-2.9 A in compound 1. In the
model 2, we have varied the Cu-O distance in the range 2.1-
2.5 A in compound 2. The results of these calculations are reported
in Fig. 9 as a J versus d(Cu-X) plots. In the two cases the calculated
interactions are ferromagnetic: (i) In the model 1, the calculated |
values are varying between +8.0 and +27.6 cm~! showing a clear
parabolic dependence with the Cu-X distance. (ii) A similar trend
was observed in the model 2, but with small ] values which are
varying in the range [+0.3 to +4.3 cm'].

In previous paper, one of us has analyzed the magnetic proper-
ties of alkoxo-bridged dinuclear Cu(Il) complexes showing a simi-
lar topology of compound 2. The calculated interactions were also
weak and ferromagnetic [40]. In the same way, the calculations of
model 2 seem to confirm the weak nature of the interaction. The
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Fig. 8. Molecular structure representation and exchange coupling constant view of
compound 1. The hydrogen atoms are omitted and the non-environment atoms of
copper are represented as sticks for clarity. The dotted line represents the apical
distance Cu-X that we have varied in mode | for compound 1 and model for
compound 2.
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Fig. 9. Variation of the calculated coupling constant as a function of longer distance
Cu-X, for 1 (model, O) and 2 (model 2, O). Solids squares and circles represent
compound 1 and 2, respectively. For model 3 (a) see text.

magnetic behavior can easily be rationalized using the Hay-
Thibeault-Hoffmann model [41]. If the coupling constant is given
by,

2
J =2k, - =)

]aa _]ab

the second term will probably be much smaller, result of the poor
overlap between the parallel orbitals on the bridge (Fig. S4, Sup-
plementary data). In such situation, the first term, 2Ky, is dominat-
ing, and leads an overall positive value for the coupling exchange as
it shown in compound 1. In compound 2 this two terms seem to
have similar and small values giving a very weak net interaction fer-
ro or antiferromagnetic.

Finally we have substituted in model 1 the sulphur atoms in the
bridge by oxygen atoms (with Cu-0O distance = 2.5 A), obtaining a
model with a similar bridge of 2 (model 3) but topologically is
close to compound 1. The calculated J value is +6.9 cm™', which
is large than the calculated for compound 2 by the model 2 (Fig.
9). This agrees with the great ferromagnetic J value calculated for
compound 1 by model 1, indicating the domain of the 2K, term.
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Fig. 10. (a) Plot of the ymT vs. T for compound 3. The squares and solid line are the
experimental values and the best fit respectively. (b) The field dependence of
magnetization at 2 K for compound 3 (per Cu,).

3.5.2. Magnetic study on complex 3

The magnetic properties of a powder sample of complex 3 are
represented as yyuT versus T in Fig. 10a. At room temperature,
the yuT value of the presented complex is 0.883 cm® mol~! K. This
value correspond to two isolated copper(Il) ions with one unpaired
electron with g = 2.17. With decreasing temperature, the yT value
remains almost constant until ca. 25 K and then it decreases shar-
ply, giving the minimum value of 0.594 cm® K mol~! at 2 K. The
drop in ymT at low-temperatures indicates the presence of a very
weak antiferromagnetic coupling between the copper(ll) ions.

Analysis of the experimental magnetic data was performed by
using the Bleaney-Bowers expression, based on the following iso-
tropic Hamiltonian: H = —J(S; - S»):

sy = NEHE_2expU/KT) 2)
M kT 1+ 3exp(J/kT)

The parameters N, g and k in Eq. (2) have their usual meanings,
J = Singlet-triplet splitting. Least-square fitting of experimental
data leads to the following parameter J=-1.6cm~!' and
g =2.17.indicating a very weak coupling, as may be expected from
the 4,4'-bipyridyl bridge. This weak magnetic exchange can be
understood considering the large Cu- - -Cu distance (11.15 A).

The very weak antiferromagnetic interaction was confirmed by
magnetization measurements at 2 K up to an external field of 5.5 T.
At higher field, the magnetization in M/Np units indicates a two
isolated quasi-saturated S=1/2 system for the compound (Fig.
10b). Comparison of the overall shape of the plot with the Brillouin
plot for a fully two isolated ion with S =1/2 system indicates very
slower magnetization which consistent with a weak antiferromag-
netic interaction.

The EPR of spectra complex 3 at low-temperatures maintain the
same shapes and g values as the EPR spectrum at room tempera-
ture. The EPR spectrum of the studied compound shows three sig-
nals that are quite close and partially overlapped, (see Fig. S5,
Supplementary data). The spectrum is a typical rhombic one with
three g values at g, = 2.24, g, =2.09 and gz = 2.027 for the com-
pound. It is necessary to highlight that the foregone signal of
DMs = £2 for a triplet which should appear in the range 1500-
1600 G have not been observed for the complexes 1, 2 and 3.
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The weak exchange pathways parameter, J; observed in 3 was
confirmed by the density functional calculations where the exper-
imental atomic co-ordinates of the compound were performed to
obtain the J value, giving —0.3 cm™!. In this compound the spin dis-
tribution is mainly localized in d(x*> — y?) orbital as we can observe
in the Fig. S6 (Supplementary data) due to the large separation be-
tween the Cu(Il) paramagnetic centers.

3.6. Computational details

The followed computational strategy to calculate the exchange
coupling constants in transition metal complexes was described in
previous papers [42-44]. The exchange coupling constants are
introduced by a phenomenological Heisenberg Hamiltonian
H=-37JS; - Sj (where i and j make reference to the different para-
magnetic centers) to describe the interactions between the two
paramagnetic transition metals present in the dinuclear complex.

The hybrid B3LYP functional [45] has been used in all calcula-
tions as implemented in caussian-03 [46] mixing the exact Har-
tree-Fock-type exchange with Becke’s expression for the
exchange functional [47] and that proposed by Lee-Yang-Parr for
the correlation contribution [48]. Such functional provides calcu-
lated J values in excellent agreement with the experimental values
[42,49,50]. Basis sets proposed by Schaefer et al. have been em-
ployed throughout, triple-{ quality for the copper atoms [51] and
double-¢{ for main group elements [52].

4. Conclusion

On a final note, a study on the difference in magnetic behavior
of the complexes 1 and 2 has revealed that the major factor in con-
trolling the magnetic interaction between the Cu atoms is the over-
lap between the parallel orbitals on the bridge. Both the bridging
donor atom and the ligand topology are contributory factors for
an effective overlap. Further, molecular modelling studies between
these two complexes have led to a conclusion that the ligand topol-
ogy factor dominates the bridging donor atom factor. From a syn-
thetic point of view, ligand HL, demonstrates two possible binding
modes in complex 2 and 3. Such versatility in its binding modes
has been instrumental in the pH dependant conversion of 3 into
2. Both the complexes are weakly antiferromagnetic but have
slightly different magnetic properties. This phenomenon opens
the door towards the potential use of similar ligand systems of
multi-utility for the design of metal complexes with magnetic
properties tuneable with change of pH of the medium.

Acknowledgements

Acknowledgement is made to the University Grants Commis-
sion, New Delhi, India, for awarding a major research project in sci-
ence [F.30-65/2004(SR)] to S.K. Kar, M. Salah El Fallah and
JavierTercero acknowledges the support through grants given by
The financial support given by the Spanish (CTQ2006-01759,
CTQ2005-08123-C02-02/BQU) and Catalan (2005SGR-00593,
2005SGR-00036) governments. J. Tercero is grateful to the Centre
de Computacié de Catalunya (CESCA) with a grant provided by
Fundaci6é Catalana per a la Recerca (FCR) and the Universitat de
Barcelona.

Appendix A. Supplementary data

CCDC 674803, 674804 and 674805 contain the supplementary
crystallographic data for the complexes 1, 2 and 3. These data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/con-

ts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033; or e-mail: deposit@ccdc.cam.ac.uk. Other supplementary
materials contain epr spectral diagrams at 4 K for complexes 1, 2, 3
(Figs. S2, S3, S5), H-bonding mode of complex 3 (Fig. S1), Spin den-
sity maps of complexes 1 and 3 (Figs. S4 and S6), table for bond dis-
tances of complexes 1, 2, 3 (Table S1) and another table containing
parameters for assigning the nitrate binding mode of complex 1, 2,
3 (Table S2). Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.poly.2008.05.009.
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