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Abstract

Complexes of the general formula [Ni,L(jt; ;-N3)2(N3),] have been synthesised in good yields by reacting Ni(NO3), - 6H,O with
L in the presence of excess of sodium azide in methanol at room temperature. Here L is N,N-bis(2-pyridylmethyl)amine (L') and
N-(2-pyridylmethyl)-N’, N'-diethylethylenediamine (L?). The X-ray structures of both compounds reveal that the N,N,N coordinat-
ing reduced Schiff bases are ligated facially. The Ni—N,,;4,—Ni angle is ~100° and the Ni-: - -Ni separation is ~3.2 A. The variable
temperature magnetic susceptibility measurements of the two complexes show ferromagnetic behavior.
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1. Introduction

Nickel enzymes are involved in various biological
reactions [1-4] and consequently the study of the coordi-
nation chemistry of nickel has been of significant interest
in recent years [5-7]. It has been demonstrated that the
azido group inhibits enzymatic reactions [8,9]. Thus,
the investigation of nickel-azido complexes has become
a field of recent interest to understand the role of the me-
tal ion in biological reactions. In addition, the study of
such complexes has also received great deal of attention
in the context of enhancement of the knowledge about
magnetic interactions as well as development of mag-
netic materials [10-12].
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Although a sizeable number of azido-bridged nickel(II)
complexes have so far been reported [13-15], such com-
plexes with reduced Schiff base ligands are rare. Herein,
we describe the synthesis and characterization of two
neutral end-on diazido-bridged nickel(II) complexes
incorporating conformationally labile N,N,N-coordinat-
ing reduced Schiff bases. The single crystal X-ray struc-
tures, IR and UV-Vis spectroscopic and redox
properties are discussed. The variable temperature mag-
netic susceptibility measurements of the complexes con-
firm the ferromagnetic behavior in the solid state.

2. Experimental

Materials. All the starting chemicals were analytically
pure and used without further purification. The ligands
were prepared according to the literature procedure [16].
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Caution! Azido complexes of metal ions are poten-
tially explosive, and should be handled with care and
in small amounts.

2.1. Physical measurements

The UV-Vis spectra were recorded on a Perkin—
Elmer LAMBDA EZ-301 spectrophotometer and IR
spectra were measured with a Perkin-Elmer L-0100
spectrometer. Electrochemical measurements were per-
formed (acetonitrile solution) on a CH 620A electro-
chemical analyzer wusing a platinum electrode.
Tetraethylammonium perchlorate (TEAP) [17] was
used as a supporting electrolyte and the potentials
are referenced to the standard calomel -electrode
(SCE) without junction correction. Magnetic measure-
ments were carried out on polycrystalline samples with
a Quantum Design MPMS XL SQUID susceptometer
operating at a magnetic field of 0.1 T between 2 and
300 K. The diamagnetic corrections were evaluated from
Pascal’s constants. Elemental analyses (C, H, N) were
performed on a Perkin-Elmer 2400 Series II elemental
analyzer.

2.2. Synthesis of the complexes

The complexes were prepared by the same general
methods. Details are given here for a representative case.

[Niz(Ll)z(uu-N3)2(N3)2] (1). To a methanolic solu-
tion (10 mL) of nickel(II) nitrate hexahydrate (0.146 g,
0.5 mmol) was added L' (0.100 g, 0.5 mmol), followed
by an aqueous solution of sodium azide (0.065 g,
0.10 mmol). The resulting pale green solution was stir-
red for 0.5h at room temperature. Slow evaporation
of the solution yielded a light green coloured crystal-
line product. Yield: 0.09g, 68%. Anal. Calc. for
CosHogNgNiy: C, 42.1; H, 3.8; N, 36.84. Found: C,
41.9; H, 3.6; N, 36.6%. UV-Vis (Anax/nm (/M ' cm™!
CH,Cl, solution): 625(12); 1010(32). IR (KBr)/cm '
v(NH) 3010; v(N;~) 2065, 2040. E,(Ni'"/Ni'h): 1.7 V.

[Niy(L?)5(pt1.1-N3)2(N3),](2). Yield: 0.12 g, 68%. Anal.
Calc. for CyyH4oNgNiy: C, 41.1; H, 5.99; N, 35.99.
Found: C, 41.4; H, 5.7; N, 36.2%. UV-Vis (Amax/nm
(¢/M~"em™") CH,Cl, solution): 632(12); 1015(26). IR
(KBr)/em™": v (NH) 3005; v(N,~) 2070, 2045. E,,(Ni'""/
Ni'"): 1.6 V.

2.3. Crystallographic studies

Suitable crystals of complexes 1 and 2 were grown
by slow evaporation of their methanolic solutions. In
the case of 1, the X-ray intensity data were measured
at 293 K on a Bruker AXS SMART APEX CCD dif-
fractometer (Mo Ka, 4 =0.71073 A). The detector was
placed at a distance of 6.03 cm from the crystal. A to-
tal 606 frames were collected with a scan width of 0.3°

Table 1

Crystallographic data for 1 and 2

1

2

Formula
Formula weight
Crystal system
Space group

a (A)

b (A)

¢ (A)

B )

V(AY)

zZ

Deaiea (Mgm ™)
I (mm’l)

Measured reflections
Unique reflections/R;,¢

T (X)

R, wR"(I > 20(1)]
R1?, wR2" [all data]
Goodness-of-fit on F>

Cs4H,6N g Niy
684.04
monoclinic
2/c
19.626(4)
11.100(2)
14.719(3)
101.27(3)
3144.6(11)

4

1.445

1.245

6604
1642/0.0649
293(2)

0.0809, 0.2304
0.1086, 0.2461
1.089

Ca4HypN gNip
700.18
orthorhombic
Pbca
13.8403(5)
15.0279(5)
45.367(2)

90.0

9435.9(6)

12

1.479

1.246

56329
8582/0.0748
153(2)

0.0420, 0.0856
0.0575, 0.0920
1.038

4 Ry :Z‘FO‘*|FC‘/Z|F0"
P wRy = [ w2 — F2) ) S w2,

in different settings of ¢. The data were reduced in
saiNTPLUS [18] and empirical absorption correction
was applied using the sapaBs package [18]. It was
found that there was limited resolution of X-ray data
in the case of 1. For complex 2, the intensity data were
collected at 153 K on a Stoe Mark II-Image Plate Dif-
fraction System [19] equipped with a two-circle goni-
ometer and using Mo Ko graphite monochromated
radiation. The image plate distance was 135 mm, w
rotation scans 0-180° at ¢ 0°, and 0-42° at ¢ 90°, step
Ao =1.0°, 20 range 2.7-51.2°, dyin—dmax = 15.03—
0.82 A. An empirical absorption correction was applied
using the DELrefABS routine in pLaTON [20]. The
structures were solved by direct methods using the pro-
gram SHELxs-97 [21]. The refinement and all further cal-
culations were carried out using SHELXL97 [22]. In
complex 1, the N(8) and N(9) atoms of the terminal
azide group are distorted and these two were refined
isotropically. The remaining non-hydrogen atoms of 1
and all the non-hydrogen atoms of 2 were refined
anisotropically, using full-matrix least-squares proce-
dures on F°. The hydrogen atoms were included in cal-
culated positions. Molecular structure plots were
drawn using ORTEP [23]. Relevant crystal data are gi-
ven in Table 1.

3. Results and discussion

Two reduced Schiff bases L' and L? (general abbrevi-
ation L) are used in this present work and these are
synthesized by NaBH, reduction of their respective
Schiff bases [16].
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The stoichiometric reaction of Ni(NOj3), - 6H,O with
L in methanol in the presence of excess of sodium azide
at room temperature furnishing the pale green coloured

Ni(NO3), - 6H20 + L NioLa (s — N3),(Na),

(1)
complexes of type [NirL(p1,1-N3)2(N3)2] Eq. (1).

The complexes display asymmetric azide stretches
near 2040 and 2070 cm~'. The stretching frequency of
NH group occurs as a broad band near 3000 cm™'.
The complexes display an irreversible peak near 1.6 V
that may be assigned as a Ni'' — Ni "™ oxidation couple.

Both the complexes show two bands in CH,Cl, solu-
tion and the bands near 1000 and 630 nm are believed to
be of ligand field origin [24].

4. Crystal structure

The crystal structures of [Niy(L')s( t1.1-N3)a(N3)2] (1),
and [Niy(L?)5(1t1,1-N3)2(N3),] (2) have been determined
and the ORTEP diagrams are given in Figs. 1 and 2. Se-
lected bond distances and angles are given in Tables 2
and 3. The asymmetric unit of 1 consists of one molecule
while that of complex 2 contains one non-centrosym-
metric and one half of a centrosymmetric molecule. In
both cases, in each half of the dinuclear complexes,
the tridentate ligand, L (L'-L?) is ligated facially and
the other two equatorial sites are occupied by one termi-

Fig. 1. Perspective view and atom labelling scheme of [Niy(L'),-
(11,1-N3)2(N3)2] (1).

Fig. 2. Perspective view and atom labelling scheme of [Niy(L?),-

(11.1-N3)2(Ni3),] (2) (of one molecule).

Table 2

Selected bond distances (A) and angles (°

Distances

Ni(1)-N(1) 2.048(8)
Ni(1)-N(2) 2.080(8)
Ni(1)-N(3) 2.055(8)
Ni(1)-N(4) 2.086(8)
Ni(1)-N(4) # 2.088(9)
Ni(1)-N(7) 2.249(8)
Ni- - -Ni 3.191(4)
Angles

N(1)-Ni(1)-N(2) 81.9(3)
N(1)-Ni(1)-N(3) 90.0(3)
N(1)-Ni(1)-N(4) 93.2(3)
N(1)-Ni(1)-N(4)# 170.5(4)
N(1)-Ni(1)-N(7) 93.5(3)
N(2)-Ni(1)-N(3) 80.6(4)
N(2)-Ni(1)-N(4) 88.5(3)
N(2)-Ni(1)-N(4)# 91.0(4)
N(2)-Ni(1)-N(7) 175.2(3)
N(3)-Ni(1)-N(4) 168.1(4)
N(3)-Ni(1)-N(4)# 95.1(3)
N(3)-Ni(1)-N(7) 101.0(3)
N(4)-Ni(1)-N(4)# 80.3(4)
N(4)-Ni(1)-N(7) 90.3(3)
N(7)-Ni(1)-N(4)# 93.4(3)
Ni(1)-N(4)-Ni(1)# 99.7(4)

nal and one bridging azide group. The remaining axial
site of one half of the molecule is fulfilled by the equa-
torially coordinated azide nitrogen atom of the other
half and vice versa, thus, forming a double end-on azi-
do-bridged entity.

In the distorted NiNg octahedral environment, the
Ni-N bonds span the range 2.043(2)-2.264(2) A. The
Ni—N,igo(terminal) and the Ni—N,,qo(end-on) bonds
are usual [15a]. The Ni-Nyzigo~Ni-Nazido rings are pla-
nar [md <0.05 A] and the Ni-N,,4,—Ni bond angles
are ~99° and ~100° in complexes 1 and 2, respectively.
The dihedral angle between the two bridging azido
groups is ~30° for 1 and ~25° for 2 and the p;;-Nj
groups form an angle of ~50° for 1 and ~40° for 2 with



Table 3

Selected bond distances (A) and angles (°) for 2 (one molecule)
Distances

Ni(1)-N(1) 2.085(2)
Ni(1)-N(4) 2.184(2)
Ni(1)-N(7) 2.077(3)
Ni(1)-N(13) 2.073(2)
Ni(1)-N(14) 2.095(3)
Ni(1)-N(15) 2.264(2)
Ni- - -Ni 3.222(3)
Ni(2)-N(1) 2.176(2)
Ni(2)-N(4) 2.117(2)
Ni(2)-N(10) 2.043(2)
Ni(2)-N(16) 2.072(2)
Ni(2)-N(17) 2.092(3)
Ni(2)-N(18) 2.242(2)
Angles

N(1)-Ni(1)-N(4) 79.03(9)
N(1)-Ni(1)-N(7) 90.29(10)
N(1)-Ni(1)-N(13) 166.37(10)
N(1)-Ni(1)-N(14) 92.20(10)
N(1)-Ni(1)-N(15) 101.01(9)
N(4)-Ni(1)-N(7) 87.01(10)
N(4)-Ni(1)-N(13) 89.16(9)
N(4)-Ni(1)-N(14) 92.70(10)
N(4)-Ni(1)-N(15) 175.83(9)
N(7)-Ni(1)-N(13) 95.91(10)
N(7) N1(1) N(14) 177.38(10)
N(7)-Ni(1)-N(15) 97.15(10)
N(13)-Ni(1)-N(14) 81.48(10)
N(13)-Ni(1)-N(15) 90.27(9)
N(14)-Ni(1)-N(15) 83.13(10)
Ni(1)-N(1)-Ni(2) 101.31(10)
N(1)-Ni(2)-N(4) 78.51(9)
N(1)-Ni(2)-N(10) 93.91(10)
N(1)-Ni(2)-N(16) 87.03(9)
N(1)-Ni(2)-N(17) 90.79(10)
N(1) N1(2) N(18) 174.05(10)
N(4)-Ni(2)-N(10) 95.23(10)
N(4)-Ni(2)-N(16) 164.43(10)
N(4)-Ni(2)-N(17) 92.94(10)
N(4) N1(2) N(18) 101.26(9)
N(10)-Ni(2)-N(16) 91.43(10)
N(10)-Ni(2)-N(17) 171.24(10)
N(10)-Ni(2)-N(18) 92.04(10)
N(16)- N1(2) -N(17) 81.43(10)
N(16)-Ni(2)-N(18) 92.52(9)
N(17)-Ni(2)-N(18) 83.27(10)
Ni(1)-N(4)-Ni(2) 100.01(10)

the Ni—N,,qo—Ni—Ng,qo plane. The terminal azide
groups are quasilinear and coordinate trans to each
other, the N-Ni---Ni-N torsion angles being 180° for
1 and 177.52(8)° and 179.47(9)° for 2. The Ni---Ni dis-
tances in the dinuclear entities are 3.191(4) A for com-
plex 1 and 3.296(2) and 3.222(3) A for 2.

5. Magnetic studies

The variable temperature magnetic susceptibility mea-
surements were carried out in the temperature range

2-300 K. The ymT versus T plot for complexes 1 and 2
are given in Figs. 3 and 4. The experimental y\,7 value
is 2.6 cm® mol ! K for 1 and 2.96 cm® mol ' K for 2 at
300 K [a characteristic feature for a Ni'' ion with g close
to 2.30]. This value increases to 3.4 cm’mol ' K at
30 K and to 3.94 cm® mol ™' K at 10 K for complexes 1
and 2, respectively. Below 30 K (for 1) and 10 K (for 2)
the ym7 values decreases abruptly to 2.4 and
~3 cm® mol~! K at 2 K. The shape of the curve is typical
of intramolecular ferromagnetic coupling with the pres-
ence of either zero-field splitting (D parameter) and/or
intermolecular antiferromagnetic interactions (J'). Both
D and J' are strongly correlated and show same results
at low temperature. Thus, it was not possible to separate
them in any attempt to fit the experimental data [25]. So
two different approaches have been used to fit the exper-
imental data for 1 and 2: the first one was a full diagonali-
sation formalism introducing the single-ion D parameter
employing, thus, the spin-Hamiltonian H = —JSS1+
DI[S? — 1/3S(S + 1)] + gBHS., and the second one using
the molecular field approximation, with the intermolecu-
lar J' parameter, according to the method given by Kahn
with the Hamiltomian H = —JS|S| + gfHS. —zJ'(S.)S.
[26]. In both the approaches, the best J values were ob-
tained by minimizing the function R = 37 (4% — 45%)*/
> y,‘f}’s) By using the molecular field approach (neglect-
ing the D parameter), the best-fit parameters obtained
were as follows: complex 1; J=34.19 £ 0.7cm ™", z/J' =

2T/ ecm’mol" K

2,7/ cm’ mol K

0 50 100 150 200 250 300
T/IK
Fig. 3. Plot of y\T vs. T for complex 1 (a) assuming the J' parameter

without the D parameter and (b) assuming the D parameter without
the J' interaction. Solid line represents the best-fit curve.



2,7/ cm* mol" K

%, T/ cm® mol™ K

0 50 100 150 200 250 300
TIK

Fig. 4. Plot of y\mT vs. T for complex 2 (a) without considering the D
parameter and with the z'J’ parameter (intermolecular interactions)
and (b) assuming the D parameter without the J’ interaction. Solid line
represents the best-fit curve.

—0.29cm ™', g=2.174+0.01 and R =6 x 10~ and com-
plex 2; J=227cm™ !, z/J'=—-027cm ™!, g =2.35 and
R=1.5x10"*(Figs. 3(a) and 4(a)). By using a full diag-
onalization method with the D parameter (Figs. 3(b) and
4(b)), the best-fit was obtained with the following param-
eters: J=476+1cm™ !, D=84+05cm™ !, g=2.12
+0.01 and R=3x10" for complex 1 and J=
232em ', D=527cm ™!, g=225and R=12x10""
for complex 2. The zero-field splitting parameters of iso-
lated Ni(II) ions are usually large and lie in the range
4-8 cm™!' [27]. The plot of the reduced magnetization
(M/NPB) is shown in Figs. 5 and 6 for complexes 1 and
2, respectively. For complex 1, this curve is in good agree-
ment with the theoretical Brillouin function for two iso-
lated nickel(II) ions assuming g = 2.13 (average of the
two different fits). The coincidence of the curve can be
attributed to the positive J value and the negative J’
and D parameters having an opposite effect. The curve
of reduced magnetization does not follow the Brillouin
formula in the case of 2. At low fields, the experimental
points are above the theoretical ones but at high fields,
the experimental points lie below the theoretical curve.
This feature is indicative of the complication due to the
D parameter and the presence of ferromagnetic and anti-
ferromagnetic interactions.

Itisstated in the literature[12,28]that for a bis (p; 1-N3)
bridged dinuclear nickel(II) system the strength of

0 10000 20000 30000 40000 50000
H I Gauss
Fig. 5. Plot of the reduced magnetization (M/Np) vs. H at 2 K for 1.

Solid line represents the Brillouin function for two isolated Ni*" ions
with g =2.13.

M/Ng

0.54

0.0 4

0 10000 20000 30000 40000 50000
H ! Gauss

Fig. 6. Plot of the reduced magnetization (M/Np) vs. H at 2 K for 2.
Solid line represents the Brillouin formula for g =2.35.

ferromagnetic coupling between two paramagnetic cen-
ters mainly depends on the Ni—N,,qo—Ni angle, the
average angle being close to 101°. With this and similar
angles the coupling is ferromagnetic. In 1, this angle is
~99° and in 2 it is ~100°. The Ni-N,,i4o and Ni---Ni
distances are ~2.085 and ~3.191 A for 1 and ~2.12
and ~3.22 A for 2, respectively. Thus the structural
parameters corroborate the observed ferromagnetic
interactions in the two complexes.

In the solid state, in complex 2 the N(14)-H(14) and
N(17)-H(17) groups are involved in intramolecular
hydrogen bonding with N(12) and N(7) atoms, respec-
tively. The intramolecular hydrogen bonding could orig-
inate a small but not negligible coupling into the
magnetic exchange interaction. Hence, the weak cou-
pling generated by such hydrogen bonding may modify
the overall Ni-N,,;q,—Ni coupling in case of complex 2.

6. Conclusion

Two new complexes of the formula [NiZ(Ll)z( p1.1-N3)o-
(N3)2] (1) and [Nia(L?)a(t1,1-N3)2(N3)2] (2) have been
synthesized and characterized. These species represent
the first examples of an end-on azido bridged dinuclear
entity incorporating conformationally flexible reduced
Schiff base ligands. Variable temperature magnetic



moment measurements of the two complexes confirm
the ferromagnetic behavior in the solid state and in the
case of 2, the intramolecular hydrogen bonding modu-
lates the overall Ni-N,,;qo—Ni coupling. Our search for
new nickel(II) complexes with different reduced Schiff
base ligands and the study of their solid state behavior
is in progress.

7. Supporting Information

Crystallographic data for structural analysis have been
deposited with the Cambridge Crystallographic Data
Centre with CCDC numbers 272898 and 246819 for 1
and 2, respectively. Copies of this information may be
obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK, fax: +44 1223
336 033, or e-mail: deposite@ccdc.cam.ac.uk or www:
http://www.ccde.cam.ac.uk.
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