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Three new transition metal complexes using 2-pyrimidineamidoxime (pmadH,) as multidentate
chelating and/or bridging ligand have been synthesized and characterized. The ligand pmadH, has two
potential bridging functional groups [u-O and pu-(N-O)] and consequently shows several coordination
modes. While a polymeric 1D Cu" complex [Cu(pmadH,),(NO;)](NO;) (1) was obtained upon
treatment of Cu(NO;),-3H,0 with pmadH, at room temperature in the absence of base, a high
temperature reaction in the presence of base yielded a tetranuclear Cu"-complex [Cu,(pmad),-
(pmadH),(NO;)](NO;)(H,0) (2). One of the Cu" centers is in a square pyramidal environment while
the other three are in a square planar geometry. Reaction of the same ligand with an equimolar mixture
of both Cu(NO;),-3H,0 and NiCl,-6H,0 yielded a tetranuclear heterometallic Cu,Ni", complex
[Cu,Ni,(pmad),(pmadH),Cl,]-H,O (3) containing both square planar (Ni") and square pyramidal
(Cu") metal centers. Complexes 1-3 represent the first examples of polynuclear metal complexes of
2-pyrimidineamidoxime. The analysis of variable temperature magnetic susceptibility data of 2 reveals
that both ferromagnetic and antiferromagnetic interactions exist in this complex (J, = +10.7 cm™ and
J,=-2.7 cm™ with g = 2.1) leading to a resultant ferromagnetic behavior. Complex 3 shows expected
antiferromagnetic interaction between two Cu centers through -N-O- bridging pathway with J, =
—3.4 cm™ and g =2.08. DFT calculations have been used to corroborate the magnetic results.

Introduction

Ever since the first report of a metallacrown (MC) [9-MC-
3] in 1989 by Pecoraro and his co-workers,! metallacrowns
have emerged as a special class of compounds in coordination
chemistry."* These compounds have received considerable atten-
tion in recent years not only for their diverse architectures but
also for their potential applications in host-guest chemistry,’
recognition reagents,* catalysis,’ sensors,® bioactivities,” chiral
motifs for 2D and 3D solids,? single-molecule magnets (SMMs)
and single-chain magnets (SCMs).’

These compounds are broadly divided into two categories:
(a) Metallacrowns with [M—-N-O], repeating units synthesized
using multidentate ligands such as hydroxamic,' ketonoxime,"
and aminohydroxamic acids'? with varying ring sizes ranging
from 9-MC-3 to 24-MC-8."® This class also includes inverse
metallacrowns.™ (b) Metallacrowns with the [M—-N-N], repeating
linkage, better known as azametallacrowns, that are synthesized
utilizing multidentate ligands such as N-substituted salicylhy-
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drazide, salicylhydrazone, or 2-pyridinecarbaldehyde hydrazone.
Their ring size ranges from 18-MC-6 to 60-MC-16."

For 12-MC-4 complexes, which are relevant to the present
discussion, two different linkages have been reported: classical
or regular’® and the less common inverse.' In the classical motif,
there is a N-O-M-N-O-M linkage, i.e., a [M-N-O], repeat unit,
with the oxygen atoms pointing towards the centre of the cavity,
suitable for binding cations. However, the inverse motif, with the
linkage N-O-M—-O-N-M has only been realized for Zn'* and
Co ions,"” with the ring metal ions oriented towards the centre
of the cavity suitable for encapsulating anions. Collapsed MCs
contain no central guest metal atoms, but instead of retaining the
vacant cavity, the ring oxygens of the MC bind to ring metal ions
on the opposite side of the MC ring. Several collapsed 12-MC-4
complexes have been reported with oxime based ligands. All of the
complexes contain a nearly planar M", core.”®

The oxime ligands have been extensively used in the syn-
thesis of 3d transition metal clusters.”® The monoanionic 2-
pyridylaldoxime/ketoximes, (py)C(R)NOH (R = H, Me, Ph, etc.),
are well known to form homo- and heterometallic clusters with
fascinating structures and magnetic properties.’*" The coordi-
nation chemistry of analogous organic molecules, in which the
non-donor R group is replaced by a donor group (hydroxy in
the case of the oxamic acids and amino for the amidoximes),
have also recently been explored. In this series of ligands 2-
pyridineamidoxime was shown to form a dodecanuclear Ni"
cluster.”® We were interested in investigating the effect of an added
nitrogen atom in the aromatic ring at a suitable coordinating site
along with the ionisable amino group and hence we prepared
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the ligand 2-pyrimidineamidoxime (pmadH,). Though the added
nitrogen did not take part in bonding in any of its complexes
reported here, we were able to isolate three new transition metal
complexes through optimized synthetic procedures. Herein we
report the synthesis and crystal structures of a 1D Cu(11) chain (1)
and two collapsed metallacrowns (2 and 3). The magnetic behavior
of these two metallacrowns 2 and 3 corroborate well with the DFT
calculations. In these complexes, 2-pyrimidineamidoxime ligand
adopts several coordination modes in its neutral and dianionic
state (Scheme 1). To the best of our knowledge complexes 1-3
represent the first examples of polynuclear metal complexes of
pmadH,.

() Ch
N/)\l(NHZ Nz)\‘rNH2

EN, L
M OH w0
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Scheme 1 Observed coordination modes of 2-pyrimidineamidoxime
ligand in 1-3.

Experimental section

Materials and physical measurements

Cu(NO.),-3H,0, NiCl,-6H,0, NH,OH-HCI, 2-cyanopyrimidine
and Na,CO, were obtained from commercial sources and were
used as received without further purification. Elemental analyses
of C, H, and N were performed using a Perkin-Elmer 240C
elemental analyzer. IR spectra were recorded as KBr pellets using
a Magna 750 FT-IR spectrophotometer in the range of 4000—
400 cm™. X-ray photoelectron spectroscopy of complex 3 was
recorded in a Thermo Fisher Scientific Multilab 2000 (England)
with Al-Ko radiation (1486.6 eV). Binding energies reported
here are with reference to graphite at 284.5 eV. Samples were
mixed with 30% (by weight) of graphite powder to make thin
pellets for XPS data collection at room temperature. EPR data
were recorded using a Bruker EMX X-band EPR spectrometer
(9.40 GHz) at different temperatures. The g values were calibrated
with diphenylpicrylhydrazyl (DPPH) radical standard. Variable
temperature (1.8-300 K) magnetic susceptibility data of the pow-
dered samples were collected using a Quantum Design MPMS-
XL5 SQUID magnetometer at an external applied dc field of 0.1
T for 2 and at 0.2 T for 3. The experimental susceptibility data
were corrected for diamagnetism (Pascal’s tables).**

Synthesis of the ligand pmadH,

The ligand was prepared using a slightly modified method of
the reported procedure.? NH,OH-HCI (1.39 g, 20 mmol) was
neutralized by sodium carbonate (1.06 g, 10 mmol) in water
(20 mL) to which 2-cyanopyrimidine (2.10 g, 20 mmol) in 10 mL of
ethanol was added dropwise. The resulting mixture was heated to
reflux for 2 h and cooled down to room temperature. The ethanol
was removed by a rotary evaporator and the final mixture was kept
in an ice bath. White crystalline material started to appear after
a few minutes. The crystalline material was filtered and washed
thoroughly with cold ethanol and dried under vacuum. Isolated
yield: 2.48 g (90%).

Synthesis of [Cu(pmadH,),(NO,)|(NO;) (1)

Cu(NO;),-3H,0 (0.5 mmol, 121.0 mg) was dissolved in 10 mL
methanol and solid 2-pyrimidineamidoxime (0.5 mmol, 69.0 mg)
was added to it in portions. The resulting green solution was stirred
for 15 min at room temperature and filtered. The solvent was
evaporated to dryness to obtain 1 as green crystalline material.
Isolated yield: 41% (based on copper). X-ray diffraction quality
crystals were obtained by slow vapor diffusion of diethyl ether into
the green filtrate. Anal. Calcd. for 1, C,)H,N;,O5Cu: C, 25.90; N,
30.20; H, 2.61. Found: C, 26.16; N, 30.15; H, 2.78. IR (KBr, cm™):
3415, v(NH); 3236, v(OH); 1683, v(C=N); 1594, 1395, 1305, 1264
and 1031.

Synthesis of [Cu,(pmad),(pmadH),(NO;)|(NO;)(H,O) (2)

Cu(NO;),-3H,O0 (0.5 mmol, 121.0 mg) and 2-pyrimidine-
amidoxime (0.5 mmol, 69.0 mg) were dissolved in a 15 mL 2:1
mixture of distilled water and methanol followed by addition of
NaOMe (1 mmol, 54.0 mg) with continuous stirring. Immediate
formation of dark green precipitate indicated the progress of
the reaction. After 30 min stirring at room temperature, the
reaction mixture was sealed in a Teflon-lined stainless steel vessel
(23 mL) and heated at 150 °C for 24 h under autogenous
pressure. Slow cooling to room temperature yielded dark green
crystals of complex 2. Isolated yield: 32% (based on copper).
Anal. Calcd. for 3, C,)H,)N,;O,,Cu,: C, 25.48; N, 26.75; H,
2.14. Found: C, 25.69; N, 26.39; H, 2.22. IR (KBr, cm™): 3410,
v(NH); 3312, v(OH); 1643, v(C=N); 1572, 1462, 1384, 1326 and
1031.

Synthesis of [Cu,Ni,(pmad),(pmadH),CL](H,O0) (3)

Cu(NO;),-3H,0 (0.25 mmol, 60.5 mg), NiCl,-6H,O (0.25 mmol,
60.0 mg) and 2-pyrimidineamidoxime (0.5 mmol, 69.0 mg) were
dissolved in a 15 mL mixture of distilled water and methanol (2: 1).
Solid NaOMe (1 mmol, 54.0 mg) was added to the above mixture
in portions. The resulting mixture was sealed in a Teflon-lined
stainless steel vessel (23 mL) and heated at 150 °C for 24 h under
autogenous pressure. Slow cooling to room temperature yielded
dark brown crystals of complex 3. Isolated yield: 39% (based on
copper). Anal. Caled. for 3, C, H, N (OsCl,Cu,Ni,: C, 27.30; N,
25.47; H, 2.29. Found: C, 27.59; N, 25.29; H, 2.33. IR (KBr, cm™):
3410, v(NH); 3269, v(OH); 1644, v(C=N); 1568, 1467, 1389, 1279
and 1090.
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X-ray crystallographic data collection and refinements

Single crystal X-ray data of 1, 2 and 3 were collected
on a Bruker SMART APEX CCD diffractometer using
SMART/SAINT software.”® Intensity data were collected using
graphite-monochromatized Mo-Ko radiation (0.71073 A) at
293 K. The structures were solved by direct methods using the
SHELX-97* program incorporated into WinGX.*® Empirical
absorption corrections were applied with SADABS.* All non-
hydrogen atoms were refined with anisotropic displacement co-
efficients. The hydrogen atoms bonded to carbon were included
in geometric positions and given thermal parameters equivalent
to 1.2 times those of the atom to which they were attached.
The hydrogen atoms attached to the oxygen atoms of non-
coordinating water molecules for the complexes 2 and 3 were
located from differential Fourier maps. Structures were drawn
using either ORTEP-3* or PLUTON.? The crystallographic
refinement parameters are presented in Table 1 and selected bond
distances and angles are listed in Table 2.

Computational details

Theoretical calculations have been carried out using the following
computational methodology.?”” Using a phenomenological Heisen-
berg Hamiltonian H = -XJ.S;S, (where i labels the different
kinds of coupling constants, while j and k refer to the different
paramagnetic centers) to describe the exchange coupling between
each pair of transition-metal ions present in the polynuclear
complexes, the full Hamiltonian matrix for the entire system was
constructed. Exchange coupling parameters (J) were obtained
by taking into account the energy difference between high-spin
state and broken symmetry low-spin state. The hybrid B3LYP
functional® has been used in all calculations as implemented in

Table 1 Crystallographic data and refinement parameters for complexes 1-3

the Gaussian 03 package.’**> The use of non-projected energy
of the broken-symmetry solution as the energy of the low
spin state within the DFT framework provides more or less
satisfactory results avoiding the cancellation of the non-dynamic
correlation effects.® LANL2DZ basis set was considered for all the
elements.

Results and discussion
Syntheses of the complexes

The 1 : 1 reaction of the protonated ligand 2-pyrimidineamidoxime
(pmadH,) with copper(i) nitrate in methanol at room
temperature yielded a 1D-copper(ll) coordination polymer
[Cu(pmadH,),(NO;)](NO;) (1). The pmadH, acts as a neutral
ligand where the two ionisable groups (-NH, and ~OH) remain
protonated. A similar reaction in aqueous methanol in the
presence of NaOMe under autogenous pressure at 150 °C for
24 h afforded the isolation of tetranuclear collapsed metallacrown
[Cu,(pmad),(pmadH),(NO;)](NO;)(H,0) (2). The metallacrown
2 was also prepared successfully in the absence of NaOMe under
hydrothermal conditions. Both the dianionic and monoanionic
forms of pmadH, are present in 2. Similarly, reaction of equimolar
amounts of copper(11) nitrate and nickel(i1) chloride with two
equivalents of pmadH, led to the formation of the heteronuclear
complex [Cu,Ni,(pmad),(pmadH),CL](H,O) (3) under similar
reaction conditions. A synthetic strategy for the preparation of
complexes 1-3 is summarized in Scheme 2. All the complexes are
essentially insoluble in common organic solvents, except 1 which
is soluble in water. The presence of both Cu" and Ni" in complex
3 was confirmed by X-ray photoelectron spectroscopy (ESI, Fig.
S1, S2+).3* The bands due to both Cu" and Ni" were observed in
the XPS spectrum for 3.

1
Empirical formula C,0H»N,,O;Cu
Fw 463.85
T/K 293 (2)
Crystal system Triclinic
Space group P1
al/A 7.0434(2)
b/A 8.7481(3)
c/A 13.6485(4)
o (°) 98.392(2)
B©) 92.024(2)
7 (%) 97.262(1)
V/A3 824.05(4)
VA 2
p./gem’™ 1.8692
u(Mo-Ko)/mm™ 1.398
AMA 0.71073
F(000) 470.0
collected reflns 12999
unique refins 5008
Ry 0.0268
GOF (F?) 1.040
R 0.0405
WR,® 0.1081

R =Z|IFo| = [Fl/Z1F, |, wRy = [E{w(F.> - FP}E{w(F ) }]"2.

2 3

CyHy N30, Cuy CyH3N;40,Cl,Cu,Ni,
942.74 893.85
293 (2) 293 (2)
Monoclinic Triclinic
C2/c Pl
27.924(6) 8.6134(11)
16.597(3) 9.7382(12)
15.514(3) 10.3083(13)
90.00 66.030(2)
121.934(8) 83.795(2)
90.00 65.826(2)
6101.88(2) 719.03(2)
8 1

2.050 2.074
2.841 3.005
0.71073 0.71073
3752.0 450.0
45532 7421

5375 2921
0.0887 0.0251
1.240 1.087
0.0659 0.0316
0.2403 0.0817
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Table 2  Selected bond distances (A) and angles (°) for 1,2 and 3

1
Cu(1)-N(1) 2.034(2) Cu(1)-N(2)
Cu(1)-N(4) 1.975(2) Cu(1)-0(3)
O(1)-N(2) 1.408(2) 0(2)-N(4)
O(4)-N(9) 1.258(3) O(5)-N(9)
O(7)-N(10) 1.230(3) O(8)-N(10)
N(#)-C(10) 1.294(3) N(3)-C(6)
N@)-Cu(1)-N(4) 177.12(8)
N(@)-Cu(1)-N(3) 80.51(7)
N(4)-Cu(1)-N(1) 100.87(8)
N(@2)-Cu(1)-0(3) 88.89(7)
N(3)-Cu(1)-0(3) 109.62(7)

2

Cu(1)-N(@) 1.941(5) Cu(1)-N(3)
Cu(1)-0(3) 1.945(5) Cu(2)-N(5)
Cu(2)-N(6) 1.926(5) Cu(2)-0(2)
Cu(3)-N(16) 1.916(5) Cu(3)-0(1)
Cu(4)-0(1) 1.931(5) Cu(4)-0(4)
Cu(4)-N(11) 2.002(5) Cu(4)-0(5)
O(2)-N(1) 1.407(6) O(3)-N(6)
N4)-C(1) 1.320 (8) N(1)-C(5)
N(6)-C(4) 1.308 (8)

0(2)-Cu(1)-N(4) 100.8(2)
N(4)-Cu(1)-N@3) 80.9(2)
0(2)-Cu(1)-N(3) 177.02)
N(5)-Cu(2)-0(2) 83.6(2)
0(2)-Cu(2)-N(6) 86.9(2)
0(2)-Cu(2)-N(9) 168.7(2)
N(2)-Cu(3)-0(1) 83.7(2)
O(1)-Cu(3)-N(16) 87.7(2)
O(1)-Cu(3)-N(10) 168.4(2)
O(1)-Cu(4)-0O(4) 90.4 (2)
O(4)-Cu(4)-N(1) 167.2(2)
O(4)-Cu(4)-N(11) 87.7(2)
O(1)-Cu(4)-0(5) 88.1(2)
N(1)-Cu(4)-0(5) 91.4(2)

3

Cu(1)-N(5) 2.028(3) Cu(1)-N(7)
Cu(1)-0Q)* 1.965(2) Cu(1)-CI(1)
Ni (1)-N(@3) 1.892(3) Ni (1)-N(8)
C(5)-N(4) 1.336(4) C(10)-N(8)
N(7)-0(2) 1.404(3)

N(5)-Cu(1)-N(7) 79.69(10)
02)"—Cu(1)-O(1)* 87.79(9)
CI(1)-Cu(1)-O(1)*' 97.32(8)
CI(1)-Cu(1)-N(5) 97.80(8)
N(7)-Cu(1)-O(1)" 157.98(11)
N(1)-Ni(1)-N(3) 82.52(11)
N(8)-Ni(1)-0(2) 84.45(10)
N(8)-Ni(3)-N(3) 173.84(11)

1.972(2) Cu(1)-N(3) 2.029(2)
2.308(2) Cu(1)-0(5) 2.770(2)
1.403(3) 0(3)-N(9) 1.270(3)
1.218(3) 0(6)-N(10) 1.243(3)
1.213(3) N(@2)-C(5) 1.296(3)
1.339(3) N(8)-C(10) 1.328(3)
N(@2)-Cu(1)-N(3) 100.07(7)
N(@2)-Cu(1)-N(1) 79.88(7)
N(G3)-Cu(1)-N(1) 153.75(7)
N(@)-Cu(1)-0(3) 88.26(7)
N(1)-Cu(1)-0(3) 96.63(6)
2.026(5) Cu(1)-0(2) 1.924(5)
1.881(6) Cu(2)-N(9) 2.014(5)
1.920(4) Cu(3)-N(2) 1.895(6)
1.911(4) Cu(3)-N(10) 1.989(5)
1.947(4) Cu(4)-N(1) 1.960(5)
2.400(6) O(1)"N(4) 1.415(6)
1.361(7) O(4)-N(16) 1.351(7)
1.310(8) N(16)-C(3) 1.290(8)
0(2)-Cu(1)-0(3) 89.7(2)
N(#)-Cu(1)-0(3) 169.5(2)
0(3)-Cu(1)-N(3) 88.8(2)
N(5)-Cu(2)-N(6) 170.5(2)
N(5)-Cu(2)-N(9) 107.4(2)

N(6)-Cu(2)-N(9) 82.1(2)

N(2)-Cu(3)-N(16) 170.0(2)
N(2)-Cu(3)-N(10) 107.3(2)
N(16)-Cu(3)-N(10) 81.6(2)
O(1)-Cu(4)-N(1) 99.4(2)
O(1)-Cu(4)-N(11) 170.4(2)
N(1)-Cu(4)-N(11) 81.2(2)
O(4)-Cu(4)-0(5) 97.1(2)
N(11)-Cu(4)-0(5) 101.5(2)
1.992(3) Cu(1)-O(1)*! 1.990(2)
2.474(1) Ni(1)-N(1) 1.934(3)
1.857(3) Ni (1)-0(2) 1.875(2)
1.329(4) N@3)-0(1) 1.355(3)
N(7)-Cu(1)-O(2)" 97.85(9)
O(1)*~Cu(1)-N(5) 88.01(10)
Cl (1)-Cu(1)-O(2)* 101.28(8)
Cl1(2)-Cu(1)-N(7) 102.37(9)
N(@5)-Cu(1)-02)*! 160.84(11)
N(1)-Ni(1)-N(8) 103.59(12)
N(3)-Ni(3)-0(2) 89.42(10)
N(1)-Ni(3)-0(2) 171.68(11)

Symmetry transformations used to generate equivalent atoms: #1 —x+2, —y, —z+1.

Structure description of [Cu(pmadH,),(NO5)|(NO;) (1)

The asymmetric unit of complex 1 contains one crystallograph-
ically unique Cu" ion, two pmadH, ligands and two different
nitrate ions. One of the nitrate ions bridges the Cu" ions to form
a 1D chain (along crystallographic a axis) structure whereas the
other nitrate ion acts as a counter anion. Two pmadH, ligands act
as bidentate neutral blocking NN donors occupying the equatorial
plane to form a stable five member chelate ring. The axial positions
are occupied by the oxygen atoms from bridging nitrates (Fig. 1).
The coordination environment around the central Cu" atom is
distorted octahedral with four relatively short equatorial bonds
and two considerably longer axial bonds. While the equatorial

Cu-N bonds range narrowly between 1.972(2) and 2.034(2) A
(Table 2), the axial bonds vary by almost 0.5 A [Cu(1)-0O(3),
2.308(2) A; Cu(1)-0O(5), 2.770(2) A]. The solid state packing
diagram for complex 1 shows that the 1D chains run parallel (Fig. 2
top) to each other with an interchain Cu(1)--- Cu(1) distance of
8.748(5) A along the crystallographic b axis. Interestingly, the
adjacent intermolecular aromatic rings lean towards each other
due to m-stacking interaction (distance between the centroids
of the six planar atoms N6, C5, C4, N5, C3 and C2 of the
adjacent chains is 3.35 A, Fig. 2). Presumably due to such 7-
stacking interaction, the equatorial coordination around Cu" is
distoroted from the planar geometry with an r.m.s deviation of
0.24 A.

This journal is © The Royal Society of Chemistry 2010
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Cu(NO;),-3H,0 I Cu(NO;),-3H,0, NiCl,-6H,0
MeOH/H,0, NaOMe N~ “NH, MeOH/H,0, NaOMe
150°C, 24 h OH 150°C, 24 h
(pmadH,)

[Cu,(pmad);(pmadH),(NO3)|(NQ;3)(H,0)
12]

Cu(NO;),- 3H,0
MeOH, rt

[Cu(pmadH,),(NO;}](NO3)
(1] 13]

[Cu;Ni;(pmad),(pmadH),CL]H,0

Scheme 2 The schematic representation of the synthesis of complexes 1-3.

f

\

Fig. 1 ORTEP (30% probability) view of the basic unit of 1.

In the crystal structure, one of the trans N-Cu—N angles is
near to 180° [N(2)-Cu(1)-N(4), 177.12(8)°], the other one [N(3)—
Cu(1)-N(1), 153.75(7)°] significantly deviates from linearity and
consequently the frans coordinated oxygen atom is tilted away
from the normal of the equatorial plane with an O(3)-Cu(l)-
O(5) angle of 169.27(7)°. The distance between two nearest
Cu" centers is found to be 7.043(4) A. Several intramolecular
and intermolecular H-bonding interactions were observed in the
packing diagram of complex 1. Two adjacent chains are connected
to each other through H-bonds, with O2 - -- O7#' =2.728(4) A (#1:
x—1, y, z) and ZO2-H9---O7* = 160(4)° (ESI, Table S1}). The
oxygen atoms of the coordinated and non-coordinated nitrates
also participate in H-bonding with the free —NH, and —OH groups
of the ligand to form a two-dimensional network (Fig. 2).

Structure description of [Cu,(pmad),(pmadH),(NO;)|(NO;)(H,O)
#)

Complex 2 crystallizes in monoclinic C2/¢ space group with an
asymmetric unit containing four unique Cu" ions, two monoan-
ionic pmadH, two dianionic pmad, two different nitrate anions
and a non-coordinated water molecule (Fig. 3). The axial site
of one of the four Cu" [Cu(4)] is coordinated to a nitrate ion
forming penta-coordinated square pyramidal geometry whereas

Fig. 2 Packing diagram of complex 1 forming a one-dimensional chain
along the crystallographic « axis (top). View of the 2D H-bonded network
of 1 (bottom). Dotted lines represent H-bonding. Color codes: Green =
Cu", blue =N, red = O, black = C, gray = H.

the other three Cu" [Cu(1,2,3)] centers are in a square planar
geometry. The diagonally opposite Cu" ions [Cu(2) and Cu(3)]
have almost similar equatorial bonding environments with each
of the copper atoms being bonded to three nitrogen atoms and an
oxygen atom. The Cu—N distances for Cu(2) and Cu(3) range from
1.881(6)-2.014(5) A and 1.895(6)-1.989(5) A, respectively. The
Cu-O distances for Cu(2) and Cu(3) are 1.920(4) and 1.911(4) A,
respectively. On the other hand Cu(1) and Cu(4) are equatorially
bonded to two nitrogen atoms [Cu(1)-N, 1.941(5)-2.026(5) A;
Cu(4)-N, 1.960(5)-2.002(5) A] and two oxygen atoms [Cu(1)-O,

9770 | Dalton Trans., 2010, 39, 9766-9778
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Fig. 3 ORTEP view (30% probability) of the molecular structure of 2.

1.924(5)-1.945(5) A; Cu(4)-0, 1.931(5)-1.947(4) A] trans to each
other. Additionally, Cu(4) is also bonded apically to an oxygen
atom [Cu(4)-O(5), 2.400(6) A] of a nitrate anion. Interestingly, the
Cu(4) is slightly pushed up towards the axial nitrate with a distance
of 0.06 A from the equatorial plane. The torsion angles between
Cu(l)---Cu(2) and Cu(3)---Cu(4) through -N-O- bridges are
deviated from the planarity by only ~1°. Out of the four oxo groups
in the skeleton, two doubly bridging oxo groups are oriented
towards the center of the complex whereas the other two are
pointed towards the periphery of the complex. Cu(1) and Cu(4) are
separated by 3.882(5) A and generate the central planar Cu"-(N—
0),-Cu" hexagonal core. But the other two Cu" atoms [Cu(2) and
Cu(3)]are far from each other [7.179(11) Ao]. The distances between
Cu(l)--- Cu(2) [3.352(5) A] and Cu(3)--- Cu(4) [3.328(5) A] are
almost the same. The structure of this complex is best described
as a collapsed 12-MC-4 with four metal centers and four bridging
—N-O- moieties forming an almost planar crown structure. The
two ring-oxygens of the metallacrown bind to ring Cu" centers
on the opposite side of the MC ring producing a collapsed 12-
MC-4 (Fig. 4). Since the core is collapsed, the six-membered ring
generated at the center does not allow encapsulation of cations or
anions.

As depicted in Fig. 5, each molecule interacts with the
four neighboring molecules through H-bonds to form a two-
dimensional layer. The coordinated and noncoordinated nitrates
in the tetranuclear unit act as acceptors. The lattice water molecule,
however, acts both as acceptor and donor to form H-bonding
with the donor -NH, and -NH groups of the other molecules.
The N2 acts as a donor to form H-bonding with O1W of the
water molecule with N2--- O1W distance 3.186(10) A, and /N2—
H2---O1W=149(6)° (ESI, Table S21). The N5 acts as a donor and
forms a H-bond to the noncoordinated nitrate with a N5--- O7#!
distance of 3.317(11) A (#1: x-1/2, y-1/2, z—1) and ZN5-
HS5---O7#* = 134(5)°. The O1W water molecule acts as a donor
to form a H-bond to both O%** (#5: x+1/2, —y+1/2, z+1/2) and
O7 of coordinated and noncoordinated nitrate respectively, with

Fig. 4 The structure of the collapsed 12-MCc,)-4 complex 2 with the
MC ring highlighted. Two ring oxygens bind across the core to two ring
Cu" ions, which cause the cavity to collapse. Color scheme: green sphere =
Cu"; orange tube = O; blue tube = N; gray line = C. Hydrogen atoms have
been omitted for clarity.

O1W--- 09 distance of 2.990(11) Aand ZOIW-HIW .- Q9% =
158(9)°; OIW---07 = 3.029(12) A and ZOIW-H2W---O7 =
179(8)°. Consequently, the tetranuclear unit is associated with its
neighbors through double hydrogen bonds [with N12 - - - O5* (#4:
—X, =y, —z+1) distance of 2.971(8) A] and results in two Cu" ions
coming closer to each other with Cul ---Cul [-x, -y, —z+1] =
3.591(4) A.

Structure description of [Cu,Ni,(pmad),(pmadH),CL](H,O) (3)

Complex 3 crystallizes in the triclinic P 1space group with one
unique Cu", one unique Ni", one monoanionic pmadH, one
dianionic pmad, one bonded chloride and a noncoordinated
water molecule in its asymmetric unit. The Ni" ions have a
square planar coordination environment, while the Cu" ions have
distorted square pyramidal geometry (Fig. 6). The Cu" atoms are
pulled towards axial chlorine and lie 0.18 A above the equatorial
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Fig. 6 ORTEP view (30% probability) of the molecular structure of 3.

plane. The axial bond length of 2.474(2) A [Cu(1)-CI(1)] is
relatively longer than the average equatorial bond lengths (1.99 A).
Each Cu" atom is bonded to two nitrogen atoms [Cu(1)-N(5),
2.028(3) 10\; Cu(1)-N(7),1.992(3) A] and two oxygen atoms [Cu(1)-
O(1), 1.990(2) A; Cu(1)-O(2), 1.965(2) A] in the equatorial plane,
whereas the Ni" atoms are bonded to three nitrogen atoms [N(1),
N(3) and N(8)] with Ni-N bond distances ranging from 1.857(3) to
1.933(3) A and an oxygen atom [Ni(1)-O(2), 1.875(2) A] (trans to
the aromatic N). The Ni" ions preferentially occupy square planar
geometry with three nitrogen coordination. While the equatorial
sites around square pyramidal Cu" are satisfied by two oxygens
and two nitrogens. Such an observation is consistent with previous
reports where, in general, nickel ions with a five membered chelate
ring preferred square planar geometry.'

The metallacrown structure of complex 3 is very similar to
that of 2 and it also has a cavity collapsed 12-MC-4 structure
with a central hexagonal ring (Fig. 7). The central hexagonal ring
contains two Cu" centers with a Cu- - - Cu distance of 3.966(7) A
and two —N-O- linkages. The distance between two Ni" centers
is 7.105(9) A and that of between the nearest Cu" and Ni'" [-x+2,
—y, —z+1] is 3.285(6) A.

As shown in Fig. 8, complex 3 interacts with six neighboring
molecules through intermolecular H-bonding to form a three-

Fig.7 The structure of the collapsed 12-M Ce,unian-4 complex 3 with the
MC ring highlighted. Two ring-oxygens bind across the core to two ring
Cu" ions giving a collapsed structure. Color schemes: green sphere = Cu";
violet sphere = Ni"; orange tube, oxygen; blue tube, nitrogen; pink tube,
chlorine; gray line, carbon. Hydrogen atoms have been removed for clarity.

dimensional network. The chlorine atoms act as acceptors while
the -NH, groups of neighboring molecules act as donors with
a N4--- CI1*" distance of 3.455(3) A and /N4 -H4A---Cl1# =
145(4)°. H-bonding interaction is also observed between the
nitrogen atom in the aromatic ring and the free -NH, group
of the other molecule in the same plane. This is running in the
crystallographic b direction with N4 - - - N2#2 distance of 3.341(4) A
(#2: —x+1, —y+2, —y) and /N4-H4B---N2# = 146(4)°. The —
NH groups of 3 acts as donors to a water molecule and extend
towards the crystallographic a axis with N8 - - - O1W#distance of
3.100(5) Aand ZN8-HS§--- O1W# = 166(3)°. H-bond parameters
for complex 3 are given in Table S3 (ESIf).

Magnetic behavior

Complex 2. The plots of both yy vs. T and yu7 vs. T for 2
per Cu", unit are shown in Fig. 9. Room temperature (300 K)
am T value of 1.58 cm® K mol™ is slightly higher than the expected
value for four uncoupled Cu" ions (yy 7T = 0.375 cm® K mol™ for
a S=1/2ion). As the temperature is lowered, yy T value remains
virtually constant up to about 25 K, below which it increases
slightly and reaches a maximum at 16 K (1.70 cm® K mol™). Below
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Fig. 8 View of the 3D hydrogen bonded network of 3. Color codes: green = Cu''; purple = Ni"'; orange = chlorine; red = oxygen; blue = nitrogen; black =

carbon; and gray = hydrogen.
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Fig. 9 The plots of yy vs. T and yu7 vs. T (inset) for 2. The red line
corresponds to the best fit.

this temperature the yy T value falls rapidly to 0.45 cm? K mol™
at 1.8 K probably due to the low temperature antiferromagnetic
interaction. The 1/yy vs. T plot (300-1.8 K) obeys the Curie—
Weiss law with a positive Weiss constant of 8 = 5.0 K (ESI,
Fig. S4t1). The nature of the yu7 vs. T plot and the low
positive value of 0 suggest the presence of both ferromagnetic
and antiferromagnetic exchange interactions among the four Cu"
ions through —-N-O- and —O- bridges.

Though the four Cu" centers are not crystallographically equiv-
alent, the similarities in the bridging modes and the coordination
environment within the crown framework gives rise to two sets
of roughly magnetically equivalent Cu" atoms and thus only two
kinds of magnetic exchange pathways (J, and J,; Scheme 3) were
considered for the analysis of experimental data.

A reasonable fit was obtained for non-interacting tetranu-
clear units applying the conventional Hamiltonian:

H=-J(S,-S; + 55:8;) = J2(S,-Ss + 55-S3) (1)

The theoretical expression for the magnetic susceptibility per
Cu, unit obtained from the above Hamiltonian is given in eqn (2).

(b)

Scheme 3 The magnetic pathways in complexes 2 and 3 between
paramagnetic centers.

am=(Ng*B/KT)[4/B] (@)

Where, A = [30exp(—E,/kT) + 6exp(—=E,/kT) + 6exp(—E;/kT) +
6exp(—E,/kT)] and B = S[exp(-E,/kT) + 3exp(-E,/kT) +
3exp(—E;/kT) + 3exp(—E,/kT) + exp(—Es/kT) + exp(—E:/kT)].

The parameters N, § and k have their usual meanings and
E, values were obtained using the Kambe method* from the
Hamiltonian.

E=(-J,-J)/2,E,=(-J,+ J,))/2, Es=(J, + J,)/2, E,=(J, —
J)/2, Es=(J, +J)/2+ (J2+ 1,2 = T\ J2) "2 Eg=(J, + J.)/2 —
Ji>+ 77 =)'

The best fit parameters obtained are J, = +10.7 cm™,
J, =-2.7 ecm™ and g = 2.1 with R = 5.6 x 10, where R =
S G0 Doy =G D/ i e

Complex 3. Fig. 10 shows the temperature dependence of yy
and yy7 values for complex 3. The room temperature yy7 =
0.77 cm® K mol™ is very close to the expected value for two un-
coupled Cu" ions. The room temperature magnetic susceptibility
value indicates the diamagnetic nature of Ni", lending support to
the coordination environment around nickel atoms in complex 3
being square planar rather than square pyramidal in which case
the magnetic susceptibility value would have been much higher.
The yuT value gradually decreases upon cooling and reaches a
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Fig. 10 Plots of yy vs. T and yuT vs. T (inset) for 3. The red line
corresponds to the best fit.

minimum (0.21 cm® mol™ K) at 26 K. Further cooling increases
the yu T value very slightly up to about 10 K (0.22 cm® mol™ K)
before further falling to 0.16 cm’® mol™ K at 1.8 K. The 1/yy vs. T
plot (300-1.8 K) obeys the Curie-Weiss law with a negative Weiss
constant 8 =-1.5 K (ESI, Fig. S51). The nature of the yy T versus
T plot and the negative 0 suggest a dominant antiferromagnetic
exchange between the Cu" ions through the bridging pathways.

The low temperature hump at around 10 K may indicate
the presence of very weak intermolecular ferromagnetic inter-
action. The magnetic interaction through the —N-O- bridges
between two Cu" atoms leads to a S = 0 ground state. The
susceptibility data were analyzed using the Bleaney—Bowers
equation.?! The best-fit parameters obtained were g = 2.08 and
J, =-3.4 cm™ with agreement factor R = 2.8 x 10, where R =
I Dy =G P/ Gt Dy

Thus, it was observed that in complex 2 both ferromagnetic
and antiferromagnetic interactions are present. The ferromagnetic
exchange coupling interaction occurs through (J;) the -N-O—
and ,-O bridges and antiferromagnetic coupling (/,) takes place
through only the -N-O- bridging mode giving overall weak

I T T T T T T 1
3100 3150 3200 3250 3300 3350 3400 3450
H/G

ferromagnetic interaction. When the interaction between Cu(1)
and Cu(3) in complex 2 (as in complex 3) was included as the
third exchange parameter, the fitting was not satisfactory. So
we considered only two different exchange parameters and that
enabled us to reproduce the experimental curve agreeably. But the
negative exchange coupling constant (J, =—-3.4 cm™) obtained in
complex 3 shows the presence of very weak antiferromagnetic
interaction between two Cu" through —-N-O- bridges within
the hexagonal core. If we consider that this interaction exists
in complex 2 as well, then also a resultant weak ferromagnetic
interaction is expected. To understand the origin of the ferromag-
netic and antiferromagnetic interactions we have carried out DFT
calculations for complexes 2 and 3.

EPR spectra

The X-band EPR spectra of powdered samples of 2 and 3 at
different temperatures are shown in Fig. 11. The g value (2.09) for
2 remains unchanged up to 20 K (field 3214 G for v=9.4343 GHz)
and decreases to 2.08 and 2.05 at 30 K and 50 K, respectively. The
intensity of the EPR spectrum increases as the temperature is
lowered. The g value of 2.11 (field 3190 G for v = 9.434 GHz) for
3 is a little high at 10 K but decreases to 2.09 at 50 K. At high
temperature, the EPR spectra for both the complexes are isotropic.
But at low temperature (5 K and 10 K for 2; 10 K and 20 K for 3),
the spectra are anisotropic in both cases. The anisotropy of 2 at
low temperature could be due to zero-field splitting of the ground
state. This implies that the susceptibility results are in accordance
with the EPR findings.

DFT calculations

To investigate and understand the ferromagnetic and antiferro-
magnetic interactions in complexes 2 and 3, DFT calculations
were performed in broken symmetry formalism. The B3LYP
functional®** with LANL2DZ basis were used as implemented in
the Gaussian ‘03 package.® All calculations were carried out using
atomic coordinates as obtained from the X-ray crystal structures.

Complex 2 with four unpaired electrons on four Cu" gives rise
to three possible spin states: quintet (S = 2), triplet (S = 1) and
singlet (S = 0). Single point calculation of the three states shows

T T T T T T 1
2600 2800 3000 3200 3400 3600 3800
H/G

Fig. 11 The X-band EPR spectra of 2 and 3 at different temperatures.
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the presence of ferromagnetic interaction in 2 with S = 2 (high
spin state) as the ground state. The magnetic exchange parameters
(J, and J,) were calculated from the relative energy differences
(Scheme 4) between the quintet—triplet and quintet-singlet states.
The very small difference in energy (0.014 eV) between the S =2
and S =0 states also indicates the weak ferromagnetic behavior of
2. The calculated magnetic exchange parameters J, = +17.6 cm™
and J, =-6.3 cm™ are in good agreement with the experimental
results of J;, =+10.7cm™ and J, =-2.7 cm™.

triplet

0.018 eV

Cul

,-_ « .»4&'«—@% ud
singlet

0.614 eV

Cul Cu2

quintet
€ ul@ _ms( ud

Scheme 4 The relative energies of the different spin states with the spin
orientations in complex 2.

The magnetic exchanges between Cul --- Cu2 and Cu3--- Cu4
are mediated by the -N-O- and —O- bridges producing ferro-
magnetic interaction (J;, = +17.6 cm™). It is well known'>* that
the 1,-NO bridge generally mediates antiferromagnetic interaction
between paramagnetic centers. So, probably the oxo bridged
pathway mediates ferromagnetic exchange in this case. It is very
well established that the crossover angle (from ferromagnetic to
antiferromagnetic) for the oxo bridged Cu" compounds is around
98°.2437 Hence the ferromagnetic interaction through the oxo
bridge having a large Cu—O-Cu angle 121.41° is an unusual
observation. The magnetic couplings between Cul ---Cu4 and
Cu2- - - Cu3 are mediated via only -N-O- bridges resulting in the
antiferromagnetic interactions.

quintet

triplet

The DFT calculation for complex 3 illustrates the presence
of very weak antiferromagnetic interaction in the molecule. The
diamagnetic nature of the two square planar Ni' centers implies
that there are only two possible spin states for 3 with two unpaired
electrons from the two Cu" centers: triplet (S = 1) and singlet (S =
0) (Scheme 5). The single point calculation shows that the broken
symmetry singlet state is the most stable, which in turn implies the
antiferromagnetic behavior of 3. The calculated exchange coupling
constantJ, =—5.7cm™ isin good agreement with the experimental
result of —3.4 cm™. The magnetic exchange between Cu' centers
is carried out through the two oximato —N—O- bridges which are
generally expected to mediate antiferromagnetic interaction.

Cul Cu2
'——I High spin state
E 0,001 79\— J
Cul Cu2
| BS-Singlet state

Scheme 5 The relative stability of the two possible spin states as obtained
from DFT and the energy difference between these two states with spin
orientations in complex 3.

To understand the role of the bridging moieties in the weak
magnetic interactions of both the complexes we analyzed the spin
density distribution on the paramagnetic centers as well as on
the bridging atoms. The atomic spin density of the Cu" and
the bridging atoms in both the complexes in all of their spin
states are compiled in Tables S4 and S5 in the ESI.¥ The spin
density maps of all the possible states of complex 2 are shown
in Fig. 12. The spin densities in the high spin state (quintet) on
Cul and Cu?2 are considerably lower (average 0.34 ¢”) compared
to that on Cu3 and Cu4 on the other side (average 0.55 ). This
can be attributed to the strong ferromagnetic interaction between
Cul - - - Cu2 as compared to Cu3--- Cu4. The large spin densities
on the oxygen atoms of the oxo bridges (average 0.19 ¢7) indicate
the strong ferromagnetic interaction through the oxo-bridge. The
spin densities on the N and O atoms (average 0.11 ¢) of the
oximato —-N-O- bridges are significantly low as expected for a
weak antiferromagnetic mediator.

singlet

Fig. 12 The spin density maps of all the spin states of complex 2. The blue and yellow surfaces represent the o and B spins, respectively. The isodensity

surfaces correspond to a value of 0.002 e/b’.
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(-2.348 eV)
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Fig. 13 The SOMOs of complex 2. Violet and yellow surfaces represent two different symmetry orbitals. The isodensity surfaces correspond to a value

0f 0.001 e/b>.

A similar calculation on complex 3 (ESI, Fig. S8t) showed that
most of the spin density concentrated on the Cu" centers in both
the spin states. The negligibly small spin densities on the Ni"
centers in both states confirmed their diamagnetic nature. The spin
delocalization on the nitrogen and oxygen atoms of the oximato —
N-O- groups was not significant (average 0.09 e~ on N and 0.03 e~
on O) in their ground singlet state indicating the presence of weak
antiferromagnetic coupling.

The molecular orbital treatment on complex 2 in the quintet
state shows that the singly occupied molecular orbitals (SOMOs)
are not significantly delocalized which is also evident from the
weak ferromagnetic interaction (Fig. 13). In SOMO and SOMO-1
most of the orbital contributions are localized on the periphery of
the molecule instead of in the magnetic core. But in SOMO-2 and
SOMO-3 the orbital contribution comes mostly from the core, and
the oxygen in the oxo-bridge contributes a significant population,
reflecting the strong ferromagnetic interaction through it. Due to
the planar geometry of the molecule, the d,2—orbital of the Cu"
atoms interacts with the bridging atoms in ¢ fashion. The out-of-
phase interactions of t* type MOs localized on the —-N-O- bridges
(SOMO-2 and SOMO-3) with the appropriate symmetry-adapted
combinations of the d,2_,» orbital of the four Cu" magnetic centers
supporting the antiferromagnetic coupling nature of this bridge.

The frontier orbitals of 3 in both the spin states indicated a dom-
inant contribution from the Cu" centers. Very small contributions
of the oximato —N-O- bridges indicated weak antiferromagnetic
exchange interaction through these bridges (ESI, Fig. S8+).

Conclusions

In conclusion, we have successfully synthesized a series of polynu-
clear transition metal complexes using 2-pyrimidineamidoxime, to
illustrate its potential to act as a neutral blocking donor (complex
1), but more interestingly the opportunities that it offers when it
acts as both a monoanionic and a dianionic bridging ligand in
the same complex (2 and 3). At room temperature a Cu" one-
dimensional chain was obtained, but at high temperature (under
solvothermal conditions) we were able to isolate two new collapsed
12-MC-4 complexes. In the heterometallic 12-MC-4 (3), Ni" cen-
ters preferentially occupied the square planar environment rather
than a square pyramidal geometry. The crystal packing of all the
complexes revealed 2D (1 and 2) and 3D (3) networks construction
via H-bonding interactions. The temperature dependent magnetic
susceptibility data of 2 shows weak ferromagnetic interaction. The
competitive magnetic interactions between Cu" atoms through

the ferromagnetic oxo-bridge and the antiferromagnetic -N-O-
pathway lead to the resultant weak ferromagnetic interaction.
The variable temperature magnetic susceptibility of 3 reveals
the presence of weak antiferromagnetic interaction through —
N-O- bridges. The DFT calculations were performed in broken
symmetry formalism and the results are in good agreement with
the experimental observations.
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