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Forewords

This dissertation includes design and synthesis of di and polynuclear Ni(II) complexes with
various flexible ligands followed by their proper characterization by various techniques and
the study of magneto-structural correlation of the resulted complexes. The major task in
designing these compounds largely depends on the judicial choice of the blocking ligands.
Schiff-base ligands are extremely useful for this purpose due to their ease of synthesis and
tremendous structural diversities. A large number of coordination compounds with Schiff
base ligands prepared by condensation of N-substituted diamine at one end, namely N,N-
dimethylethylenediamine with salicylaldehyde or pyridine-2-aldehyde, have been developed
with interesting magnetic properties. Surprisingly, only fewer report of structurally
characterized complexes with the Schiff base derived from an unsymmetrical triamine
namely, N,N-dimethyldipropylenetriamine, is available in the literature. In this context, we
intended to systematically develop the coordination chemistry of the transition metals derived
from this triamine, with the goal of their applications in diverse fields including magnetic
materials. Accordingly, in this present endeavour, we carried out the synthesis of tetradentate
Schiff  base  ligands  derived  from N N-dimethyldipropylenetriamine  and
salicylaldehyde/pyridine-2-aldehyde. Moreover, binucleating Schiff base ligands derived
from 2,6-diformyl-4-methylphenol (DFMP) and N, N-dimethyldipropylenetriamine were
employed to obtain high nuclearity clusters especially in the presene of azide briging ligands.
Efforts were made to prepare various ligands taking different substituted derivatives of
salicylaldehyde. Synthesized di and polynuclear Ni(Il) complexes of these ligands were
characterized by elemental analysis and IR spectroscopy and finally by X-ray diffraction
study. After the structural caracterization, the magnetic properties of these compounds were
examined. Finally, the magneto-structural correlation provides us enough information to
understand the basic magnetic phenomenon in these complexes and in turn enriched the field

of molecular magnetism.
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Abbreviation

: 2-aminoethylpyridine

: Antiferomagnetic

: 2-aminomethylpyridine

: 2-acetyl-2-thiazoline acetylhydrazone

: 2-acetyl-2-thiazoline semicarbazone

: 2,2"-bipyridine

: 2,2"-Bipyridyl amine

: 0-benzoquinone monoamine

: About

: Cambridge Crystallographic data

: Cambridge Crystallographic data Centre
: dicyanamide

: 2,6-diformyl-4-methylphenol

: Density functional theory

: time-dependent density functional theory
: N, N - Dimethylformamide

: Deuterated dimethyl sulfoxide

: End-to-End

: ethylene glycol

: ethylenediamine

: Electron paramagnetic resonance

: End-on

: Electrospray ionization-Mass spectrometry
: Electron spin resonance

: Extended X-ray Absorption Fine Structure



F : Feromagnetic

FT-IR : Furrier Transform Infrared Spectroscopy
HOBz : Benzoic acid

HOMO : Highest occupied molecular orbital

hs / HS : high spin

JT : Jahn-Teller distortion

Is/ LS : low spin

LUMO : Lowest occupied molecular orbital
LMCT : Ligand-to-metal charge transfer

MLCT : Metal-to-ligand charge transfer

Near-IR : Near-infrared

NMR : Nuclear magnetic resonance

OBz : Benzoate

ORTEP : Oak Ridge Thermal Ellipsoid Plot
PXRD : Powder X-ray diffraction

py : Pyridine

rt : room temperature

S-dept : N,N,N',N'-tetraethylpyridine-2,6-dithiocarboxamide
SCMs : Single chain magnets

SC-XRD : Single Crystal X-Ray Diffraction

SMMs : Single molecular magnet

SQUID : Superconducting Quantum Interference Device
Ty : Blocking Temperature

TEA : triethylamine

Terpy :2,2°;6°,2”°-Terpyridine

TGA : Thermogravimetric analyses

THF : Tetrahydrofurane



THMAM . tris- (hydroxymethyl)aminomethane

TMS : Tetramethylsilane

TPA : tris-(2-pyridylmethyl)amine

tren : 2,2 2"-triaminotriethylamine

TTF : 4,5-bis(2-piridylmethylsulfanyl)-4',5'-ethylenedithiotetrathiafulvene
UV-Vis : Ultraviolet-visible

VSM : Vibrating Sample Magnetometer

XANES : X-ray Absorption Near Edge Structure

ZFS : Zero-field splitting
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CHAPTER 1 General Introduction

1.1 General Introduction: Reviews of structural and magnetic

properties of di and polynuclear complexes

The development of di and polynuclear paramagnetic transition metal complexes are of
current interest due to their wide range of applications in various fields such as magnetism
[1,2], catalysis [3-5], luminescence [5-7], storage [8-9], nonlinear optics and sensors [10-13].
Studies of the magnetic interactions involving paramagnetic metal centers have become an
intense research area in recent years because some of these can function as single molecule
magnets (SMMs), which show magnetic hysteresis arising from slow magnetization reversal
due to a high energy barrier and thus behave as magnets below a certain blocking temperature
(Tg) [14]. Such tiny magnets have attracted particular interest in chemistry, physics, and
materials sciences because they show novel phenomena at the classical/quantum interface,
and because they are considered as promising nanoscale objects for, inter alia, future high-
density memory storage devices, spintronics, and quantum computing technologies [15].
Since the discovery of the first SMM, the dodecanuclear mixed-valent manganese complex
[Mn2012(0OAc)16(OH,)4] with St = 10 ground state by R. Sessoli and coworkers in 1993
[16], various derivatives of this so-called Mn;, archetype have been investigated, and much
effort has been devoted to the synthesis and characterization of new polynuclear clusters that
display slow magnetic relaxation behavior [17]. To date, the majority of SMMs have been
found among homometallic manganese clusters containing at least some Mn(IIl) atoms as a
transition metal, which is because such clusters often have large spin ground states as well as
large negative magneto-anisotropy associated with the presence of Jahn-Teller-distorted
Mn(III) atoms [18].

For obtaining a larger magnetic anisotropy, higher spin states and for a better understanding

of quantum tunneling effects, preparative chemists moved beyond the manganese complex.
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Herein we focused on di and polynuclear Ni(II) based complexes which may behave as

SMMs.

1.2 Choice of metal:

Here we carried out the synthesis and characterization of di and polynuclear complexes of
Ni(IT) with some monoimine and di-imine based Schiff base ligands in presence of azido and
different pseudohalides bridged ligands. Choice of this transition element to prepare di and
polynuclear complexes have been made due to the presence of partially field d-orbitals,
variable oxidation states and ability to form different coordination geometries with mono, di
and polynuclear complxes [19-20]. Among the transition metals, Ni(Il) deserves special
mention due to its large single-ion zero-field splitting, and as a consequence numerous di-
and polynuclear Ni(Il) complexes with interesting magnetic properties have been derived
[21-23]. Frthermore, due to the presence of unpaired electron in d-orbital of Ni(II) centre and
also the presence of azido and different pseudohalides bridging ligands with their various
coordination mode allowed the spin-spin interaction within the di or polynuclear Ni(Il) centre
in the complexes resulting the formation of complexes with significant diversity in structure
and magnetic properties such as complexes with ferromagnetism [21], antiferromagnetism
[22], ferrimagnetism [23] etc. Moreover, eminent choice of Ni(Il) complexes are also due to
their various application such as catalysis [24], remarkable role in biochemical process (as the
nickel centers are present in the active site of the enzyme urease) [25] and anticancer
activities and different technological and industrial application [26].

A remarkable evolution has been taken place in recent era in the field of single molecular
magnetisms (SMMs). Researchers shifted their attention towards the understanding of the
mechanism of magnetic coupling [14-15] in SMMs and the development of the process to
prepared new paramagnetic di and polynuclear metal clusters with high spin and strong

anisotropy. [16-17]
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Pseudohalide bridging ligands are excellent for obtaining these types of metal clusters.
Among all the pseudohalide bridging ligands, the azido ligand is the most common in linking
divalent transition metal ion and other pseudohalide anions are very few.

Hence in the present work we focused on the synthesis and charaecterisation of di and
polynuclear Ni(Il) complexes with various Schiff base ligands in presence of pseudohalides

as exogenous bridging ligands.
1.3 Choice of Ligands:

Different Schiff mono- and di-base ligands have been used to synthesize di and polynuclear
Ni(Il) complexes by various research groups worlwide. Schiff base ligand was first
synthesized by Hugo Schiff in 1864 using condensation reaction between aniline and
different aldehyde including acetaldehyde, valeraldehyde, benzaldehyde and cinnamaldehyde

etc (Scheme 1.1) [27].

©/NH2 0= N=
"0 — 070
Scheme 1.1: Schematic diagram of synthesis of Schiff base ligand

After that the name “Schiff base” was used for the above type of imine-based ligands for the
honor of the chemist Hugo Schiff. In coordination chemistry Schiff base ligand was first
used by Middleton et al. [28] in 1923 and since that this type of ligands became preeminent
choice to the chemist to prepared different type organometalic complexes. Several works
have been carried out by different groups of chemists taking this type of ligand and for this
purpose they prepared different type of Schiff base ligand varying amine and aldehyde.
Diversities in structural and magnetic properties of Ni(Il) complexes depends on various
factors. Stereochemical orientation created by the blocking ligand around the metal centre is
one of them and that’s why choice of blocking ligand is very important. Schiff base ligands

has a ability to form di and polynuclear Ni(Il) complexes with diverse decoration and
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magnetic properties [29]. Their paramount choice is also due to their ease of synthesis and
chemist can also bring varieties by varying the substituent either in amine part or in aldehyde
part of the Schiff base ligands. Metal complexes decorated with Schiff base ligands has also
wide application like in model study for biological oxygen carrier, oxygen transport, metallo-
enzyme, anti neoplastic [30], antibacterial, antifungal, in catalysis [31] and magnetism [32]
and in medical imaging [33]. Diverse magnetic behavior of Ni(Il) complexes not only
depends on the Schiff base ligand but also in the nature, bridging mode and orientation of the
different exogenous bridging ligands like pseudohalide ions. In our work azido and different
pseudohalides bridged ligands were employed for the synthesis of di- and polynuclear Ni(II)
complexes due to their diverse magnetic properties. These ligands also show varieties of
coordination fashion which enable us to prepare the Ni(Il) complexes with versatile magnetic
properties. The important coordination modes of azido ligand are p,3-N3 (end-to-end) and

u1,1-N3 (end-on), py 13-N3, pi,1,1-N3, 1i,1,1,1-N3, Hi,122-N3, and py 1,1333-N3 (Scheme 1.2) [34].

M
MNTN=NQ "N—N—N N—N—N_
/
M M M M M
N 7/
ey (IT) N—N—N
(IID)
M M M M
N N\ ’
N—N N\M/N—N—N M—/N—N—N N—N—N
M
(IV) V) (VD)
M\ /M MM\ M\ ’M
ON—N—N_ y=N—N—N M—N—N—N_-M
M M M
M vn (VIID) (IX)

Scheme 1.2: Different azido bridging mode
Among the above-mentioned co-ordination mode, end-on (IV) and end-to-end (III)

coordination modes are frequently observed in di and polynuclear complexes of paramagnetic
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metal ions. The magneto-structural corellation of polynuclear and dinuclear Ni(I) complexes
with pseudohalides bridging ligands have been extensively studied as they mediate an
efficient magnetic coupling interaction between the paramagnetic metal ions [35-36].
Furthermore, investigation by various research groups revealed that the end-on azido bridging
mode (u;;) shows ferromagnetic coupling whereas end-to-end mode (u;3) shows an
antiferromagnetic coupling interaction between the Ni(Il) ions [37]. However, ;3 bridging
mode of thiocyanato ligand with Ni(II) ions exhibit a weak ferromagnetic interaction [38-46],
and 3 bridged cyanato ligand shows mixed behavior [47-50]. Magnetic susceptibility
studies have been established that the p;s dicyanamide bridges mediate a very weak
antiferromagnetic interaction between the Ni(Il) centers [51]. Thus, the diverse magnetic
properties of molecular materials can be achived by incorporation of the various bridging
modes of the pseudohalide ligands. Different type of Schiff base ligands used for the
synthesis of different di and polynuclear Ni(II) complexes reported in the literature classified

in the following subsections.

1.3.1. Monoformyl phenol based ligand:

1.3.1.1. Monoamine based ligand:

R OH
N)\ N OH

| OH OH ¢ OH | OH
OH OH OH OH
OMe Cl
H2L1 H2L2 (R=H) H2L4 H4L5
H,L3 (R=Et)
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1.3.1.2. Symmetric diamine based ligand:

N NH, N N
OH
OH HO
OMe MeO
HLS H,L7

1.3.1.3. Unsymmetric diamine based ligand:

R.__N NHMe M [ NMe,

N NMe, N NMe, Me. N
OH OH OH OH

HL® (R = H) OMe
= HL'0 12
HL® (R = Me) HL" HL

— AN
N N N|% l [ j\o/ l/[ j\o/
| Cl. i J N~ N OH N OH
OH

HL13 N
14
HL % HL15 % HL16

1.3.1.4. Amino-phenolate based ligand:

C(:NDNOZ —NDN%

OH HO OH HO
o

H,L17 H,L '8
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1.3.2. Diformyl phenol based ligand:

Me Me Me
I I I I I I
N OH N O OH N O OH N OH
C J J o
OH HO HO HO
H3L19 H2L20 H4L21
Me
HO NI OH IN I |
OH N OH N____
HO o o OH —N N—
/N (0] (@] N\
Ph Ph
H7L22 HL23
1.3.3. Pyridine-2-aldehyde based ligand:
]
N
R
~ /N\/\/N\/\N/\/\N/
X N | N
4
L24(R = H) 126
L25(R = CH,)
R _(CHa)n_ _ R
_ 4
(PN A NMesCl TN VR
H P
HL30 n=2 R=H, L¥
n=2, R=Ph, L%
n=3 R=H, L¥
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1.4. Different dinuclear Ni(I) complexes:

1.4.1. Di-nuclear Ni(II) complexes with monoformyl phenol based Schiff
based ligand:

1.4.1.1. Dinuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from monoamine base:

Mohanta et al. [52] reported the structures and magnetic properties of pseudohalide bridrged
dinuclear Ni(I) complexes in which the blocking ligand H,L* was prepared by condensation
of 3-methoxysalicylaldehyde with 2-aminoethanol (Scheme 1.3). The dinuclear complex
[Niz(HLz)g(}ll,l—Ng)]'3H20 (1) consists of an end-on (p-1,1) azide bridging and a phenoxo
bridging between the two Ni(Il) centre, and in the dinuclear Ni(Il) complex [Nig(HL2)3(p1,1—
NCO)]-2H,O (2), p-1,1 cyanato and phenoxo bridge the metal centres. Magnetic study

reveals that complexes 1 and 2 show ferromagnetic interaction between the Ni(II) centres.

(@ - R
| ° N o OMe
[N OH (

OH OH (HL?)"

H,L2
Ni(ClO,),.6H,0 + Ni(ClO,),.6H,0 +
EtsN + NaN; Et;N + NaOCN

\/ \\/

bbo

Schemel.3: Synthesis of 1 and 2
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Hazra et al. [53] also reported the synthesis, structure and magnetism of a dinuclear Ni(II)
complex [Niz(HLz)g(uLl-NCO)]'2H20 (3) using the Schiff base ligand N-(2-hydroxyethyl)-3-
methoxysalicylaldimine (H2L2). In complex [Niz(HLz)g(uLl-NCO)]-2H20 (3), two Ni(II)
centers are held together by an exogenous p1,1-NCO bridging unit together with endogenous
bridging phenolate group (Scheme 1.4). Complex 3 shows weak ferromagnetic interaction

between the two Ni(Il) centers.

Scheme 1.4: Structure of the ligand H,L* and the complex 3
Donmez and his group [54] reported the synthesis of a dinuclear Ni(II) complex, [Nix(p; -
N3)2(HL4)2(MeOH)2] (4), using Schiff baser ligand H,L* (Scheme 1.5). H,L* was prepared by
the condensation between 3,5-dichlorosalisaldehyde and 3-aminopropanol. Single crystal X-
ray diffraction study revealed that double end-on azide-bridge is present in the complex
between the two Ni(Il) centre. They also reported variable temperature magnetic
susceptibility measurements that reveal the presence of a ferromagnetic interaction between
the metal centres through double end-on azide-bridges. They also performed solid state
photoluminescence measurements at room temperature for the Ni(I) complex. From this
experiment, it was observed that the complex shows a strong green emission at Ayax = 508 nm

whereas the free ligand H2L4 shows a broad yellow emission band at Ap,, = 594 nm.

10



CHAPTER 1 General Introduction

H m
cl o) /\ MeOH ¢l —N OH
+
OH HoN OH \T:;:Ii;;

Cl
Cl H,L4

MeOH

NN,
2 /

Cl

N3\
\ -

N3 /
(0]

Cl Cl

Scheme 1.5: Synthesis of the complex 4

Liu and his co-workers [55] reported the synthesis of pseudohalide bridged Ni(Il) dinuclear
complexes along with their magnetic studies. They prepared two tridentate ligand H,L* and
H,L’ by condensation between o-vanillin and 2-aminoethanol or 2-aminobutan-1-ol
respectively. These ligands were subjected to react separately with NiCl, in presence of azide
to prepare two Ni(Il) dinuclear complexes [Niz(HL2)3(u1,1-N3)].2H20 (5) and
[Niz(L31)(HL3)2(M1,1-N3)].H20 (6) (Scheme 1.6). In these two complexes aizde ion was
bridged as an end-on (p;,1-N3) mode between the two Ni(II) centers. Magnetic susceptibility
measurement indicates that all these complexes show ferromagnetic coupling between the

metal centres.

11
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N *
~ H ok
OH MeO oy OH

OMe OH O
OMe
2_ HL31
H,L* = (E)-2-((2-hydroxyethylimino) H,L3 = (E)-2-((1-hydroxybutane-2-ylimino)
methyl)-6-methoxyphenol methyl)-6-methoxyphenol
HO MeQO HO MeO
_\_ OMe _\_ OMe
OMe \ / AN . Me / AN ' /
S S
HO\) HO\/L
Et
H,O Et H,0
5 6

Scheme 1.6: Relative structure of the ligands and complex 5 and 6

1.4.1.2. Dinuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from symmetric diamine base:

Banerjee et al. [56] synthesized a dinuclear Ni(IT) complex, [Nia(L),(H,O0)(NCS),]-3H,0 (7)
(Scheme 1.7). The tridentate Schiff base ligand [HL® = N-(3-aminopropyl)salicylaldimine]
was derived from the condensation reaction between salicylaldehyde and 1,3-
diaminopropane. In the said complex, two Ni(I) metal centres were linked by two p,-
phenoxo bridges together with a bridging aqua ligand. Each Ni(II) atom in the dinuclear
complex posseses a distorted octahedral geomatery where the Ni—O bond distance and the
Ni—O-Ni bond angle related to bridging aqua ligand were 2.240(11) A and 82.5(5)°,
respectively. The magnetic susceptibility measurement reveals that the ferromagnetic

coupling is operative between two Ni(IT) metal centres in the complex 7 with J=3.1 cm .

12
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NH, 0— O N
SCN._ \/// s
N‘/ o H,N
H,0
7

Scheme 1.7: structure of the complex 7
Bahron and his group [57] reported the synthesis and medicinal application of the dinuclear
Ni(ID) complexe Nix(L7) (8) L’ =6,6’-dimethoxy-2,2’-[o-
phenylenebis(nitrilomethylidyne)|diphenolato] in which two Ni(I) centre posses square
planar geometry as shown in Scheme 1.8. The Niy(L") complexe showed diamagnetic
character and it has low molar conductivities in acetonitrile solvent which indicate
nonelectrolytic behaviour of the complex. They also examined the anticancer activity of the
complex in human colorectal cancer HCT116 cell lines and ovserved the potency of the

complex with an IC50 value of 0.81 uM.

2 OH * Q e - 2Ni?* =N AN
— RN
1hr o (o}
ocH. HeN  NH OH HO Ethanol : Chloroform A
3 -~ T~0

OCH; H,CO 3 hr Q

H,L7 8

Scheme 1.8: Synthesis of dinuclear complex Niy(L") (8)




CHAPTER 1 General Introduction

1.4.1.3. Dinuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from unsymmetrical diamines:

Recently Ghosh et al. [58] prepared a series of dinuclear Ni(II) complexes using a Schiff base
ligand, HL® (2-[(3-Methylamino-propylimino)-methyl]-phenol), and some polyatomic
monoanions like N3, NO, , NO; , PhACOO etc (Scheme 1.9). Among all these complexes,
the dinuclear complex [Nis(L¥)2(N3)2(H20),] (9) has di-u;; -azido bridges between the two
Ni(II) centers. Both complexes [Niy(L*),(NO3),] (10) and
[Niy(L*),(0,CPh)(CH30H),]C104.0.5CH;0H (11) consist of di-p,-phenoxo bridging units
where as an additional bridging benzoate ligand is present in complex 11. Both the Ni(II)
centers in this complexes have distorted octahedral geometry and a ferromagnetic coupling
was operating between two metal centers within the dimer and a intradimer antiferromagnetic
ineraction was observed in 9. Complexes 10 and 11 experience an intradimer

antiferromagnetic interaction.

QHMe

_N N
OH 1) Ni(CIOy), * 6H,0 C /
2) NaN; (A C /

(HL:Ni**:A=1:1:1) 0

1) Ni(CIO,), * 6H,0/ EtsN

2) PhCOOH (A)
(HL8:NiZ*:A =1:1:1)

HL8

Ni(NO3),.6H,0

(HL8:Ni#*=1:1) Ph

Scheme 1.9: Synthesis of complex 9-11
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Naiya et al. [59] reported the synthesis of a Schiff base ligand, HL’ and two dinuclear Ni(II)
complexes, [Niy(L?),(NO,),] (12) and [Niz(L9)2(NO3)2] (13) (Scheme 1.10 and Scheme 1.11).
The Schiff base ligand, was prepared by a general condensation reaction between 2-hydroxy
acetophenone and N-methyl-1,3-diaminopropane (Scheme 1.10). The two Ni(Il) ions posses
distorted fac- and mer-octahedral geometries in complexes 12 and 13, respectively. In both
the complexes, two Ni(Il) ions were bridged by two p,-phenolate ions where bidentate nitrite
and nitrate co-ligand were present in the complexes 12 and 13, respectively. X-ray diffraction
study revealed that the centra Ni,O, core remains in the same plane with the phenyl rings of
the Schiff base ligand in complex 12 where as in the complex 13 they almost perpendicular

to each other. This observation was correlated by DFT calculations.

CH3 3

CH
H,N
0 V\ MeOH, rt, 1 hr XN
+ HN
OH CHs OH H[T]

CHj3

Scheme 1.10: Synthesis of the ligand HL’
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CHs

00 o N
1.Ni(ClOg),.6H,0  Hac ‘/ \ /
MeOH, rt, 10 min  ° >\ N
NaNO, in / \ /
MeOH H20(91)

OH HN
CHs
\ O\\

0 N
Ni(NO3),.6H,0 MG O\‘/ \ / @

r.t, 30 min i—/ \ / <§H\CH3
Nl o) O\N/
\
HsC \O
13

Scheme 1.11: Synthesis of the complex 12 and 13

Biswas et al. [60] prepared three dinuclear Ni(I[) complexes, [Nix(L'*),(NOs),] (14),
[Niy(L'%), (NO,),] (15) and [Niy(L'’), (CH;COO),(H,0)] (16), using a tridentate ligand HL"
which was synthesised by the condensation between N, N-dimethylpropane-1,3-diamine and
salisaldehyde (Scheme 1.12). The co-ligand nitrate, nitrite or acetate ion was used during the

synthesis of these complexes. X-ray diffraction study revealed that the Ni(Il) ions in all the

16
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three complexes present in distorted octahedral environment. In complexes 14 and 15, two
Ni(I) atoms were joined by two p,-phenoxido-bridging ligands, and nitrate and nitrite ions
act as bidentate co-chelating ligands. Where as in complex 16 two Ni(Il) atoms are
coordinated by two u,-phenoxido bridging ligands and a bridging aqua ligand and
monodentate acetate anion as a co-ligand. Magnetic susceptibility measurements revealed
that complexes 14 and 15 exhibit the antiferromagnetic behavior whereas complex 16 show
the ferromagnetic coupling between the metal centres. They also established a nice
magnetostructural correlation considering bond lengths and bond angles, which was further

supported by the DFT study.

HsC
o ()
Hc:m\ 1. Ni(OAC),.4H,0 °\ PNy

3

HsC — I 0
HO 2. NEt; (L'YNi2* = 1:1) / HS0™H N\

N\j 0%

HL10

. 2. NaNO, (A)

1. Ni(NO3)2.6H0 3. NEt; (L'UNiZ*/A = 1:1:1)

2. NEt;

(LTONi?* = 1:1)

Scheme 1.12: Synthesis of complex 14-16
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Sinha and his co-workers [61] synthesized Ni(Il) dinuclear complex bridged by the end-on
azide ion and reported the magnetism and biological study of the synthesized complex. They
reported that when Ni(II) perchlorate was subjected to react with the ligand HL'' (a
condensation product of o-vanillin and N,N-dimethylethylenediammine) and NaNj in
methanol at room temperature, it afforded dark brown crystalline compound of [Ni(L'")(u 1
N3)Ni(L')(OH,),].C104 (17) where HL'! = Me,N(CH,),N=CH-CsH3(OH)(OCH3) after slow
evaporation (Scheme 1.13). The geometry of the complex is distorted octahedron around the
Ni(II) centres and a ferromagnetic interaction between the two Ni(Il) centers prevails. They

also reported that the complex exhibits anti-cancer and anti-microbial activities.

Scheme 1.13: Structure of the complex 17

Mohanta et al. [52] reported pseudohalide bridrged dinuclear Ni(Il) complexes with their
structures and magnetic properties. In this context, they prepared different Schiff base ligands
by condensation procedure. Ligands HL'> and HL'® were prepared by condensation of 3-
methoxysalicylaldehyde separately with 1-(2-aminoethyl)-piperidine and 4-(2-aminoethyl)-
morpholine, respectively (Scheme 1.14). In dinuclear complexes [Nig(LlS)z(uM-

N3)(N3)(H,0)]-CH;CH,OH (18) and

18
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[Nio(L)-(pt1 1-N3)(CHsCN)(H,0)](Cl04) - H,0-CH3CN  (19), two Ni(I) centres are held
together by an end-on (p-1,1) azide bridge and a phenoxo bridge. Magnetic study revealed

that complexes 18 and 19 show the ferromagnetic interaction between the Ni(Il) centre.

l
Il
/N

voG N

o)
HL15 HL16
LS /HL'
Ni(ClO4),.6H,0 + Et3N + NaN;

Scheme 1.14: Synthesis of the complex 18 and 19

Das and his reseach group [62] developed a method to synthesise a novel dinuclear Ni(II)
complex, [Nir(L'),(NCS)(AcO)(H20)o.5(MeOH)os]. 1.25H,0 (20), using ligand HL' (HL"
= 2-((E)-(2-(pyridin-2-yl)ethylimino)methyl)-4-chlorophenol) (Scheme 1.15). Structural

analysis showed that two Ni(Il) ions are linked two u >-diphenoxo bridging groups and one

19
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1 —acetato bridging ligand with the metal-metal separation of 3.099 A. Magnetic

susceptibility measurements indicate that the complex exhibits an intramoleculear

ferromagnetic interaction through the diphenoxido and a syn-syn acetato bridges.

Cl
Cl

\/\\/

e Qg;;xm

Scheme 1.15: Showing the structure of the ligand HL'* and the complex 20

HL14

Garcia and his co-worker [63] prepared a dinuclear Ni(Il) complex,
[Niy(L")2(HL"?),(NCS)2(CH30H),].2CH;0H (21) using Schiff base ligand HL'? which was
prepared by condensation between salicylaldehyde and 3-aminomethylpyridine (Scheme
1.16). A distorted octahedral coordination environment was developed around each Ni(II)

centre by a methanol molecule, a linear isothiocyanato co-ligand and the Schiff base ligand.

20
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Scheme 1.16: Showing the structure of the complex 21

1.4.1.4. Dinuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from aminophenol:

Nayek et al. [64] prepared a new Schiff base ligand (H,L'") from Salicylaldehyde and 2-
amino-4-nitrophenol (Scheme 1.17). When Ni(NOs),.6H,O was subjected to react with the
Schiff base ligand in DMF in presence of Et;N base, a precipitate was obtained which on
recrystalisation from CH,Cl,-MeOH-DMSO generated a dinuclear Ni(II) complex,
[Niy(L'")2(DMS0)2(MeOH),] (22) (Scheme 1.18). Single crystal X-ray diffraction study
explored the structure of complex 22 in which Ni(Il) ions were joined by two p,-phenoxo
bridiging ligands. The complex shows the ferromagnetic coupling between the two Ni(Il)

ions present in the complex. They also investigated its thermal stability and optical

N02 NOZ
NS NS
S e
OH OH o (0]

H2L17 (L17)2-

properties.

Scheme 1.17: neutral and deprotonated form of H,L'”
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Scheme 1.18: Synthesis of the complex 22

The same group also [65] reported synthesis of similar type of Schiff base ligand (H,L'®)
from o-vanillin and 2-amino-4-nitrophenol (Scheme 1.19). By employing this Schiff base
ligand, they prepared a dinuclear Ni(II) complex, [Ni, (L'*),(H,0)s]-2DMF-3H,0 (23) in
which Ni(II) ions were joined by phenoxo and aqua bridiging ligands (Scheme 1.20). They

also investigated its thermal stability and optical properties.

NO,
NO,
CHO
+ Tolune, EtOH \N
OH H,;N Reflux, 2h OH
OMe OH OH
OMe
Scheme 1.19: Synthesis of the ligand H,L'®
OHC—-NMe,

NO,

MeO
OZNQ\O\ /
S Ni(NO5),.6H,0 N0 \N NO
2
" OH Et;N, DMF, rt 2 /\/\/D/
OH 3% ’ o) Hz/ \0
H,0

OMe H20

OMe OH,

23

Scheme 1.20: Synthesis of the complex 23
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1.4.2. Dinuclear Ni(II) complexes with diformyl phenol based Schiff base
ligand:
Abid et al. [66] developed a procedure for the synthesis of a Ni(Il) binuclear complex (24)

with a dinucleating Schiff base ligand having N,Os donor sites (Scheme 1.21 and Scheme
1.22). The ligand was prepared using 2,6-diformyl-4-tert-butylphenol and 4-aminoantipyrine.
In the complex, the Ni(Il) centres reside in square pyramidal environment where two Ni(II)
centres are joined by p,-phenoxo bridiging unit. The complex was found to be a non-
electrolyte as suggested by the molar conductivity measurement in DMF solvent, which

indicates that the all chloride ions present inside the first coordination sphere.

CHs H,N  CH;,
H;C——CH, —
0= NcH, EtOH
+ HsC
H H Water bath (3h) —
O OH O H3C-N,
N [0} o N

(2 equivalent) @

Scheme 1.21: Synthesis of the ligand HL*

H4C CHs

| ci |
S N A

hY \o/ \CI/. \o/ N
cl

H3C"‘N N\CH3

24

Scheme 1.22: Structure of the complex 24
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Ray et al. [67] also employed diformyl based Schiff based ligand (HsL') for the synthesis of
Ni(1l) dinuclear complexes [Nio(HL*)2(H,0)4](OOCCE3), (25)
[Niy(HL*"),(H,0)4](OOCCH,CI), (26). The Schiff base ligand was prepared from DFMP
(2,6-diformyl-4-methylphenol) and 2-aminoethanol. They reported that Schiff base ligand
H,L* was generated in sifu during the reaction course via hydrolysis of one arm of H;L"
ligand in presence of Ni(Il) salt in aqueous medium (Scheme 1.23). Both complexes have
similar structures and Ni(Il) ions have octahedral geometry with OsN hexa-coordination
environments (Figure 1.1). Two Ni(II) centres in both the complexes were joined by two p,-

phenoxo bridiging groups. Both the compleses show strong antiferromagnetic coupling.

4
o
I
>—
o
o
m
4

[OH HOj HOj
H3L19 H2L20
Ni%*/ H20,
| | | |
[N OH Nj hydrolysis O OH Nj
OH HO HO

Scheme 1.23: Synthesis of the ligand H,L*® from H;L"
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Figure 1.1: ORTEP diagrame of the complex 25

1.4.3. Dinuclear Ni(II) complexes with pyridine-2-aldehyde based Schiff

base ligand:

Chandra et al. [68] prepared a series of Ni(Il) dinuclear complexes,
[Nio(L*)o(N3)2](ClO4), HoO  (27), [Nia(L*)2(N3)](ClOg)2 (28), [Nio(L*):(NCS)s] (29),
[Niy(L**),(NCO),](Cl04)> (30), [Niy(L*)(NCO),](Cl04), (31) using pyridine-2-aldehyde
based Schiff base ligands L?’, L**, and L*’ in presence pseudohalide (N3~, SCN™, and NCO")
co-ligands (Scheme 1.24). Among all the complexes, Ni(II) atoms are joined by end-on (EO)
pseudohalide bridge in 27, 28, 30, and 31 where as in complex 29 there is no pseudohalide
bridging but the Ni(Il) atoms are bridged by the tetradentate ligand. Magnetic study explored
that the pseudohalides bridged complexes showed ferromagnetic coupling interaction
between the Ni(II) centres. They correlate their observation by density functional theory

calculations.
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Scheme 1.24: Structure of the ligand L27, L28, and L* and complexes 27-31

Saha et al. [69] also reported the synthesis of two novel Ni(Il) dinuclear complexes,

[Nio(L**)5(p1,1-N3)2(N3)2] (32) and [Nia(L*)a(15-NCS)2(NCS),] (33) using aminoquinoline-
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based Schiff base ligands (L** and L*°) having tridentate Ns-donor sites in presence of
pseudohalides, N5~ and SCN— (Scheme 1.25 and Scheme 1.26). In both the complexes, Ni(II)
ions attain an octahedral geometry. In complex 32, two Ni(I) ions are joined by doubled end-
on azide bridges where as in 33 the metal centres are connected by the end-to-end
thiocyanato bridges. Both the complexes show a weak ferromagnetic coupling between the

metal centres through pseudohalide bridges.

Ni(NO3),.6H,0, NaN
XN 3)2-6H; 3 .
[Niz(L24)(h1,1-N3)2(N3)2] (32)
N~ MeOH, Stirring-4h, rt

R__N

~ "N

S Ni(NO3),.6H;0, NaSCN

[Ni(L")2(14,3-NCS)2(NCS),] (33)

L2 (R = H) MeOH, Stirring-4h, rt

L2 (R = CH3)

Scheme 1.25: Synthesis of the complex 32 and 33

N
N NCS
oY% PN
SN, N\ s \ N—CH,
Ny H;C \ / Y

& =

32

Scheme 1.26: Structure of the complex 32 and 33
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Sain et al. [70] afforded the complex [Niz(L26)(N3)4] (34) when Ni(NOs), was subjecrted to
react with the hexadentate Schiff base ligand L, obtained by condensation reaction between
2-benzoylpyridine and N,N -bis-(3-aminopropyl)ethylenediamine, in presence of NaNj
(Scheme 1.27). Ni(Il) centres in the complex experience a distorted octahedral geometry with
NiNg coordination environments. The two Ni(Il) ions are joined by doubled end-on azido
bridges. Magnetic measurement revealed that the complex show the ferromagnetic magnetic

coupling between the two Ni(Il) centers.

7 |
N
N §
~
AN N \/\N/\/\N
B
/
L26

5\ \/h

N3

H3C_CN
34

Scheme 1.27: Structure of the ligand L*® and the complex 34

Romanovi¢ et al. [71] reported the synthesis, magnetic studies with DFT calculation of
dinuclear Ni(IT) complexes having end-on azido bridge. When the ligand HL* (prepared by
condensation reaction between 2-quinolinecarboxaldehyde and trimethylammonium
acetohydrazide chloride) was allowed to react with Ni(BF,4),-:6H,0 and sodium aizde (1: 1: 4

molar ratio) in methanol solvent, yielding a complex [Nig(L30)2(u1,1-N3)2(N3)2] (35) (Scheme
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1.28). Their DFT calculation and explanation about the ferromagnetic interaction between the

Ni(II) centers (intra-dimer coupling) in the complex resembled with the experimental results.

7\
N O HyC Ni(BF N=
3G CH;, i(BF4)2 ® 6H,0, PN /
NN o T Nalg MeOH /N\/Nizi /Ni2+/N\
H 3 ! N \ N
\ N \ -
CH3 - N N3 CH3
+ 1l - T+
30 HsC-N N N=CHy
CH, CH,

Scheme 1.28: Synthesis of the complex 35

1.5. Different polynuclear Ni(Il) complexes:

1.5.1. Polynuclear Ni(IT) complexes with monoformyl phenol based Schiff

base ligand:

1.5.1.1. Polynuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from monoamine base:

Hazra et al. [53] reported the synthesis, structure and magnetism of a cubane type Ni(Il)
tetranuclear complex  [Nig(L?),(HL?),-(SeCN),(H,0),]-C;H/,NO-4H,0  (36) using a
tetradentate  Schiff base ligand, N-(2-hydroxyethyl)-3-methoxysalicylaldimine (H,L?)
(Scheme 1.29). Complex 36 attains an octahedral geometry around the Ni(II) centres with
cubane type NisO4 core in which four Ni(Il) atoms are joint together by two ps-phenoxido
and two ps-alkoxido bridges. The said complex shows an overall weak ferromagnetic

interaction.
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Scheme 1.29: Structure of the ligand H2L2 and the complex 36
Liu and his co-workers [55] also reported the synthesis of a Ni(Il) tetranuclear complex with
its magnetic studies. They prepared a tridentate ligand H,L* by condensation between o-
vanillin and 2-aminoethanol. These ligands were subjected to react with NiCl, in presence of
thiocyanate to afford a tretranuclear complex [Ni,(HL? )(L*)(NCS)(MeOH)]»(C,HsOH) (37)
(Figure 1.2). In this complex four Ni(II) atoms are linked together by two ps-phenoxido and
two ps-hydroxido bridges. Magnetic susceptibility measurement indicated that the complex

shows ferromagnetic coupling.

\N/\

OH
OH
OMe

H,L?2 = (E)-2-((2-hydroxyethylimino)
methyl)-6-methoxyphenol

Figure 1.2: structure of the ligand H,L? and ORTEP diagrame of the complex 37
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1.5.1.2. Polynuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from unsymmetric diamine base:

Mohanta et al. [52] reported end-to-end azido bridrged tetra nuclear Ni(II) complexs with
their structures and magnetic properties. In this context, they prepared two Schiff base ligand
HL*? and HL* by condensation of salicylaldehyde with 1-(2-aminoethyl)-piperidine or 4-(2-
aminoethyl)-morpholine, respectively. The two Ni(Il) tetranuclear complexes having the
formula [{Ni"(L*?*)(u; 3-N3)(H,0)}4] (38) and [{Ni"(L**)(u; 3-N3)(H,0)}4] (39) have end-to-
end (pu-1,3) azide bridge between the Ni(Il) centers (Scheme 1.30). Magnetic study revealed
that complex 39 shows ferromagnetic interaction where as compound 38 exhibits

antiferromagnetic interaction between the Ni(Il) centre.

HL32 / HL33 o)

2
Il
If
2

HL33

Ni(ClO4),.6H,0 + Et;N + NaN;

<8 ”
N
NP ol
1 No < ™
N N
\N (0] N/

\_/ 38/39

Scheme 1.30: Synthesis of the complex 38 and 39
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Ghosh et al. [72] prepared complexes [Ni3(L10)2(OAc)2(u1,1-N3)2(H20)2]~2H20 (40) and
[Niz(LlO)z(ul’1-N3)([,L1,3-N3)]n (41) by reacting (2-[(3-dimethylaminopropylimino)-methyl]-
phenol) (HL'®) with Ni(II) acetate (for 40) or perchlorate (for 41) in presence of sodium azide
(Scheme 1.31). Complex 40 is a linear trinuclear complex of Ni(Il) ion where two termial
Ni(Il) ion and one central Ni(I) ion are connected through p,-phenoxido, p; ;- azido and
acetato bridges. Where as complex 41 is a zigzag chain of dimeric Ni, units. In this chain
structure, two Ni(Il) ions in the dimeric Ni, units are joined by two p,-phenoxido and one
w,i- azido bridges and each dimeric Ni, units are connected to each other by p,3- azido
bridge to form the zigzag pattern. Complex 40 shows ferromagnetism whereas 41 show
ferromagnetic behavior w.r.t the triply ridged Ni, unit and an antiferromagnetic behavior

corresponding to end-to-end (EE) azido bridging. CH
3

HCN N 1 Ni(OAc)4H,0  H0  § ' N

Fo e I
=G S

HL® U Ns O\( "0
1. Ni(ClO,),.6H,0
2. NaN; 40 Chs
3. NEt,

/
~

N
NS o HRNas

N

Scheme 1.31: Synthesis of the complex 40 and 41
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Recently the same group [61] mentioned above also reported the synthesis of trinuclear Ni(II)
complex, [Ni3(L8)2(02CPh)4] (42), and a polynuclear complex, [Niz(Lg)z(NOZ)z]n (43) using a
Schiff base ligand, HL® (2-[(3-Methylamino-propylimino)-methyl]-phenol) along with co-
ligand NO, or PhCOO (Scheme 1.32). Complex 42 has a linear trinuclear structure in
which three Ni(II) centres are joint together by p,-phenoxo and carboxilato bridges. Where as
complex 43 form a one dimentional chain in which two Ni(Il) ions in the dimeric Ni, units
are joined by two p,-phenoxido and a cis-(p-nitrito-1x0:2xN) bridges and each dimeric Ni,
units are connected to each other by trans-(p-nitrito-1xO:2xN) bridge. Complex 42
experiences ferromagnetic coupling where as an alternating intra-chain antiferromagnetic

interaction was observed incomplex 43.

/N

o 1) Ni(CIOg),* 6H,0/ Et;N “3 0 O
AN
—
Q‘/\/\/
HL® o~ O
o—\
Ph

o
1. Ni(ClOy4),.6H,0 Y

2. NaNO, (A) Ph
(HL8: N2*: A =1:1:1) 42

2) PhCOOH (A)

Scheme 1.32: Synthesis of the complex 42 and 43
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Chattopadhyay et al. [73] synthesized a tetranuclear Ni(I) complex of the formula
[{Ni(L'")2(p1.1-N3)(H20) } (1.3-N3) {Nia(L'a(p1,1-N3)(H,0)} JC104.CH;OH  (44) in  which
two pseudo-dinuclear Ni, units were linked by a p,3-azide bridge and the two elongated
octahedral Ni(II) centres in each Ni, entities were connected through one p, ;-azido and one
phenoxido bridge (Scheme 1.33). Magnetic studies showed that the complex exhibits a

ferromagnetic interaction through both end-to-end (EE) and end-on (EO) azide bridging.

o
o / Nl
e ) o \ /O‘H
Ni(CIO4).6H,0 I N
7

N N
NH, N \ N OO N— .
OH AN NaNj3 : ~ 27 %\ N \/
OH —
Refluxed in i i N/ \0 N\N: 0\\ N
o methanol Stirred in AN \ 7 N
/ /0 CH3;OH N/,N//N\ N /O/o/ \lN
H-g” \
HL™ 0 /NJ /0\©)
H \

44

Scheme 1.33: Synthesis of the ligand HL'' and the complex 44

Sun et al. [74] reported a centrosymmetric hexanuclear wheel-shaped Ni(II) complex having
the formula [Ni(L"?)(p1,1-N3)H20]s-H,O (45) which was prepared by reaction of 2-[(pyridin-
2-ylmethylimino)methyl] phenol (HL") and Ni(OAc),-4H,0 in presence of sodim azide
(Scheme 1.34). The tridentate NNO donors Schiff base ligand (HL'®) was prepared from
salicylaldehyde and 2-aminomethylpyridine. X-ray crystallography studies reveals that the
complex is a perfect hexagon where six Ni(Il) ions were linked through six p, ;-azido bridges
to form the wheel-shaped structure. They also observed that the complex exhibits

ferromagnetic behavior.
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45

Scheme 1.34: Structure of the complex 45

1.5.1.3. Polynuclear Ni(Il) complexes with monoformyl phenol based Schiff base ligand
derived from aminophenol:

Nayek et al. [64] prepared a new Schiff base ligand (H,L'") from Salicylaldehyde and 2-
amino-4-nitrophenol (Scheme 1.35). By employing this Schiff base ligand they prepared a
tetranuclear Ni(II) complex, [Nis(L'")4(DMF),(H,0),].DMF (46) (Scheme 1.36). Single
crystal X-ray diffraction study revealed that complex 46 has a defective dicubane structure in
which Ni(II) ions were joined together by four p,-phenoxo and two p3-phenoxo bridiges. The

complex shows an antiferromagnetic coupling interaction.
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Scheme 1.35: Neutral and deprotonated form of HZL17
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Scheme 1.36: Synthesis of the complex 46

1.5.2. Polynuclear Ni(IT) complexes with diformyl phenol based Schiff base
ligand:

Ray and his co-workers [75] synthesized complex [Ni6(H2L19)2(HL20)2(N3)8]~2C2H5OH-2H20
(47) by the reaction given below.
Ni(ClOy4)5.6H,0 + 4H5L'® + 8NaN; + 4NEty; —»

[Nig(HoL1®),(HL2%)5(N3)g] + 4(HNEt;)(ClO,4) + 8NaClO, + NH,(CH,),OH + 32H,0
Complex 47 contains two (HL*) ligand which was prodced by partial hydrolysis of the
ligand H;sL' during course of the reaction (Scheme 1.37). The complex 47 is formed by four
fused defective cubanes with [NigO4Ng] core structure present in the Ni(I) centrosymmetric

cluster (Scheme 1.38). In this complex, six azide ions bridged the Ni(Il) ions in an end-on
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briding fachion in which four aizde ions act as p-bridge and two in ps-bridges. Four bridging
phenolate were also there [two 1, from (H,L'%)", and two ps, from (HL?®)]. It was further

showed that the complex 47 was formed by dimerization of Nis" fragments.

I I I I
OH N O OH N

[:H HOj HOj

H,L1® H,L20

Scheme 1.37: structure of the ligand H3L19 and H2L20

(HL2Yy (HoL'®)

Ni%* / NEt,

N OH N NaN3

Scheme 1.38: Synthesis of the complex 47

Tandon and his co-workers [76] synthesized the hexanuclear Ni(Il) complexes
[Nig(HsL*"),(HL**),(u-N3)4(CH3CO,),]-6C3H,NO-C,HsOH (48) and
[Nig(HsL*")o(HL*),(1-N3)4(CeHsCO,),]-3C3H;NO-3H,0-CH;0H (49). Where (H;L*')™ and
(HL**)*™ represent single and double deprotonated Schiff-base ligands originated from H,L*'
and a tripodal ligand HsL*, respectively (Scheme 1.39). Complex 48 and 49 are very similar
in structures where six Ni(Il) ions are linked through two H4L21, two H3L34, four py;-azido

bridges, and two p-CH3;CO, (in 48) /u-C¢HsCO, (in 49) bridging ligands (Figure 1.3 and
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Figure 1.4). In these two hexanuclear Ni(Il) complexes, among the six Ni(Il) ions, two
terminal dinickel (Ni,) units were linked to the central dinickel unit via four p,; ;-azido and
four ps-methoxy bridges. Two Ni(Il) ions in the terminal dinuclear (N,) unit were bridged
through one p-phenolate group from (H;L*')", one p3-methoxy from (HL**)*™ and one acetate
(48)/benzoate (49) ion. Magnetic measurement explored that the ferromagnetic coupling

interaction is observed between the Ni(II) ions in both 48 and 49.

Me
Me
OH
NiX,/NaN3s/TEA

+ Ho/\POH 2 3 | |
é OH é) NH, X =CH3CO, /CgH5CO, O OH N OH
] OH

DFMP THMAM HO

(2 equivalent)
(H3L3%) H,L2!

Scheme 1.39: synthesis of the ligand H,L?' from DFMP and H;L**

Figure 1.3: structure of the Complex 48
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Figure 1.4: structure of the Complex 49

1.6 Aim of the Work:

The aim of this dissertation is bifocal. First, the design and synthesis of di and polynuclear
Ni(II) complexes with various flexible ligands followed by the proper characterization of the
prepared compounds by various techniques including X-ray crystallography. Secondly, the
magnetic-structural corellation of the afforded materials want to achieve in order to
understand the magnetic interaction among the metal centers.

Literature reports reveal that the structural and magnetic diversities of pseudohalido-bridged
complexes are attributed to the diverse bonding modes of the bridging ligands and their
orientation with respect to the paramagnetic centres. The major task in designing these
compounds largely depends on the judicial choice of the blocking ligands and the
stereochemical environment around the paramagnetic metal centres. Schiff-base ligands are
extremely useful for the synthesis of such magnetically interesting compounds mainly
because of their ease of synthesis and tremendous structural diversities. A large number of
coordination compounds with Schiff base ligands derived from N-substituted diamine at one
end and salicylaldehyde or pyridine-2-aldehyde have been developed with interesting
magnetic  properties. A triamine protected at one end, namely N,N-
dimethyldipropylenetriamine, may also provide {N4}- or {N30O}- donor Schiff base ligands,

when reacted with pyridine-2-aldehyde or salicylaldehyde, respectively, for the development
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of coordination compounds. Moreover, the presence of bis(propylenic) linkers in this amine
may allow the molecule to bend and rotate freely when binding to the metal centres so as to
fulfil the coordinative requirements of the metal centres especially during the process of self-
assembly. Surprisingly, only fewer report of structurally characterized complexes with the
Schiff base derived from N,N-dimethyldipropylenetriamine is available in the literature. In
this context, we intended to systematically develop the coordination chemistry of the
transition metals derived from this triamine, with the goal of their applications in diverse
fields including magnetic materials. Accordingly, in this present endeavour, we carried out
the synthesis of tetradentate  Schiff base ligands derived from  NN-
dimethyldipropylenetriamine and salicylaldehyde/pyridine-2-aldehyde (Scheme 1.40).
Moreover, binucleating Schiff base ligands derived from diformylphenol (DFMP) and N,N-
dimethyldipropylenetriamine were employed to obtain high nuclearity clusters especially in

the presene of azide briging ligands.

NH HN / \
s N,
\ / HL?
HL
\(j\/ HN:> @\/N HN:> CfN HN:>

d -

HLb HL® L® (R=H)
Le (R= Me)

Scheme 1.40: Schiff-base ligands employed for the synthesis of metal complexes in this

disertation
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Efforts were made to prepare various ligands those differ in term of substitution at ligand
arms with proper characterizations. Derivatives of salicylaldehyde could be one component
for constructing such ligands. Synthesized di and polynuclear Ni(Il) complexes of these
ligands were characterized by IR spectroscopy and elemental analysis, and finally by X-ray
diffraction study. After the structural catechization, the magnetic properties of these
compounds were examined. Finally, the magneto-structural correlation provides us enough
information to understand the basic magnetic phenomenon in these complexes which in turn
enriched the field of molecular magnetism.

Hence, in the urge of the development of this field, our expertise encourages us to pursue in
this field in order to design and synthesis of several dinuclear and polynuclear Ni(II) metal
clusters with varieties of organic ligands mentioned above, which showed some interesting
magnetic behavior. Furthermore, the magneto-structural correlations have been established
from the experimental facts.

The outcome of this dissertation will be helpful for the further development of di and
polynuclear paramagnetic transition metal complexes along with better understanding of

single-molecule magnetism.
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CHAPTER 2 Ni(Il) complexes with {N;0}-donor Schiff base ligand

2.1. Introduction

The study of di- and polynuclear transition metal complexes bridged by pseudohalides is an
attractive field of research because of their diverse magnetic properties [1-12]. Among the
pseudohalides, azido bridged complexes have been studied extensively because of its
versatile coordination modes, end-on (u;;) and end-to-end (p;3) modes being the most
common ones, and its effective transmittance of the magnetic interaction between the
paramagnetic ions [13-21]. In contrast, the heteroatomic pseudohalides, namely thiocyanate
and cyanate, with polarizable & systems and two different donor atoms, which can coordinate
the metal ions through either of the heteroatoms, or both, are less versatile than that of azide
ion. Therefore, in contrast to the vast chemistry of azido bridged complexes, both structurally
and magnetically important compounds with these pseudohalides have been less investigated.
Last two decades witnessed rapid growth of azido-bridged Ni(Il) systems, [22—44] and
accordingly, the sophisticated magneto-structural correlations are available on these
compounds to get insight into the fundamental aspects of the magnetic interactions [45,46].
These comprehensive data reveal that the most characteristic feature of the azido bridges is
the relationship between coordination mode and magnetic behaviour. Generally, double p; 3-
azido bridging leads to antiferromagnetic (AF) coupling, while p;; coordination is associated
with ferromagnetic (F) exchange between the Ni(Il) centres with only exception where low
angles of p,; ; bridging azido ligands lead to the weak AF coupling [41] Whereas, the double
thiocyanato bridged Ni(II) complexes with p; 3 bridging mode exhibit F interaction although
weakly, [34,47-55] the mixed observations are made with ;3 bridged cyanato systems
[49,56-59]. Reported dinuclear Ni(Il) compounds with cyanato and thiocyanato with p;
bridging mode are extremely scare in the literature to establish the proper magneto-structural

correlation, and thus further attention is required for the development of these systems. It is
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worth noting that all three reported dinuclear systems with bis-u;; bridged cyanato show
weak F coupling, [40,60] while the magnetically characterized lonely known p, ;-thiocyanato
bridged dinuclear Ni(Il) complex exhibits antiferromagnetic interaction [61].

Literature reports reveal that the structural and magnetic diversities of pseudohalido bridged
complexes are attributed to the diverse bonding modes of the bridging ligands and their
orientation with respect to the paramagnetic centres. The major task in designing these
compounds largely depends on the judicial choice of the blocking ligands and the
stereochemical environment around the paramagnetic metal centres. Schiff-base ligands are
extremely useful for the synthesis of such magnetically interesting compounds mainly
because of their ease of synthesis and tremendous structural diversities. A large number of
coordination compounds with Schiff base ligands derived from N-substituted diamine at one
end and salicylaldehyde or pyridine-2-aldehyde have been developed with interesting
magnetic properties [28,29,62-65]. A triamine protected at one end, namely N,N-
dimethyldipropylenetriamine, may also provide {N4}- or {N3O}- donor Schiff base ligands,
when reacts with pyridine-2-aldehyde or salicylaldehyde, respectively, for the development
of coordination compounds. Moreover, the presence of bis(propylenic) linkers in this amine
may allow the molecule to bend and rotate freely when binding to the metal centres so as to
fulfil the coordinative requirements of the metal centres especially during the process of self-
assembly. Surprisingly, only single report where structurally characterized Cu(Il) complexes
with the Schiff base derived from N,N-dimethyldipropylenetriamine is available in the
literature [66]. In this context, we intended for the systematic development of coordination
chemistry of the transition metals derived from this triamine, with the goal to their
applications in diverse fields including biomimetic catalysis and magnetic materials.
Accordingly, in this present endeavour, a tetradentate Schiff base HL* (Scheme 2.1) derived

from N,N-dimethyldipropylenetriamine and salicylaldehyde has been reacted with Ni(Il) salts
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both in the presence and absence of pseudohalides. Interestingly, we ended up with very
diverse results of the isolation of some mono- and di-nuclear complexes of Ni(Il) ions.
Herewith, we report structures and magnetic properties of five new complexes,
[Ni(HL")2](C1O4)> (50), [Ni(L%)(sal)] (51), [Nia(L)2(1,1-N3)2] (52), [Nio(LY)2(p1,1-NCO),]
(53) and [Niy(HL"),(u1,1-NCS)4].CH30H (54). Among them, 53 and 54 are extremely rare
bis-p; j-bridged Ni(II) compounds with bridging cyanato and thiocyanato groups,
respectively. The most importantly, compound 54 1is the first example of the

ferromagnetically coupled bis-p; ;-thiocyanato bridged dinickel(Il) complex.

Cr, W
N

Neutral form A

o
H* o N

/ N\

© @>
o AN

Zwitterionic form

HL?

Scheme 2.1: Schiff base HL* employed in the present study

2.2. Experimental Section

2.2.1. Laboratory Techniques
2.2.1.1 Elemental Analysis (CHN)

The weight percentage of C (carbon), H (hydrogen) and N (nitrogen) in a prepared sample is

examined by combusting the sample in presence of excess pure oxygen to obtain the mixture
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of carbon dioxide, water and oxides of nitrogen. The produced gaseous mixture is then
separated and determined the mass the percentage of carbon, hydrogen and nitrogen from
carbon dioxide, water and oxides of nitrogen respectively. Elemental analyses (carbon,
hydrogen and nitrogen) were carried out in a PerkinElmer 240C elemental analyser from
Jadavpur University, kolkata.

2.2.1.2. Infra-red (IR) Spectroscopy

Infra-red (IR) spectroscopy is performed by passing radiation in the range of 400 — 4000 cm™'
through a sample and measured the percentage of radiation absorbed at each wavelength.
Absorption of radiation for a specific wavelength corresponds to the bond vibrations between
the atoms present within the sample [67]. The infrared spectra of the prepared samples were
recorded in the range of 400-4000 cm ' on a PerkinElmer Spectrum Two FTIR
spectrophotometer using KBr pellets.

2.2.1.3. Single Crystal X-Ray Diffraction (SC-XRD)

Single crystal X-ray data of the prepared complexes were collected using a Bruker Kappa
Apex-1I CCD diffractometer equipped with fine focus sealed tube of monochromated Mo-Ka
radiation (A = 0.71073 A). The data were collected by scanning over the ¢ and o directions
and were averaged during refinement cycles. Data processing was performed using the
Bruker APEX-II suite (v2.0-2) program. All available reflections to 260,x were harvested and
corrected for Lorentz and polarization factors with Bruker SAINT plus. The multiscan
absorption correction method was applied for data correction using the SADABS program
[68]. The structures were solved by a combination of direct methods and refined by means of
full matrix least-square technique based on F~ using the SHELX-2013 suite [69]. All the non-
hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms
connected to carbon atoms were included in geometrically idealized positions with given

thermal parameters related to those they are attached (1.5 times for methyl hydrogens and 1.2
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times for others). While hydrogen atoms connected to nitrogen atoms were located on the
difference Fourier map and isotropically treated with given thermal parameters equivalent to
1.2 times of the parent atoms. Drawings of the structures of the complexes were generated
with the programs like MERCURY-3.8. Additional crystallographic data and refinement
details for the complexes are given in the corresponding Table 2.1.

2.2.1.4. SQUID Magnetometry

A SQUID magnetometer (MPMS-XL7, Quantum Design) has been used for magnetic data
collection using the RSO mode of detection. The susceptibility taken at B = 0.1 T between T
= 2-300 K was corrected for the underlying diamagnetism and converted to the effective
magnetic moment. The magnetization was measured at two temperatures: 7= 2.0 and 7= 4.6
K at University of SS Cyril and Methodius, 91701 Trnava, Slovakia. For the SQUID analyses
(m = 21.11 mg for cis isomer and m = 10.00 mg for trans isomer) the prepared crystalline
samples were packed in a polyethylene bag, and for the VSM analyses (m = 16.8 mg for cis

isomer and m = 10.1 mg for trans isomer). The samples were packed in a quartz capsule.

2.2.2 Chemicals Synthetic Techniques

2.2.2.1 Materials

Chemicals such as nickel(II) perchlorate hexahydrate (SRL India), Ni(Il) acetate tetrahydrate
(SRL India), N,N-dimethyldipropylenetriamine (Merck India) and salicylaldehyde (Hsal)
(Merck India) were purchased from commercial sources and used as received. Solvents and
some other chemicals were of reagent grade and used without further purification.

Caution! Perchlorate and azide salts of metal complexes coordinated with organic ligands
are potentially explosive. Only a small amount of material should be prepared, and it should

be handled with great care.
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2.2.2.2. Synthesis of Schiff base ligand HL"

The tetradentate {N;O}-donor ligand (HL") was prepared by the Schiff base condensation
method. Briefly, 1.0 mmol of N,N-dimethyldipropylenetriamine (159 mg) and 1.0 mmol of
salicylaldehyde (122 mg) were combined in 20 mL of methanol. The resulting solution was
heated to reflux for ca. 1 h, and allowed to cool at room temperature. The dark orange
methanol solution of HL® was subsequently used for the synthesis of the following

complexes.

2.2.2.3 Synthesis of complex [Ni(HL®),](ClO,); (50)

Ni(Cl0y),.6H,0 (366 mg, 1.0 mmol) and HL* (2.0 mmol) were mixed in 30 mL of methanol
with stirring. To the resulting green solution was added Et;N (101 mg, 1.0 mmol) and the
solution was heated to reflux for 30 min. The reaction mixture was then filtered and kept at
room temperature. Analytically pure dark-green crystals suitable for X-ray diffraction were
obtained from slow evaporation of the solution after couple of days, which was collected by
filtration and washed with cold methanol/diethyl ether and air dried. Yield: 598 mg (77%).
Anal. Calcd. for C30H4CloNgNiOyo: C 46.42%, H 5.45%, N 10.83 %. Found: C 46.61%, H

5.40%, N 10.67 %. FTIR (KBr, cm™'): 1635 m (v cy), 1076's, 621s (v i o).

2.2.2.4 Synthesis of complex [Ni(L°)(sal)] (51)

Complex 51 was synthesized following the very similar procedure as described for 50, but
Ni(OAc),"4H,0 was used instead of Ni(ClO4),.6H,0O. Colour: dark-green. Yield: 753 mg (85
%). Anal. Calcd. for C»H30N3NiO;: C 59.62%, H 6.82%, N 9.48 %. Found: C 59.84%, H

6.70%, N 9.37 %. FTIR (KBr, cm™'): 1641 s (v con &V c=0)-
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2.2.2.5 Synthesis of [Ni2(L")2(11,1-N3)2] (52)

Ni(NO3),:6H,0 (582 mg, 2.0 mmol) and HL* (2.0 mmol) were combined in 30 mL of
methanol and stirred well for 15 min. Then, 10 mL methanol-water solution (9:1, v/v) of
NaNj (130 mg, 2 mmol) was added to it and the solution mixture was allowed stirring for
additional 10 min and filtered. Slow evaporation of the resulting green solution gave a dark-
green crystalline compound containing X-ray diffraction quality plate like dark-green single
crystals. Yield: 523 mg; 72%. Anal. Calcd. for C3;oHsgN2NixOs: C 49.62%, H 6.66%, N

23.15%. Found: C 49.84%, H 6.64%, 22.96 %. FTIR (KBr, cm): 2052 vs (vn3); 1626 s (v

C=N)-

2.2.2.6. Synthesis of [Ni>(L°)(u1,-NCO);] (53)

Complex 53 was synthesized adopting the identical procedure as described for 52, except that
NaNCO was used instead of NaN3. Colour: Dark-green. Yield: 508 mg (70 %). Anal. Calcd.
for C3,HasNgNi,O4: C 52.93%, H 6.66%, N 15.43 %. Found: C 53.18%, H 6.50%, N 15.30

%. FTIR (KBr, cm '): 2173 vs (Vnco ); 1626 s (Vemn).

2.2.2.7. Synthesis of [Ni2(HL"),(u1,1-NCS)4].CH;0H (54)

Complex 54 was synthesized following the same methodology applied for the synthesis of
52, but NH4SCN was used in place of NaNs. (Yield: 724 mg; 80%). Anal. Calcd. for
C3sHsaN1oN12,03S4: C 46.27%, H 5.99%, N 15.42 %. Colour: dark-green. Found: 46.50%, H

5.95%, N 15.35 %. FTIR (KB, cmﬁl): 2085 vs, 2003 vs (vnes ); 1649 s (v c=N).
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Table 2.1. Crystallographic data and structural refinement parameters of 50—54

50 51 52 53 54
Empirical formula C30H4CLNgNIO o | CopH3N3NiO;3 | C30HusN1oNi O, | C3oHygNgNi, O, | C3sHsoN oNi O3S,
Formula weight (g mol ") | 776.31 443.20 726.22 726.20 904.51
Temperature (K) 150(2) 150(2) 150(2) 150(2) 180(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c P2,/c P2,/c
a(A) 8.9692(4) 8.0642(2) 10.8264(6) 10.8271(7) 10.8625(3)
b(A) 9.8140(4) 15.4540(4) 15.9223(8) 15.8847(10) | 12.3213(3)
c(A) 20.2915(7) 17.5161(6) 19.0138(11) 19.0150(13) | 15.8254(4)
o(deg) 90.00 90 90.00 90.00 90.00
f(deg) 101.814(2) 101.7440(10) | 90.451(2) 90.578(2) 104.3490(10)
ndeg) 90.00 90 90.00 90.00 90.00
volume (A% 1748.30(12) 2137.23(11) | 3277.5(3) 3270.1(4) 2052.00(9)
Z 2 4 4 4 2
D (g cm™) 1.477 1.377 1.472 1.475 1.464
u (mm ) 0.771 0.935 1.198 1.202 1.169
F(000) 814 940 1536 1536 948
6 Range (deg) 2.05-26.41 2.38-29.17 1.668—26.445 | 2.142-27.155 | 1.94-27.92
Reflections collected 35922 35679 30691 38986 24860
Independent reflections 3589(0.0416) 5749(0.0338) | 6717(0.0571) | 7233(0.0725) | 4912(0.0474)
(Rint)
Observed reflections [1> | 2817 4789 4770 4734 3789
20(1)]
Data/restraints/parameters | 2817/0/268 4789/1/268 4770/2/427 4734/0/427 3789/1/257
Goodness-of-fit on F~ 1.065 1.026 1.180 1.035 1.064
Final R indices [/ > 2o(])] | R, = 0.0620, R,=0.0312, | R, =0.0775, R, =10.0669, | R, =0.0360,
WR, =0.1569 WR, = WR, =0.1799 | wR,=0.1603 | wR,=0.0774
0.0699
R indices (all data) R, =0.0799, R;=0.0436, | R, =0.1132, R;=0.1143, | R;=0.0518,
WR, =0.1732 WR,=0.750 | wR,=0.1988 | wR,=0.1603 | wR,=0.0849
Largest diff. peak/hole (e | 0.735/—0.784 0.483/-0.245 | 1.512/-0.709 | 3.200/—0.883 | 0.603/-0.584

A7)
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2.3. Results and Discussion
2.3.1 Syntheses and general characterizations

The condensation reaction of N, N-dimethyldipropylenetriamine with salicylaldehyde in a 1:1
molar ratio in methanol resulted Schiff base HL* (Scheme 2.1). Reaction of this in situ
generated Schiff base with Ni(ClO4),"6H,O and Ni(OAc),-4H,0 afforded dark-green
crystalline compounds of [Ni(HL*),](ClO4); (50) and [Ni(L*)(sal)] (51), respectively.
Synthesis of 50 and 51 is not sensitive to the stoichiometry of the reactants as both 1:1 and
1:2 molar ratios of metal salt and HL" produced the same compounds. Among them, the later
stoichiometry was adopted for better yields. Although we used triethylamine base for the
synthesis of 50 and 51, the deprotonated Schiff base L binds the metal centre as a tetradentate
ligand in 51, while the zwitterionic form of Schiff base is coordinated to metal centre in the
tridentate fashion leaving the quaternary nitrogen free from coordination in 50. The reaction
of Schiff base HL* with Ni(NOs),"6H,O and NaN3 in aqueous methanol in a 1:1:1 molar ratio
afforded a dark-green compound 52 of molecular formula [Niy(L*)(p,1-N3),]. Similar
reaction with NaNCO in aqueous methanol produced [Niy(L*),(p1,1-NCO),] (53), which is an
isomorphic compound to that of complex 52 presenting cyanato as the bridging ligand. But in
an identical reaction condition if thiocyanate is used instead, the dinuclear compound
[Nip(HL"),(p1,1-NCS)4].CH30H (54) was isolated, featuring analogues bridging as that found
in azido (52) and cyanato (53) complexes. However, it is slightly different from other two
compounds as the zwitterionic form of the Schiff base is coordinated to the metal centre in
tridentate fashion instead of tetradentate anionic L* bound to Ni(Il) in 52 and 53. It is
important to note that addition of one equivalent of triethylamine eventually yielded identical
product. Although some dissimilarity associated with mode of bonding of the Schiff base
ligand to the metal centres are observed in these complexes, the remarkable structural

resemblances are found in the bridging regions of these compounds, which is very
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uncommon in pseudohalido bridged coordination chemistry in the presence of same organic

blocking ligands.

2.3.2 IR Spectroscopy

IR spectroscopy is a usefull tool to characterized counterion, bridging legand, Schiff base
ligand etc. Among five compounds, only 50 is an ionic compound, having CIO4 as a counter
anion. The characteristic stretching and bending vibrations of CIO4 ions are observed at 1076
and 621 cm', respectively, in the IR spectrum of 50. The stretching vibrations of the
azomethine (C=N) bond of the Schiff base are located in the range 1626—1649 cm ' in the IR
spectra of 50 and 52-54. However, the stretching vibration of azomethine bond together with
the carbonyl group of salicylaldehyde was appeared at 1641 cm ™' in 51. The IR spectrum of
52 exhibits a strong and sharp band at 2052 cm™, characteristic to the asymmetric stretching
vibration of the bridging azido ligand, which is similar to those, observed in analogous
compounds [22—44]. The asymmetric stretching vibration of the bridging NCO ™ ion for 53 is
found at 2173 cm™ [40,60]. The IR spectrum of 54 consists of bifurcated bands at 2085 and
2003 cm ™' corresponding to the asymmetric stretching vibrations of NCS™ ligands. The
appearance of two strong peaks in the IR spectrum in 54 suggests the presence of both
bridging and terminal thiocyanato ligands, consistent with the structural characterization of
54 (Figure 2.1). The higher frequency band is typical for bridging thiocyanato group whereas

the lower frequency is assigned to an N-coordinated terminal thiocyanato ligand [70].
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Figure 2.1: IR Spectroscopy of the complex 50-54

2.3.3. Description of crystal structures
The crystal structures of complexes 50-54 along with partial atom-numbering schemes are
depicted in Figures 2.2-2.6, respectively, and selected metric parameters in the metal

coordination spheres are listed in Table 2.1.

2.3.3.1. Mononuclear complexes 50 and 51

Both 50 and 51 crystallize in the monoclinic space group P2;/c. Neutral complex 51
crystallizes on a general position, while the complex cation of 50 crystallizes on an inversion
centre together with a perchlorate counter ion on a general position. Two perchlorate ions per

Ni in 50 requires protonation of the tertiary amine-N of the Schiff base ligands to balance
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charge of the system i.e. the zwitterionic form of the Schiff base is bonded to the metal centre
in 50, while deprotonated Schiff base L* binds the metal centre in 51. The Ni(II) ion in both
compounds is hexacoordinated, and the geometry around the metal centre can be best
described as a distorted octahedral. The coordination sphere of Ni(I) in 50 is composed of
{N4O,} donor set, while it is {N3O3} in 51. Two zwitterionic Schiff base ligands connect the
metal centre through phenolato-O, imine-N and secondary amine-N leaving protonated
tertiary amine group free from coordination, and each of the zwitterionic ligands coordinates
Ni(Il) in the facial configuration in 50. While only one deprotonated Schiff base binds the
metal centre through all four donor sites including tertiary amine-N in 51. The coordination
sphere in 51 is completed by the coordination of deprotonated salicylaldehyde ligand using
both phenolato-O and carbonyl-O. The imine, secondary amine and tertiary amine nitrogen
atoms occupy one meridional position of hexacoordinate Ni(Il) in 51, while other meridional
position is occupied by phenolato-O atom of the Schiff base together with two oxygen atoms
from the deprotonated salicylaldehyde ligand. Ni-N distances of imine and secondary amine
and Ni-O distances of phenolato group of the Schiff base ligand in 50 are found to be
2.049(5), 2.186(6) and 2.077(4) A, respectively, which are comparable to bond distances
observed in analogues Ni(II) complexes with similar coordination environments [28,29,62—
65]. The imine bonds are somewhat shorter than the secondary amine nitrogen, which is
along with line of their respective state of hybridization of coordinated nitrogen atoms.
Similar observation is also made in 51 where the secondary amine nitrogen bond is found
significantly longer than the imine nitrogen bond (Table 2.2). Furthermore, the significantly
longer bond distance of tertiary amine over secondary amine group observed in the structure
of 51 is probably due to the presence of two methyl substitutions at tertiary amine, which in
turn increased the steric congestion around donor site, thereby leading to the weaker binding

ability of the tertiary amine to the metal centre.
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2.3.3.2 Dinuclear complexes 52—54

52 and 53 are isostructural and isomorphous compounds, and they crystallize in the
monoclinic space group P2,/c. The structures of 52 and 53 consist of neutral dimeric units of
formulas [Niy(L*)2(p1,1-N3)2] and [Nip(L*)(py,1-NCO),], respectively. In these complexes,
each Ni(II) centre is hexacoordinated with a distorted octahedral geometry, being bonded
with three N donor atoms and one phenolato-O atom of the deprotonated Schiff base ligand
and two N atoms of the end-on bridging azido groups, which form the common edge within
the dinuclear units, leading to edge-sharing bioctahedral structure. Likewise 51, all the
nitrogen atoms (imine, secondary amine and tertiary amine nitrogen atoms) of the triamine
part of the deprotonated Schiff base coordinates Ni(II) in the meridional configuration, while
the remaining meridional position is occupied by phenolato-O atom of the Schiff base
together with two nitrogen atoms of bridging azido (in 52) and cyanato (in 53) ligands.
Again, similar trend of bond lengths as found in compound 51 i.e. Ni-N(tertiary amine) >
Ni—N(secondary amine) > Ni—N(imine), is observed in these complexes (Table 2.2).
Although the absence of an inversion centre brings two different bridging angles in these
complexes (100.7(2) and 102.0(2)° for 52; 97.84(15) and 98.74(15)° for 53), the central
NiN,Ni rings are found eventually planar. The azido and cyanato ligands are nearly linear
with N-N-N and N-C-O angles varying in the range 178.6(7)-178.8(7)° and 179.1(6)-
179.3(6)°, respectively. The slightly asymmetric double end-on azido bridge (with Ni-N
bond distances of 2.121(5)/2.132(5)A and 2.227(5)/2.199(5) A) separates the two Ni(II) ions
by 3.357 (5) A, which are comparable to those of the previously reported analogous Ni(II)
complexes [22—44]. Similar asymmetric double end-on cyanato bridging (2.107(4)/2.115(4)
A vs. 2.244(4)/2.280(4)A) with Ni---Ni separation of 3.357(5) A is observed in 53. Unlike
azido bridging, the doubly end-on bridging NCO™ is extremely uncommon in Ni(Il)

coordination chemistry, and it is important to note that only three dinickel(II) compounds
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with such bridging motif are reported in the literature [40,60]. However, in both compounds,
the secondary amine hydrogen atom participates in an intramolecular hydrogen bonding to
the phenoxido oxygen atom within the dimeric unit with donor-acceptor distances of 3.009 A
and 3.013 A in 52 and 53, respectively.

Compound 54 crystallizes in the monoclinic space group P2;/c and consists of a
centrosymmetric dinuclear [Nip(HL"),(p;1-NCS)4] unit and a disordered lattice methanol
molecule. Ni(Il) centres have a distorted octahedral structure with {NiNg} coordination
environment, being bonded with two N donor atoms (one each of imine and secondary
amine) and phenolato-O atom of the zwitterionic Schiff base, two N atoms of the p, -
bridging thiocyanato groups, which form the common edge within the dinuclear unit, and a
terminal thiocyanato ligand. Unlike 50, the zwitterionic Schiff base connects the metal centre
in the meridional configuration, while the remaining meridional position is occupied by
thiocyanato ligands. Being centrosymmetric, the central {NiN,;Ni} core is planar with
bridging angle of 98.50(7)° and Ni...Ni separation of 3.347(7)A. Both, bridging and terminal
thiocyanato groups are quasilinear, with N-C-S angles of 178.2(2) and 179.4(2)°,
respectively. Compound 54 is very similar to that of 52 and 53 in that NCS ions feature
analogues end-on bridging as that found in azido (52) and cyanato (53) complexes. However,
the structural difference that found in these systems is mainly associated with diverse binding
propensity of the ligand — tetradentate monoanionic Schiff base ligand binds Ni(II) in 52 and
53, while the zwitterionic tridentate ligand binds the metal centre in 54 along with a terminal
thiocyanato ligand to satisfy the coordination number six of Ni(Il) centre as well as to
balance the charge of the system. Likewise 52 and 53, the secondary amine hydrogen atom is
involved in an intradimer hydrogen bonding to the phenoxido oxygen atom within the
dimeric unit with donor-accepter distance of 3.122 A. Remarkably, the quaternary amine

hydrogens participate in an intermolecular hydrogen bonding with phenolato-O atoms of the
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Schiff bases from the adjacent dimeric units, resulting in the formation of 2D supramolecular
structure in the bc plane (Figure 2.7). It is worth noting that end-to-end thiocyanato bridged
dinickel(IT) complexes are quite common in the literature [34,47-55]. In contrast, the end-on
bridging dinickel(II) complexes are extremely scare in the literature. In fact, only three of

such structurally characterized complexes are available in the literature [61,71,72].

Figure 2.2: Crystal structure of 50 showing the atom numbering scheme. Ellipsoids are

drawn at 30% probability level. H atoms are omitted for clarity. O—H:--N bonding interactions

are drawn as purple dashed lines.

Figure 2.3: Crystal structure of 51 showing the atom numbering scheme. Ellipsoids are

drawn at 30% probability level. O—H:--N bonding interactions are drawn as purple dashed

lines.
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Figure 2.4:Crystal structure of 52 showing the atom numbering scheme. Ellipsoids are drawn

at 50% probability level. O—H---N bonding interactions are drawn as purple dashed lines.

Figure 2.5: Crystal structure of 53 showing the atom numbering scheme. Ellipsoids are
drawn at 30% probability level. O—H---N bonding interactions are drawn as purple dashed

lines.
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Figure 2.6: Crystal structure of 54 showing the atom numbering scheme. Ellipsoids are
drawn at 30% probability level. O—H:--N bonding interactions are drawn as purple dashed

lines.

Figure 2.7: Hydrogen bonded supramolecular 2D sheet of 54 in the bc plane showing both

inter- and intra-molecular hydrogen bonding interactions.
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Table 2.2 Selected bond distances (A) for 50-54

Bond 50 51 52 53 54

Ni(II)-N(imine) 2.052(3) | 2.0507(13) | 2.046(5) | 2.059(4) | 2.0298(17)
2.053(5) | 2.057(4)

Ni(IT)-N(secondary amine) | 2.190(4) | 2.1119(13) | 2.128(5) | 2.154(4) 2.1433(19)
2.144(5) | 2.132(4)

Ni(II)-N(tertiary amine) | — 2.1979(13) | 2.186(5) | 2.214(4) -
2.198(5) | 2.205(4)

Ni(II)-O(phenolate) 2.075(3) | 2.0284(10) | 2.005(4) | 2.020(3) 2.0570(15)
2.0078(10) | 2.014(4) | 2.006(3)

Ni(II)-N(pseudohalide) | — - 2.121(5) | 2.107(4) 2.1291(17)

2.227(5) | 2.244(4) 2.2871(19)#
2.132(5) | 2.115(4) 2.050(2)
2.199(5) | 2.280(4)

# Symmetry code: —x, -y, —z

2.3.4. Magnetic Studies

2.3.4.1. Mononuclear complexes

The effective magnetic moment for 50 adopts its room temperature value of zegr = 3.09 g
and it stays constant down to 12 K when it drops down in an abrupt manner; at 7= 1.9 K it is
Hesr = 2.05 up (Figure 2.8). This feature is typical for the zero-field splitting (zfs) of the S =1
spin system with the axial zfs parameter D > 0 [73]. The magnetization per formula unit at 7
=20 K and B = 7.0 T adopts a subnormal value of M| = Mpu./Naps = 1.66 which also

confirms a considerable zfs.
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Figure2.8. Magnetic data for 50. Lines — fitted.
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The magnetic data (molar magnetic susceptibility and molar magnetization) was fitted
simultaneously by minimizing a joint functional F =w-R(y)+(1-w)-R(M) with equal

weights, w = 0.5. The spin Hamiltonian of the form

A~

H=DS-S/3 _  _ _  n (1)

yields the eigenvalues which enter the partition function and consequently the susceptibility
and magnetization are reconstructed by using the apparatus of the statistical thermodynamics
[74]. The fitting procedure gave the set of magnetic parameters as listed in Table 2.3; there is
D/he =+7.2 cm™ and g. < g, as predicted by the spin Hamiltonian theory [75].

The complex 51 displays temperature-independent effective magnetic moment gig = 3.10 —
3.06 up between the room temperature and 7 = 12 K; below this temperature its decrease is
registered towards a limit of zep = 2.63 g at 7= 1.9 K (Figure 2.9). The magnetization data
develops with the field differently when compared to 50: there is a saturation of M; =2.0 at T

= 2.0 K and B = 7.0 T. Both these features are characteristic for D < 0. Indeed, the fitting

procedure confirmed D/hc =—5.2 cm™ and g. > g..

Table 2.3. Magnetic parameters for 50 through 54.

System | J/hc¢ | D/hc | g. fo ymm© | zithe | R(y) | R(M) | Ni-N-Ni
Jem™' | /em™! Jem™! /% /% /deg

50 - +7.21 [2.093 |2.180 |0 0 63 |58

51 - -5.16 | 2.320 |2.121 | O 0 1.8 1.9

52 +20.0 | +5.12 | 2.376 |- 0 - 1.3 100.7, 102.0

0.060
53 +13.7 | +7.18 | 2.187 | - 4.7 20 | 1.7 97.8, 98.7
54 +12.4 | +6.87 | 2.118 |- 10 43 |21 98.5

@ yriv in units of 10° m® mol™. R — discrepancy factors of the fit.
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Figure 2.9. Magnetic data for 51. Lines — fitted.

The difference in the sign of the D-parameter originates in the geometry of the chromophore
{NiN,N’,0,} for 50and {NiN3;O3} for 51. The averaged bond lengths (A) in 50 are d(Ni-N9)
= 2.052, d(Ni-N13) = 2.190, and d(Ni-O1) = 2.075; the displacements from the averaged
distances 7 (Ni—N) = 2.145 and/or & (Ni-O) = 2.055 are &, = (d, —d,) , i.e. Ni-N) = —0.093,
ANi-N”) = 0.045, and &Ni-O) = 0.020 A. Two similar displacements define equatorial plane
of the bipyramid so that the chromophore behaves like a compressed bipyramid with the
structural tetragonality parameter D, =0,—(6,+0,)/2 = —12.55 pm. However, the
situation, is more complexed since the occupation number of the Ni site is only 0.5 and there
are two NiA centres with the occupation numbers 0.25 and the distances d(NiA-O1) = 1.887
and 2.297, d(NiA-N9) = 1.998 and 2.158, and d(NiA-N13)=1.917 A.

In the complex 51 with the mer-{NiN3O3;} chromophore all metal-ligand distances are
different: d(Ni-O1) = 2.0078, d(Ni-020) = 2.0284, d(Ni-O28) = 2.1062, d(Ni-N9) = 2.0507,
d(Ni-N13) = 2.1119, and d(Ni-N17) = 2.1979 A; the displacements are qNi-O1) = —0.0472,
ANi-020) = -0.0266, ANi-028) = 0.0512, ANi-N9) = —0.0943, ANi-N13) = -0.0331, and
ANi-N17) = 0.0529 A. Thus it is difficult to simplify these data to a compressed or elongated
tetragonal bipyramid in order to determine the structural tetragonality parameter Dy.

However, this can be done by averaging trans-positioned distances: 6 = —0.0369, &, =
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0.00905, and &3 = —0.0207. Now, the Dy, parameter can be calculated in three ways using a

constraint £, =(J, —5y)/2 <|D, |/3.Then & = & and 6,, = —0.0288 gave Dy, = +3.785, Eg:

=0.81 pm, and £/|D| =0.21.

It was found [76] that in a series of mononuclear Ni(Il) complexes with the {NiA4B;}
chromophore the structural tetragonality parameter Dy, correlates with the magnetic
anisotropy parameter D along a straight line with a positive slope. The original dataset has
been enriched by some recent investigations [77-80]. The complexes 50 and 51, however, do
not match such a correlation probably owing to the problematic determination of Dg;
parameter.

2.3.4.2. Dinuclear complexes

The dinuclear complex 54 shows that the effective magnetic moment on cooling increases
from its room temperature value e = 4.51 pp. (Figure 2.10). It passes through a maximum
at 7= 8.7 K and then drops down to s = 4.44 p at 7= 1.9 K. The magnetization grows to
M; =38 at T=2.0K and B = 7.0 T. These data confirm a presence of the exchange
interaction of a ferromagnetic nature (J > 0) and some zero-field splitting that operates at low

temperature.

T=20K

Mo (Nptig)

Zinafl(10° m*mol™)
3

1 [ R
0 10 20 30 40

I I I I ! I 0
0 50 100 150 200 250 300 012345¢67
TIK BIT

Figure 2.10. Magnetic data for 54. Lines — fitted.
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The magnetic data was fitted by using the spin Hamiltonian for a dinuclear system with the
isotropic exchange and zfs
Ho=-JS,- S h
A=
: o ) | @
+Z HyB(g, .S, . cos G + gA,xySA,x sin G h
A=l

Eventually the molecular field correction (zj) and temperature-independent magnetism yrpv
can be applied

x=2" M= 1+ Ko 3)

In order to reduce the set of free parameters, isotropic Zeeman term has been considered (g, =
gv). The final set of magnetic parameters is listed in Table 2.3.

The positive exchange coupling constant can be rationalized by the bonding angle Ni-N-Ni =
98.50 deg that is close to the critical value when the ferromagnetic exchange prevails [81].
The {NiNsO} chromophore is rather distorted with all metal-ligand distances being different.
The remaining two dinuclear complexes, 52 and 53, display analogous magnetic functions to
54 (Figsures 2.11 and 2.12) with the ferromagnetic exchange coupling and sizable zero-field

splitting of the easy-plane character (D > 0).

N
Zino(10° m*mol™)

L L L
0 10 20 30 40
I I I

0 50 100 150 200 250
TIK

Figure 2.11. Magnetic data for 52. Lines — fitted.
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B=01T T=20K
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Figure 2.12. Magnetic data for 53. Lines — fitted.

Among the several structural parameters that can affect the strength and sign of the exchange
coupling constant (J) between the paramagnetic centers, the bridging angle is considered the
most crucial factor in determining the net magnetic interaction. Theoretical studies by Ruiz et
al. on doubly p, ;-azido bridged dinickel(II) complexes have revealed that the interaction
predicted to be ferromagnetic on all values of Ni—N(N3)-Ni angles (6) ranging from 80 to
115°, with J increasing upon increasing this angle, reaching a maximum at around104° and
then decreases with increasing 6 [45,46]. In fact, all the reported p; ;-azido bridged nickel(II)
dimers exhibit ferromagnetic coupling [22-40,42-44] with only one exception where very
low bridging angle of 90.4° propagates the AF interaction between Ni(Il) centers [41]. The
Ni—-N—Ni angles of 100.7(2) and 102.0(2)° found in 52 are very typical for this kind of
systems, and thus the sign and magnitude of calculated J in 52 is reasonable. For bis(y, ;-
NCO) bridged Ni(Il) dimers, the existing data are extremely scare, and only three data set on
such compounds are available in the literature where J values vary in the narrow range +3.4
to + 9.2 cm ' (Table 2.4) [40,60]. Similar ferromagnetic interaction is also observed in 53,
however, the magnetic coupling is found somewhat stronger in the present case. Although
this dataset is too low to permit the proper magneto structural correlation, the similar trend
that found in the theoretical prediction with doubly p,; ;-azido bridged dinickel(Il) systems,

i.e. the J increasing with the increase of bridging angle, is observed in the cyanato bridged
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systems. However, the reason for weaker coupling for cyanato bridged compounds compared
to analogues azido systems can be understandable by means of theoretical calculations [40]
Interestingly, in the only previous example with doubly p,; ;-thiocyanato bridged dinickel(II)
complex, the magnetic coupling between the metal centers has found to be an
antiferromagnetic with the J value of —13.2 cm ™' (Table 2.4) [61]. In contrast, the observed
magnetic coupling is the ferromagnetic in nature in 54 with coupling constant of +12.4 cm ™"
The Ni-N—Ni bridging angle found in that previously reported compound is 96.9°, while it is
98.50° in 54. Careful inspection of the magneto-structural data of these doubly p, ;-
pseudohalido bridged dinickel(IT) systems reveals that, for azido bridged systems, [42] the
smallest experimentally found bridging angle 90.4° leads to the very weak AF interaction (—
1.77 ecm™"), while the next lowest angle of 95.5(3)/96.5(3) is responsible for significantly
strong F interaction (+31.62 cm'). Although the ferromagnetic coupling is predicted in the
range of bridging angles 80 to 115° by theoretical means, the overestimation of J values
cannot be ruled out especially at lower bridging angles. However, these experimental facts
suggest that the bis(p-1-N3) bridging groups could not be the universal ferromagnetic
coupler in Ni(II) systems and the crossover angle for bis(p; ;-azido) bridged dinickel(II) is
closely located near about 91°. Similarly, the experimental facts indicate that the crossover
angle is situated in-between 96.9° and 98.50° for thiocyanato system, and it might be just
below 94° for cyanate bridging systems. It is interesting to note from these magneto-
structural data that on moving from azido to cyanato to thiocyanato systems, the crossover
angle is expected to move in higher values. More examples of doubly p; ;-NCO and p,; ;-NCS
bridged dinickel(II) systems and some data at lower p;;-N3 bridging angles along with

sophisticated theoretical calculations are further required to reinforce the above conclusions.
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Table 2.4. Selected structural and magnetic data of Ni(II) dimers with doubly end-on cyanato

and thiocyanato bridges®

Compounds D/hc g M-N-M (°) Jlhe Refs.
fem™! fem™!

[Nio(L*?)a2(pt11-NCO),](C1O4), +3.6 | 223 |94.4(3),95.8(4) +3.4 40

[Nio(L*®),(11.1-NCO),](C1O4), —12.32 [ 2.21 [95.33(13), +5.6 40
95.79(12)

[Niy(terpy)a(pti- +3.6 | 223 [97.7(4) +92 60

NCO),(H,0),](PFs)2

[Ni,L% (1. 1-NCO),] (53) +7.18 | 2.187 | 97.84(15), +13.7 | This
98.74(15) work

[Nia(S-dept)a(ut1.1-NCS)(NCS),] | - 2.142 | 96.9(8) ~132 |6l

[Nio(HL*)2(pt1 1-NCS)4]-CH;OH | +6.87 | 2.118 | 98.50(7) +12.4 | This

(54) work

* terpy = terpyridine; L’ = [N,N'-bis(2-pyridinylmethylene)]propane-1,3-diamine); L™ =
N,N'-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine; S-dept = N,N,N',N'-
tetraethylpyridine-2,6-dithiocarboxamide.

2.4. Conclusions

We have synthesized some mono and dinuclear Ni(II) complexes with a new {N3;O} donor
Schiff base ligand. X-ray structural analyses reveal the diverse coordination ability of the
Schiff base in these compounds as both the zwitterionic form and the deprotonated ligand can
bind the metal centre through tridentate and tetradentate fashions, respectively. The magnetic
properties disclose some zero-field splitting for mononuclear complexes as expected for
Ni(II) ion, and the exchange coupling of doubly end-on pseudohalido bridged complexes is
found to be ferromagnetic in nature. Although a large number of bis(u; ;-N3) bridged Ni(II)
dimers are known, the analogues (p;;-NCO) and (p;,1-NCS) bridged dinickel(II) complexes

are extremely scare in the literature and thus these compounds are important additions in the
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family of such systems. Most remarkably, the thiocyanato compound is the first example of

the ferromagnetically coupled system.
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CHAPTER 3 doubly chloro and pseudohalide bridged dinickel(Il) complexes

3.1. Introduction

Considerable attention has been directed towards the synthesis of di- and polynuclear
transition metal complexes in recent years primarily because of their aesthetic structural
diversity, relevance to the metalloenzymatic systems in biology [1-2] and fascinating
magnetic properties [3—8]. In the field of molecular magnetism, Ni(Il) ion is an automatic
choice due to its large single-ion zero-field splitting, and as a consequence several di- and
polynuclear Ni(I) complexes with interesting magnetic property have been developed [9—
11]. The investigation of magnetic properties of binuclear Ni(Il) complexes and correlating
them with the structures are quite significant to gain insight into the fundamental aspects of
the magnetic interactions as well as to integrate the derived ideas into the large clusters or
extended systems to develop molecule-based magnetic materials with predictable magnetic
properties. A common strategy to prepare such complexes is the utilization of a multidentate
ligand along with judicial choice of a bridging ligand to transmit specific magnetic
interactions between the paramagnetic metal centres [12]. The pseudohalide ligand
particularly azide ion is the most attractive bridging ligand because of its diverse bridging
modes, end-on (1) and end-to-end (p; 3) modes being the most common ones, leading to the
rich magnetic property in such compounds [12]. In contrast, the presence of two hetero-
bridging atoms with polarizable © systems in other pseudohalides, namely thiocyanate and
cyanate, which can coordinate the metal ions through either of the heteroatoms, or both, are
less versatile than the azide ion. Therefore, in contrast to the vast coordination chemistry of
azido bridged systems, [13-20] both structurally and magnetically interesting compounds
with other pseudohalides are limited [21]. It is well known that halides and pseudohalides
show great resemblances in several chemical and physical properties, but such similarity in
coordination chemistry is quite limited, which is due to lack of coordinative versatility of one

atom halide ion compared to polyatomic pseudohalides. If pseudohalides bind the metal
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centre terminally or connect the mental centres through p;; or p;;; bridging modes, then
only it may have structural resemblance with halide analogues. Along with the rich
coordination chemistry of azide bridged complexes, sophisticated experimental and
theoretical magneto-structural correlations are available for azide complexes for better
understanding the magnetic property of these systems, in which general tendency is that p; 3-
azido bridge exerts antiferromagnetic (AF) coupling, while p;; coordination mode
propagates ferromagnetic (F) exchange between the metal centres [13-23]. Cyanate ion
transmits magnetic interaction between the metal centres almost in similar way as that azide
ion does but weakly and a scarcity of reports of such Ni(II) compounds is available in the
literature to establish a sophisticated magneto-structural correlation for cyanato-bridged
Ni(Il) systems [19,21,24]. When Ni(Il) is five-coordinate, the magnetic coupling observed
between the metal ions is usually dominantly AF in nature, while in octahedral or pseudo-
octahedral, the coupling is found generally ferromagnetic through chloro bridge [25,26]. It
has been observed that the magnetic interaction may change from AF to F with small changes
in structural geometry, bridging mode and associated parameters, etc. Developing magneto-
structural correlations by only experimental means is a very challenging task because that
requires structurally similar or identical complexes with all but one governing parameter
being identical. Several di-azido and di-chloro bridged dinickel(II) complexes have been both
structurally and magnetically characterized, however for a particular ligand system no such
structural and magnetic resemblance has yet been established. Therefore, working on a
particular ligand system with varied bridging chloride and pseudohalides may provide us
significant information of their communicating ability in these systems.

We observed previously that the Schiff base ligand with N3O donor sites derived from
condensation of salicylaldehyde with N, N-dimethyldipropylenetriamine is capable to stabilize

ferromagnetically coupled dinickel(II) complexes with azide and cyanate ions in y, ; bridging
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fashion [21]. Therefore, we speculated that such organic ligands may be useful for the
synthesis of ferromagnetically coupled dinickel(II) complexes with both bridging halides and
pseudohalides with significant structural resemblance. Accordingly, in this present
endeavour, a tetradentate Schiff base prepared from the condensation reaction of N,N-
dimethyldipropylenetriamine and 5-bromosalicylaldehyde was reacted with nickel(II) nitrate
in the presence of exogeneous chloride, azide and cyanate ions and finally ended up with the
isolation of isomorphic compounds of dinickel(Il) complexes with bridging chloride and
pseudohalides (Scheme 3.1). Herein, we report crystal structures and magnetic property of
four new complexes, [Niy(L*)2(NO;3),]-CH;0H (55), [Niy(L")2(u-Cl)2] (56), [Nia(L?)a(pi.1-
NCO),] (57) and [Niz(Lb)z(ul,l—Ng)z] (58). All these dinickel(Il) complexes show
ferromagnetic coupling through bridging chloride and pseudohalides. Compound 57 is a
precious addition to the only four known examples of this family, and unprecedented high
degree of structural and magnetic resemblances of 56-58 is the major achievement of the

present work.

i N NaX N ' \Ni N
. N=0 /
/ / \O/ Methanol / / X l \
o o ~ NH
4P
55 X = CI (56); NCO" (57); Ny~ (58)

Scheme 3.1. Schematic representation of the synthesised ligand and complexes.
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3.2. Experimental Section

3.2.1. Laboratory Techniques

Laboratory techniques such as elemental analysis, infrared spectroscopy, UV-vis
spectroscopy and single crystal X-ray Diffraction study are common as our previous work.
The details about these techniques have been discussed in section 2.2.1 of chapter 2. In this
case single-crystal X-ray diffraction data for the complex 55-58 were collected at Department
of Chemistry, CICECO, University of Aveiro, 3810-193 Aveiro, Portugal.

Magnetic measurements of the crystalline compounds were performed using a commercial
superconducting quantum interference device (SQUID) magnetometer. The direct current
(dc) magnetic susceptibility was measured at 1.0 KOe from room temperature down to 2 K,
while the magnetisation was measured at 2 K in external magnetic fields up to 50 kOe. The
background coming from a weakly diamagnetic sample holder was found to be insignificant
in comparison to the total signal measured and, so, its subtraction was omitted, but the
diamagnetic contribution of the samples is taken into account in the calculations. Magnetic
measurements were carried out at Institute of Low Temperature and Structure Research

Polish Academy of Sciences ul. Okdélna 2, 50-422 Wroctaw, Poland

3.2.2. Chemicals Synthetic Techniques

3.2.2.1. Materials

N,N-dimethyldipropylenetriamine, Ni(Il) nitrate hexahydrate, 5-bromosalicylaldehyde,
sodium azide, sodium cyanate and sodium chloride were of reagent or analytical grade
commercially available chemicals and were used as received. Solvents were of reagent grade
and used without further purification.

Caution! Metal-azide complexes with organic ligands are potentially explosive and a small

amount of materials should be prepared at a time with great precaution.
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3.2.2.2. Synthesis of Schiff base ligand HL"

The tetradentate N3O donors ligand HL® was prepared by the Schiff base condensation
reaction (Scheme 3.1) of N,N-dimethyldipropylenetriamine (1.0 mmol, 159 mg) and 5-
bromosalicylaldehyde (1.0 mmol, 201 mg) in 30 mL of methanol in refluxing condition for a
period of about 1 h [27]. The resulting dark orange methanol solution of HL" was allowed to

cool at room temperature and was subsequently used for the synthesis of the complexes.

3.2.2.3. Synthesis of complex [Nig(Lb) 2(NO3),]-CH;0H (55)

Ni(NOs),-6H,0 (582 mg, 2.0 mmol) and HL" (2.0 mmol) were mixed in 30 ml of methanol,
followed by addition of Et3N (101 mg, 1.0 mmol). The resulting mixture was heated to reflux
for about 1 h, leading to a dark green solution. It was then allowed to cool at room
temperature and filtered to remove impurity if any and kept at ambient temperature for
crystallization. Slow evaporation of the resulting green solution gave a dark-green crystalline
compound containing X-ray diffraction quality blocked-shape dark-green single crystals after
several days. Yield: 810 mg; 82%. Anal. Calcd. for C;sH,7BrN4NiOs: C 39.90%, H 5.51%, N

11.34%. Found: C 39.84%, H 5.60%, 11.16 %. FTIR (KBr, cm '): 1384 vs (V nitae); 1627 vs

(V C:N)-

3.2.2.4. Synthesis of complex [Ni 2(Lb) 2u-Cl),] (56)

To a 20 ml methanol solution of complex 55 (494 mg, 1.0 mmol) 10 mL methanol-water
solution (5:1, v/v) of NaCl (58 mg, 1 mmol) was added and the solution mixture was allowed
to stir for about 20 min. The resulting dark green solution was filtered to remove impurity if
any and left at ambient temperature for crystallization. Slow evaporation of the resulting
green solution produced a dark-green crystalline compound containing blocked-shape dark-

green single crystals suitable for X-ray diffraction study within a couple of days. Yield: 327
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mg (75%). Anal. Calcd. for C3yHssBr,CI,NgNi,O,: C 41.38%, H 5.32%, N 9.65 %. Found: C

41.31%, H 5.40%, N 9.50 %. FTIR (KBr, cm '): 1627 m (v c=n).

3.2.2.5. Synthesis of [Niz(Lb) 2(1,1-NCO)3] (57)

Complex 57 was synthesized adopting a very similar methodology as that applied for the
synthesis of complex 56, except the use of NaNCO instead of NaCl. Colour: Dark-green.
Yield: 305 mg (69 %). Anal. Calcd. for C3;H46BroNgNiO4: C 43.48%, H 5.25%, N 12.68 %.

Found: C 43.59%, H 5.30%, N 12.52 %. FTIR (KBr, cm'): 2176 vs (vxco ); 1625 s (V).

3.2.2.6. Synthesis of [Niz(L")(11,1-N3)2] (58)

Complex 58 was synthesized following the same procedure as that employed for the
synthesis of 56, but NaN; was used in place of NaCl. (Yield: 336 mg; 76%). Anal. Calcd. for
C30Ha6BraN2Ni,O;: C 40.76%, H 5.24%, N 19.01 %. Colour: dark-green. Found: 40.85%, H

5.29%, N 18.82 %. FTIR (KBr, cm'): 2049 vs (vn3); 1623 s (V c-).

3.3. Results and Discussion

3.3.1. Syntheses and general characterizations

Schiff base ligand HL® was synthesized following simple condensation reaction of N,N-
dimethyldipropylenetriamine and 5-bromosalicylaldehyde in a 1:1 molar ratio in methanol.
Subsequently, it was reacted with Ni(II) nitrate hexahydrate in methanol that resulted
[Niy(L?),(NOs),]-CH30H (55). High degree of solubility of complex 55 in common organic
solvents like alcohols and acetonitrile allowed us to use it as a precursor complex for the
synthesis of other complexes. Accordingly, it was reacted with sodium salts of chloride,
cyanate or azide, that afforded dark-green crystals of [Nig(Lb)z(u-Cl)z] (56), [NiQ(Lb)z(Ml,l-

NCO);] (57) and [Niz(Lb)z(},ll,]-N3)2] (58), respectively, in high yields.
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3.3.2. IR Spectroscopy

All the complexes were characterized by elemental analysis and IR spectroscopy and these
data are given in the experimental section. All these complexes show a common feature of
stretching vibration of the azomethine (C=N) bond of the Schiff base varying in the range
1623-1627 cm™'. Additionally, the IR spectra of 57 and 58 exhibit strong and sharp bands at
2176 cm ' and 2049 cm ', respectively, characteristic of the asymmetric stretching vibration
of the bridging cyanate and azide ions, respectively, typical for end-on cyanate and azide

bridged transition metal complexes.

Complex 58
Q
S
% Complex 57
=
£
7))
c
o Complex 56
-
=S
Complex 55
500 ' 1oloo ' 15Ioo 2000 2500

Wavenumber cm"I

Figure 3.1: IR spectra of the complex 55-58
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3.3.3. Description of crystal structures

Neutral complex [Niy(L?),(NOs),]-CH;0H (55) crystallizes in the monoclinic space group
P2,/n. The details of the crystallographic data and structural refinement parameters are
available in Table 3.1. The crystal structure of 55 with atom numbering scheme is depicted in
Figure 3.2 and the selected bond parameters are given in Table 3.2. The Ni(II) ion in 55 is
hexacoordinated with distorted octahedral geometry, being bonded with N3O donor sites from
the deprotonated Schiff base ligand together with a bidentate nitrate ion. The Ni—O distances
of the coordinated nitrate are 2.141(1) and 2.247(2) A, with their difference Ad being the
metal centre as a bidentate fashion rather than anisobidentate one [27,28]. But significantly
low bite angle of the nitrate ion of 58.90(5)° is the main reason behind the significant
distortion from the ideal octahedral geometry [29,30]. All the nitrogen atoms from the Schiff
base ligand occupy one meridional position of Ni(Il) centre in 55, while three oxygen atoms,
one from phenolate group of the Schiff base and two from bidentate nitrate ion, occupy other
meridional position. The Ni-N distances of imine, secondary amine and tertiary amine and
the Ni—O distance of phenolato-O of the Schiff base ligand in 55 are 2.052(2), 2.069(2),
2.1378(2) and 1.986(1) A, respectively, which fall in line with reported Ni(Il) complexes
with similar coordination environments [13—20]. The structure of 55 in the solid state is
mainly stabilized by hydrogen bonding interactions as displayed in Figure 3.3. The phenolate
oxygen is connected with solvent methanol molecule through hydrogen bond of donor-
acceptor distance of 2.866A, while the secondary amine group forms an intermolecular
hydrogen bond with non-coordinated oxygen atom of the nitrate group from the neighbouring
molecule with donor-acceptor distance of 3.059 A, leading to a hydrogen bonded zig-zag

chain running along the crystallographic b axis.

Complexes [Ni(L?)2(u-Cl)2] (56), [Nio(L")2(p1.1-NCO),] (57) and [Nip(L°)a(pt1.1-N3)] (58)

are isostructural and isomorphous compounds, and they crystallize in the monoclinic unit cell
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with space group P2;/c (Table 3.1). These centro-symmetrical neutral complex molecules are
formed by doubly bridged chloride or pseudohalide ions, and the structures of these
compounds are depicted in Figsure 3.4-3.6, respectively, and their important bond parameters
are given in Table 3.2. The Ni(Il) centres in these complexes are hexacoordinated with
slightly distorted octahedral geometry in which, in addition to doubly bridging chloride or
pseudohalide ions, the metal centres are bonded to three N donor atoms and one phenolato-O
atom of the deprotonated Schiff base ligand. The bridging chloride or pseudohalide ions form
the common edge within the dinuclear units, leading to edge-sharing bioctahedral structures
(Figure 3.5). The Ni—(u-Cl), Ni-N(u;,;-NCO) and Ni—N(u,,;-N3) bond lengths of 2.467(1)
and 2.507(1)A, 2.202(2) and 2.225(2) A, and 2.173(2) and 2.122(2) A in complexes 56-58,
respectively, justify that the bridging region is slightly asymmetric, accounting slight
distortion around Ni(Il) ions in these systems. Unlike 55, all the nitrogen atoms of the
triamine part of the deprotonated Schiff base coordinate Ni(I) ion in the facial configuration,
while the remaining facial position is occupied by phenolato-O atom of the Schiff base
together with two bridging chloride ions in 56 and two nitrogen atoms of two bridging

cyanate or azide ions in 57 and 58, respectively.
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Table 3.1. Crystallographic data and structural refinement parameters of 55-58

55 56 57 58
Empirical formula Ci6H27BrNgNiOs | C3oHyBryCLhNgNi, O, | C5pHyeBraNgNix Oy | C30Hs6BraN1,NipO,
Formula weight 494.03 870.87 884.01 884.03
(g mol ™)
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2,/n P2,/c P2,/c P2,/c
a(A) 12.2994(6) 11.2323(2) 11.0315(6) 11.0594(6)
b (A) 8.5918(5) 10.5474(2) 10.4411(5) 10.4447(5)
c(A) 19.8818(10) 14.5752(2) 15.4241(8) 15.4302(8)
a(deg) 90 90 90 90
F(deg) 103.580(2) 96.641(1) 94.593(2) 94.321(2)
Adeg) 90 90 90 90
volume (A%) 2042.25(19) 1715.16(5) 1770.86(16) 1777.31(16)
V4 4 2 2 2
Deqie (g cm™) 1.607 1.686 1.658 1.652
u (mm™) 2.940 3.621 3.368 3.355
F(000) 1016 888 904 904
& Range (deg) 2.108-29.200 1.825-29.232 1.852-29.242 2.357-29.198
Reflections collected 43731 23739 20417 19058
Independent 5509(0.0271) 4624 (0.0526) 4795 (0.380) 4794 (0.0417)
reflections (R;y)
Observed reflections 4734 3394 3650 3486
[1>20(D)]
Restraints/parameters | 1/263 0/205 0/223 0/223
Goodness-of-fit on > | 1.037 1.056 1.031 1.043
Final R indices R, =0.0302, R, =0.0330, R, =10.0324, R, =0.0363,
[1>20(])] wR, =0.0770 WwR, =0.0607 wR, =0.0711 wR, =0.0780
R indices (all data) R, =0.0388, R, =0.0580, R, =0.0525, R, =0.0622,
wR, =0.0817 WwR, =0.0695 wR, =0.0791 WR, =0.0872
Largest diff. 1.488/-1.029 0.545/-0.424 0.722/-0.346 0.788/—0.437
peak/hole (e A7)
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Table 3.2. Selected bond distances (A) for 55-58

Bond 55 56 57 58
Ni(II)-N(imine) 2.052(2) 2.060(2) 2.077(2) 2.069(2)
Ni(II)-N(secondary amine) 2.069(2) 2.125(2) 2.097(2) 2.094(2)
Ni(II)-N(tertiary amine) 2.138(2) 2.190(2) 2.120(2) 2.208(2)
Ni(II)-O(phenolate) 1.986(1) 2.011(2) 2.006(2) 2.006(2)
Ni(IT)-X* 2.141(1) 2.507(1) 2.225(2) 2.122(2)
2.247(2) 2.467(1)° 22022)° | 2.1732)°

X = O(nitrate) for 55, CI for 56, N(azide) for 57 and N(cyanate) for 58; * Symmetry code: —
X, Yy, Z

The different coordination modes of the triamine part of the ligand, meridional (in 55) and
facial (in 56-58) justify the flexibility and adoptability of N,N-dimethyldipropylenetriamine
in these systems, a key feature for being a good ligand in coordination chemistry. The Ni—
N(imine), Ni—N(secondary amine) and Ni—N(tertiary amine) vary in the range 2.060(2)-
2.077(2), 2.094(2)-2.125(2) and 2.120(2)-2.208(2) A for 56-58, respectively (Table 3.2),
which are comparable to analogous complexes reported in the literature [21]. The centre of
symmetry enforces the central Ni(u-Cl);Ni (in 56) and Ni(u-N),;Ni (in 57 and 58) core
structures to be perfectly planer. The bridging angles are 92.27(2), 98.47(2) and 101.99(1)°
with metal-metal separations of 3.587(1), 3.274(1) and 3.338(1) A for 56-58, respectively,
which are comparable to those reported earlier [13-26, 31-33]. Although handful examples of
chloro and end-on azido bridged dinickel(Il) complexes are known, complex 57 could be a
precious addition in growing family of this type of complexes of totalling only five
[19,21,24]. Being isomorphic compounds, they display similar types of noncovalent
interaction, one of such notable interaction is the intramolecular hydrogen bonding

interaction involving secondary amine of a Schiff base ligand and phenolate oxygen atom of
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other Schiff base ligand in the dimeric unit with donor-acceptor distances in the range 2.992

to 3.180 A.

It is interesting to note that all the structural parameters except at bridging region are
almost identical in these complexes. The Ni—(pu-Cl) bond length in 56 is significantly longer
than Ni—(pu-N) bond distances in bridging azide and cyanate ions in 57 and 58 as expected.
Furthermore, the bridging angle in 57 is close to the orthogonality, while it is more obtuse in
azide complex and an intermediate impression has been observed in the cyanate bridged one,
resulting in a significant dissimilarity in bridging region. Remarkably, the system has
overcome all these divergences and crystallized them with the identical crystallographic
parameters, which is rarely achieved in coordination chemistry and for di-halide and di-

pseudohalide bridged systems, it was not observed earlier.

Figure 3.2: Crystal structure of 55 showing atom numbering scheme. The ellipsoids are
drown at 30% probability level and hydrogen atoms and solvent methanol have been omitted
for clarity.
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(mm==-

Figure 3.3: The crystal packing of 55 showing hydrogen bonded zig zag chain along the
crystallographic b axis.

Figure 3.4: Crystal structure of 56 showing atom numbering scheme and intramolecular
hydrogen bonds. The ellipsoids are drown at 30% probability level.
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Figure 3.5: Crystal structure of 57 showing edge sharing bioctahedral structure and hydrogen
atoms have been omitted for clarity.

Figure 3.6: Crystal structure of 58 showing selected atom numbering scheme and
intramolecular hydrogen bonding interaction. The ellipsoids are drown at 30% probability
level.
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3.3.4. Magnetic properties

The direct current (dc) magnetic properties of dinuclear complexes 5658 as yy and yvT
product vs. T plots (ym being the molar magnetic susceptibility per dimer) under a constant
magnetic field of 1.0 KOe in the temperature range 2—300 K and the molar magnetization as
a function of applied dc magnetic field (M/ug fu.”' vs. H) are shown in Figure 3.7-3.9,
respectively. The yuT product at room temperature for 5658 is ca. 2.48, 2.51 and 2.80 emu
mol ™' K, respectively, which are slightly larger than that expected for two magnetically non-
interacting Ni(Il) ions with S =1 (2.0 emu mol ™ K), which is mainly due to unquenched
orbital angular momentum of Ni(Il) ions. The yuT increases continuously with decreasing
temperature reaching a maximum of 3.57 emu mol ™' K at 9.0 K for 56 and 3.47 emu mol ' K
at 8.0 K for 57 and then yyT decreases sharply to attain a value ca. 2.69 emu mol ' K at 1.8
K. This feature is characteristic for an intramolecular ferromagnetic interaction between two
Ni(Il) ions with the influence of intermolecular interactions and/or zero-field splitting (ZFS)
of ground state (S = 2), manifested at low temperature. Almost similar feature has been
observed for 58 but without noticeable decrease of yuT value even at very low temperature,
indicating dominant ferromagnetic exchange interaction between these spin carriers. The
high-temperature yy ' data obeys the Curie-Weiss law and the linear fitting of the same
above 100 K yielded Weiss constant (6,) values of 13.3(3), 6.3(6) and 29(2) K for 56-58,
respectively, with reasonable Curie constant values, which further indicate that the magnetic
interaction between Ni(Il) ions is ferromagnetic in nature (Figure 3.10-3.12). A full-matrix
diagonalization approach assuming isotropic exchange coupling Hamiltonian (—2JS;-S,),
Zeeman effect (gni, average), axial zero-field splitting (D), and intermolecular interaction (zJ")
was employed to analyse further the magnetic data using PHI program [34]. The
simultaneous simulation of yT and magnetisation data leads to good agreement between the

calculated and observed data (Figure 3.7-3.9), and the best fittings afforded the following set
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of parameters: J = 6.84(10) cm ', gni = 2.21(0.1), D = 5.51(2) cm™ ' and zJ' = 0.003(4) cm ™'
for complex 56; J = 5.31(4) cm ', gxi = 2.19(0.1), D = 5.00(6) cm ' and zJ' = 0.001(8) cm ™'
for complex 57 and J = 18.8(7) cm !, eni = 2.27(0.3), D = 3.31(14) cm ' and zJ' = 0.038(1)

cm ! for complex 58.

As we have stated earlier that for a particular ligand system none of the previous report
deals with the structural and magnetic studies involving doubly bridged halide and
pseudohalide systems, so it is our privilege to analyse the magneto-structural data to gain
insight into the magnetic properties in these systems. Although the ZFS parameter D and
intermolecular coupling constant zJ' strongly interact with each other, thereby their
overestimation cannot be ignored, yet the D values found in these complexes are comparable
and fall in the region where it is clustered with several reported values even with same sign.
However, these two parameters are poorly coupled with intramolecular exchange coupling
constant J, leaving the exchange coupling constant J almost unaffected. The significantly
stronger exchange interaction between two Ni(Il) centres in 58 than other two complexes is
well known, but the scenario is not so clear for chloro- and cyanato- bridged systems as their
coexistence is one of the most scarcity in coordination chemistry. Our data provide us
information that chloride (J = 6.84(10) cm™") is better magnetic coupler than cyanate ion (J =
5.31(4) cm ). If we look at the reported results, it is seen that J values (considering H =
—2JS;S5) vary from 1.91 to 36.3 cm ' in doubly p, ;-azido-bridged dinickel(IT) complexes,
[13-20,32-34,35-46] while the ranges are 1.7 to 6.85 cm ' [19,21,24] and 3.48 to 14.59 cm™
[47-62] for doubly p, ;-cyanato-bridged and doubly p-chloro-bridged analogues, respectively,
and the trend of their average values is exactly replicated in the present study, that help us to
conclude that p, ;-azido is superior magnetic exchanger among them, followed by p-chloro

and p; ;-cyanato.
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Figure 3.7: Magnetic data for 56. (a) Thermal dependence of yy and ymT product measured
at 1.0 kOe dc field. (b) Magnetisation data at 2K. Symbols and solid lines represent
experimental and best fitted data.
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Figure 3.8: Magnetic data for 57. (a) Thermal dependence of ym and ymT product measured
at 1.0 kOe dc field. (b) Magnetisation data at 2K. Symbols and solid lines represent
experimental and best fitted data.
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Figure 3.9: Magnetic data for 58. (a) Thermal dependence of yy and ymT product measured
at 1.0 kOe dc field. (b) Magnetisation data at 2K. Symbols and solid lines represent
experimental and best fitted data.

It is well known that the sign and magnitude of the exchange coupling constant (J)

between the paramagnetic centres is governed by several structural parameters. Among them,

98



CHAPTER 3 doubly chloro and pseudohalide bridged dinickel(Il) complexes

the bridging angle plays the most crucial role in determining the overall magnetic
interactions. Ruiz et al. theoretically established that doubly p,;-azido bridged dinuclear
Ni(II) complexes exhibit ferromagnetic interactions throughout the Ni—N-Ni angles (6)
ranging from 80° to 115°, with J values increasing as the angle increases, reaching a
maximum approximately at 104°, and then decreases further with increasing 6 [22,23]. In
fact, all the reported p;;-azido bridged dinickel(I) systems exhibit ferromagnetic coupling
with only one exception where a very low bridging angle of 90.4° transmits AF interaction
between Ni(II) centres [20]. The Ni-N—Ni angle found in 58 is 101.99(1)°, which falls within
the range where strong ferromagnetic interaction prevail between two Ni(Il) ions as
suggested by the theoretical study, and therefore J value (18.8(7) cm ') found in 58 is quite
reasonable. However, although a large number of p, ;-azido bridged dinickel(Il) systems are
known, unlike theoretical prediction, the experimental data do not show clear relationship
with Ni-N—-Ni angles as a small variation of Ni-N-Ni angles in the narrow range ca. 98°-
103.9°, show a large variation of the J values from 1.91 to 43.9 cm ' [13-20,32-34,35-46].
This is confirmed by the fact that the present bridging angel of 101.99(1)° is very close to the
value of 101.0° in [Niy(L**)2(u1.1-N3)2(N3),] (L** = a tridentate quinoline-based ligand) [34]
and 101.79° (average value) in [Nia(L>?)2(N3)a(pt11-N3)2]-CH;0H (L* = N,N-dimethyl-N'-
(pyrid-2-ylmethyl)-ethylenediamine) [63], but show quite different J values of 6.1 and 1.91
cm ', respectively. In contrast, the magnetic interaction of the present complex is nicely
agreed with other reported results that displayed very similar bridging angles of 101.6° in
[Nia(terpy)2(N3)a(pt1,1-N3)2]-H20 [14] and 101.4°(average value) in [Nin(L**)o(N3)a(p1,1-N3)2]
(L* = a multidentate ligand) [41] with J values of 22.8 and 20.96 cm ', respectively.
Notably, the present J value significantly differs from our previous result with similar ligand
where salicylaldehyde was used instead of 5-bromosalicylaldehyde, in which average

bridging angle and J value are 101.35° and 10 cm', respectively [21] Slightly higher
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bridging angle together with shorter average M—N(u, ;-N3) bond distance of 2.148 A in 58
compared to 2.169 A in the previous reported complex, could justify the stronger coupling

constant value in the present complex.

In contrast to p;;-N;3 bridged Ni(II) complexes, only four doubly p;;-NCO bridged
dinickel(II) complexes are known. The magnetic and crystallographic data of these five
complexes are presented in Table 3.3, which shows that J values span in a narrow range 1.7
to 6.85 cm ' [19,21,24]. The sign and magnitude J value of 5.31(4) cm ' in 58 is again
reasonable for such complexes. Interestingly, a general trend can be found in which J value
increases with increasing in bridging angles, similar to theoretical prediction that has been
done for azide analogues. As shown in Figure 3.13, the value found in our earlier report is
slightly higher among this series, [21] that prompted us for further inspection of the structural
parameters and it is seen that in the present case though the bond angle is slightly higher than
the previous one, the average bond length in the bridging region found in reverse order, that

may the reason for such difference.

Previous studies on doubly chloro-bridged Ni(Il) dimers showed that the magnetic
interaction are predominantly ferromagnetic if the geometry of the metal centre is octahedral
(Table 3.4), [26, 47-62] and the strength of the coupling varies from 3.48 to 14.59 cm ', with
only one exception where AF interaction is operative between the metal centres with high
degree of distortion of Ni(II) centres from the octahedral geometry [65]. Tamayo et al. have
established that the strength of the ferromagnetic coupling become weaker with the increase
of bridging angle from ideal value of 90° [26]. The value of bridging angle in 56 is 92.27(2)°,
so it is in good agreement with the ferromagnetic interaction observed in 56. However, the

experimental data do not show clear relationship between the strength of the coupling and the
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bridging angles, leaving an unsolved challenge which will require consideration of more than

one structural parameter at once.

Table 3.3. Selected structural and magnetic data of doubly end-on cyanato bridged Ni(II)
dimers (following H = —2JS;-S, convention)*

Compounds Jem )| D(emh)| g M-N (A) | M-N-M (°) | Refs.
[Nio(L*)a(pt1 ;- +1.7 +3.6 223 | 2.125, 944,958 |19
NCO),](C104), 2.090
[Nio(L*)a(pt1 - +2.8 +3.6 223 | 2.099, 95.33, 19
NCO),](C104), 2.115 95.79
[Niy(terpy)a(pr.i- +4.59 | -12.32 223 |2.044, 97.7 24
NCO),(H,0),](PFs), 2.195
[Nio(LY(p1,-NCO),] +6.85 | +7.18 |2.19 |2.107, 97.84, 21
2.244 98.74
2.115,
2.280
[Nio(L%)s(u1-NCOY,] (57) | +5.31 | +5.00 |2.19 |2.225, 98.47 This
2.201 work

® terpy = terpyridine; L* = [N,N'-bis(2-pyridinylmethylene)]propane-1,3-diamine); L™ =
N,N'-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine; L* = a tetradentate N3O donor ligand

140 . . : : :
120+ Complexse ,
100k H=1kOe
3
£ sof i
e 60 !
‘TH 40 F -
ol C =2.38(3)Kemumol " |
0, = 13.6(3) K
D 1

0 50 100 150 200 250 300
Temperature (K)

Figure 3.10: Curie-Weiss plot for complex 56 in the 100-300 K range.
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Figure 3.11: Curie-Weiss plot for complex 57 in the 100-300 K range.
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Figure 3.12: Curie-Weiss plot for complex 58 in the 100-300 K range.
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Table 3.4. Selected structural and magnetic data of doubly end-on cyanato bridged Ni(II)
dimers (following H = —2JS,-S, convention)b

Compounds Jem") |D(em") | g M-N(A) | M-N-M (°) | Refs.
Ni,CL(TTF "),](I3)4(L,)s"(H,0),- 5.0 16 226 |2.365, 90.5,91.8 |48
(C4H50); 2.391
[ {Ni(ATsc)(MeOH)},(u-Cl),]Cl, 5.7 - 229 |2.348, 91.5 49
2.396
[{Ni(ATHAC)(H,0)},(u-Cl),]CL, 6.6 - 230 |2.327, 92.7 49
2.471
[{Ni(TPA)CI},](C10,),2HNECIO, | 7.6 +0.51  [2.07 |2.365, 92.63 50
2.507
(C3HN,Hg),[Ni,Clg(H,0),] 8.13 3.4 - 2.430, 95.05 51
2.459
[{Ni(eg),Cl},]Cl, 9.0 - - 2.383 93.03 52
6.65 3.6 221 | 2461, 96.6 53
[Niy(en)sCL]Cl, 4.83 478 224 |2.551 54
10.5 +11.1 [ 2.12 55
3.48 +9.7 2.25 56
[ {Ni(en),C1},](ClOy), 8.9 42 2.18 | 2.461, 95.4 53
2.512
[ {Ni(en),Cl},](Ph4B), 9.5 ~7.7 2.16 | 2.403, 95.6 53,57
2.503
[{Ni(TPA)CI},](C10,),"H,0 1459 |- 2.02 |2.363, 92.7 58
2.503
[Niy(bipy),(u-C1),Cly(H,0),] 8.4 +3.5 2.09 |2.396, 91.56 59
2.405
[{Ni(L*%)}(u-Cl),](C10,), 9.95 +12 2.06 |2.381, 93.52 26,60
2.535
[Niy(H;L*"),C1,]Cl, 7.17 -7,5 2.35 |2.433, 93.50 61
2.353
[Ni,(H,L*™),Cl,]Cl,-4H,0-2C,Hs0, | 7.6 - 2.12 | 2.393, 87.07 62
2.421
[Ni,(L*),CL] 8.90 -7.52 - 2.416, 94.34 63
2.511
[Niy(L),(u-Cl),] (56) +6.84 | +5.51 [ 221 |2.507, 92.27 This
2.467 work

® TTF = 4,5-bis(2piridylmethylsulfanyl)-4’,5"-ethylenedithiotetrathiafulvene; ATsc = 2-
acetyl-2-thiazoline semicarbazone; ATHAc = 2-acetyl-2-thiazoline acetylhydrazone; TPA =
tris-(2-pyridylmethyl)amine; eg = ethylene glycol; en = ethylenediamine; bipy = 2,2'-
bipyridine; L = 3,11-dithia-7,17-diazabicyclo[11.3.1]; heptadeca-1(17),13,15-triene; H,L*’
= triethanolamine; H,L*® = bis((pyridin-2-yl)-1,2,4-triazol-3-yl)methane; L* = 1I-
(benzimidazolyl-2-methyl)-1,4,7-triazacyclononane
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Figure 3.13: Magneto-structural correlation data showing dependence of J values with Ni—
p1,1NCO-Ni bridging angles. The red symbol corresponds to the compound in this work.

3.4. Conclusions

Four new complexes, [Niy(L"),(NO3),]-CH;0H (55), [Niy(L?)2(u-Cl)2] (56), [Nir(L")2(pi.1-
NCO);] (57) and [Niz(Lb)z(pl,l-Ng)z] (58) were synthesized from a tetradentate N3;O-donor
Schiff  base (HLb), derived from the condensation reaction of NN-
dimethyldipropylenetriamine and 5-bromosalicylaldehyde. X-ray crystallography reveals that
complexes 56-58 are isostructural and isomorphic dinickel(II) compounds with doubly
bridging chloride and pseudohalides, and the nickel(Il) centres are in octahedral coordination
environments. Such structural coincidence in halide and pseudihalide bridged complexes for
a particular ligand system is rare in coordination chemistry and is not seen earlier in doubly
halide and pseudohalide bridged Ni(II) systems. All these three dinickel(Il) complexes
exhibit ferromagnetic interaction through bridging chloride or pseudohalides with
ferromagnetic coupling constant J are 6.84(10), 5.31(4) and 18.8(7) cm ' for 56-58,
respectively, suggesting that azide ion is superior magnetic coupler among them followed by

chloride and cyanate ions, a replication of the average strength of exchange interactions

104



CHAPTER 3 doubly chloro and pseudohalide bridged dinickel(Il) complexes

found in such complexes characterised magnetically. Most importantly, compound 57 is a
precious addition to the only four known examples of this family, and unprecedented high
degree of structural and magnetic resemblances of 56-58 is the major achievement of the

present work.
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CHAPTER 4 dinuclear Ni(Il) complexes with {N,} and {N;O} donor ligands

4.1. Introduction

Synthesis of di- and poly-nuclear transition metal complexes with bridging pseudohalides is
still attracting considerable research interest worldwide because of their structural diversities
and rich magnetic properties [1-6]. In this context, the magnetochemistry of pseudohalo-
bridged Ni(II) complexes have been extensively studied because of the presence of
significant magnetic anisotropy in Ni(Il) ions, arising from the second order spin-orbit
coupling, in addition to the possible high spin ground states originating from the
ferromagnetic coupling between the metal centres through the bridging pseudohalides [7-9].
Among all the pseudohalides, the azide anion is of special interest. It is well established that
the azide ion with an end-on (EO, p, ) bridging mode provides ferromagnetic (F) interaction,
while end-to-end (EE, L, 3) azide usually transmits antiferromagnetic (AF) coupling between
Ni(Il) ions [10]. Besides the azide anion, the dicyanamide and cyanate ions are also
frequently encountered in the molecular magnetic materials. The p,;s-dicyanamide (dca)
bridges mediate mostly a very weak AF interaction between Ni(II) centres, while the p, 3-
mode of dca transfers moderate AF interactions, leading to some long-range magnetic
materials [11-15]. Cyanate ion, on the other hand, propagates magnetic interaction between
Ni(Il) centres in a similar fashion as that azide ion does but weakly and there is a scarcity of
reports of such Ni(Il) compounds in the literature [16-22]. In addition, unlike azide ion, an
experimental magneto-structural correlation is yet to be established for cyanato-bridged

Ni(II) systems [23,24].

Magnetically speaking for all these pseudohalides, the controllable specific bridging
modes of them are of great value to dictate the desired magnetic properties of the resulting
molecular compounds. A better understanding of the stereo-electronic factors governing the
magnetic exchange interaction between metal ions through the bridging pseudohalides would

enable us to design Ni(Il) clusters with desired magnetic properties. However, the
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coordination behaviour of these ions is mostly serendipitous and the predicted bridging
modes have been achieved only in a few cases. In this regard, the organic ligands play crucial
role in designing magnetically interesting Ni(Il) cluster compounds as they may dictate the
stereo-electronic structure at the metal centres and have a decisive influence on the bridging
modes of the pseudohalides and thus the magnetic properties of the clusters [10]. Among all
the organic ligands, Schiff-base ligands are quite useful for developing large numbers of
Ni(I) clusters with diverse structural and magnetic properties, mainly because of the
synthetic simplicity and tuneable stereo-electronic structures of these ligands by varying

carbonyl and amine counterparts [25].

We are now developing coordination chemistry of 1% row transition metals with
Schiff base ligands derived from a triamine protected at one end, namely N,N-
dimethyldipropylenetriamine and salicylaldehyde or its derivatives for the interest in the
fields of biomimetic catalysis and magnetic materials. We observed the diverse coordination
adaptabilities of these ligands with varying denticity, which make these ligands as suitable
synthons for further exploration of the coordination compounds with tuneable structures and
properties [26,27]. As we know the charge of the ligands strongly influences the self-
assembled neutralization processes, the ligands having same number of donor centres but
different charges could end up with diverse structures especially in the presence of exogenous
bridging ligands. Given the aforementioned consideration, three tetradentate Schiff base
ligands HL, LYand L° (Scheme 4.1) were allowed to react with Ni(II) salts in the presence of
different pseudohalide ions, resulting in a series of dinuclear Ni(II) complexes with diverse
structures. Herein, the structures and magnetic properties of six new complexes
[Nia(L)a(41.3-N3)2)(C104)2 (59), [Niz(L)2(p15-NCO)J(CIO4), (60), [Nia(L%)2 {1 s-N(CN)22]

(Cl04)2  (61), [Nia(L)2(k13-N3)2](ClO4)2  (62), [Nia(L)2(p1,1-N3)2].0.5MeCN  (63) and
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[Niz(L%)2(p1,1-NCO),].0.5MeCN (64) have been reported, with the magneto-structural

relationship of these compounds been discussed.

AN N
o \ o) P R
—N HN /T OH H2N/j N _m
) = HN —_— = }
on N MeOH /A MeOH / A \ N N

AN
o ~H,0 N — H,0
HLe 2
f L9 (R = H) and L® (R = Me)

Scheme 4.1: Synthesis of the Schiff base ligands

4.2. Experimental Section

4.2.1. Laboratory Techniques

Laboratory techniques such as elemental analysis, infrared and UV-vis spectroscopy and
single crystal X-ray Diffraction study are similar as our previous work. The details about
these techniques have been discussed in section 2.2.1 of chapter 2. Magnetic measurements
were carried out at State Key Laboratory of Coordination Chemistry, Collaborative
Innovation Centre of Advanced Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing, 210023, China. Details of the magnetic

measurement procedure are available in the preceding chapter.

4.2.2. Chemicals and Synthetic techniques

4.2.2.1. Materials
All the chemicals such as Ni(Il) perchlorate hexahydrate (MarK India), 3-

ethoxysalicylaldehyde, pyridine-2-aldehyde, 2-acetylpyridine and N,N-
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dimethyldipropylenetriamine were purchased from commercial sources and used without

further purification. Solvents were of reagent grade and used as received.

Caution! Perchlorate and azide salts of metal complexes coordinated with organic ligands
are potentially explosive. Only a small amount of material should be prepared, and it should

be handled with great care.

4.2.2.2. Synthesis of the Schiff base ligands L', I’ and HL’

The ligands were prepared adopting Schiff base condensation method [27]. When N,N-
dimethyldipropylenetriamine was subjected to react with pyridine-2-aldehyde or 2-
acetylpyridine or 3-ethoxysalicylaldehyde in methanol, tetradentate {N4} or {N3O} donor
Schiff base ligands were produced. In a typical reaction, a mixture of 1.0 mmol of N,N-
dimethyldipropylenetriamine (159 mg) and 1.0 mmol of pyridine-2-aldehyde (107 mg) in 20
mL methanol was taken in a round bottom flux and it was refluxed for ca. 1 h, and thereafter
allowed to cool at room temperature. The deep orange methanol solution of LY was
subsequently used for the synthesis of complexes 59-61. Using similar protocol, when
condensation reaction was carried out using 2-acetylpyridine or 3-ethoxysalicylaldehyde
instead of pyridine-2-aldehyde, it resulted ligands L° and HL® and subsequently used for the

preparation of complexes 62—64.

4.2.2.3. Synthesis of [Nizo(L*)2(u1,3-N3)2J(CIO,); (59)

Ni(ClOy4),-6H,0 (1.0 mmol, 366 mg) and Schiff base ligand L (1.0 mmol) were combined in
30 mL of methanol with stirring. To the reaction mixture NaN; (1.0 mmol, 65 mg) was added
with continuous stirring and the resulting green solution was subjected to reflux for about 30
min. The reaction mixture was then filtered and kept at room temperature for crystallization.
Crops of dark-green crystals, suitable for X-ray diffraction, were obtained from slow

evaporation of the solution after a few days. Then the crystals were collected by filtration and
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washed with cold methanol/diethyl ether and air dried to obtain analytically pure complex
59. Yield: 332 mg (74 %). Anal. Calcd. for C28H48C12N14Ni2082 C 37.49 %, H 5.39 %, N
21.86 %. Found: C 37.74 %, H 5.60 %, N 21.67 %. Selected FTIR bands (cm ™' ): 1075 s and

621 s (CIO4 ); 1599 m (pyridyl); 1651 w (azomethine); 2080 s (azide).

4.2.2.4. Synthesis of [Niz(L*)2(u1,3-NCO),/(CIO.), (60)

Complex 60 was prepared following a similar procedure as described for 59, but NaNCO was
used instead of NaNj. Colour: dark-green. Yield: 305 mg (68 %). Anal. Calcd. for
C30HagCIoNoN1,019: C 40.17 %, H 5.39 %, N 15.61 %. Found: C 40.34 %, H 5.58 %, N
15.37 %. Selected FTIR bands (cm ' ): 1076 s and 621 s (ClO4 ~ ); 1601 m (pyridyl); 1653 w

(azomethine); 2222 s (cyanate).

4.2.2.5. Synthesis of [Niz(Ld)z{y 1,5-IN(CN) 2}/ (ClOy); (61)

Complex 61 was prepared following the same synthetic methodology applied for 59, but
NaN(CN), was added instead of NaNs. Colour: dark-green. Yield: 364 mg (77 %). Anal.
Calcd. for C3,HasCloN14NixOg: C 40.67 %, H 5.12 %, N 20.75 %. Found: C 40.54 %, H 5.28
%, N 20.57 %. Selected FTIR bands (cm™' ): 1069 s and 621 s (ClO4 ~ ); 1600 m (pyridyl);

1646 w (azomethine); 2195 s, 2246 m, 2303 m (dicyanamide).

4.2.2.6. Synthesis of [Ni(L°)2(u1,3-N3)2](ClO,); (62)

Complex 62 was synthesised following an identical procedure as described for 59, but ligand
L° was used in place of LY. Colour: dark-green. Yield: 305 mg (68 %). Anal. Calcd. for
C30Hs2C1N14Ni1,Og: C 38.95 %, H 5.67 %, N 21.20 %. Found: C 40.04 %, H 5.58 %, N 21.07
%. Selected FTIR bands (cm ™' ): 1080 s and 620 s (ClO4 ~ ); 1598 m (pyridyl); 1631 w

(azomethine); 2073 s (azide).
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4.2.2.7. Synthesis of [Ni>(L)2(u1,1-N3)2]-0.5MeCN (63)

A mixture of Ni(ClO,),'6H,0 and Schiff base ligand HL® in methanol/acetonitrile (1:1, v/v)
was used to prepare complex 63 adopting a very similar procedure as described for 59 and in
the presence of EtsN (1.0 mmol). Colour: dark-green. Yield: 338 mg (81 %). Anal. Calcd. for
C70H114N25N1403: C 50.39 %, H 6.89 %, N 20.99 %. Found: C 50.52 %, H 6.99 %, N 20.71

%. Selected FTIR bands (cm ™' ): 1619 s (azomethine); 2052 s (azide).

4.2.2.8. Synthesis of [Niy(L°)2(u1,1-NCO)]-0.5MeCN (64)

Complex 64 was prepared following the same methodology applied for the synthesis of 63,
but NaNCO was used in place of NaNj;. Colour: dark-green. Yield: 292 mg (70 %). Anal.
Calcd. for C74H;14N17Ni4O12: C 53.27 %, H 6.89 %, N 14.27 %. Found: C 53.44 %, H 6.99

%, N 14.11 %. Selected FTIR bands (cm ™' ): 1619 s (azomethine); 2171 s (cyanate).

4.3. Results and discussion

4.3.1. Syntheses and general characterization

The tetradentate {N,}-donor ligand L! (or L) was prepared by adopting a traditional Schiff
base condensation method in which N, N-dimethyldipropylenetriamine was allowed to react
with pyridine-2-aldehyde (or 2-acetylpyridine) in a 1:1 molar ratio in methanol. Similarly, the
tetradentate {N3O}-donor ligand (HL®) was synthesised when condensation reaction was
carried out using 3-ethoxysalicylaldehyde (Scheme 4.1). Six new dark-green binuclear
crystalline complexes [Niz(Ld)z(u],3-N3)2](CIO4)2 (59), [Niz(Ld)z(},u,3-NCO)2](CIO4)2 (60).
[Nio(LY)2{p1s-N(CN)2}o]  (ClOs),  (61), [Nin(L)a(p15-N3)2l(ClO4)y  (62), [Nia(L)(puy,i-
N3)2]:0.5MeCN (63) and [Nio(L)2(pt1,1-NCO),]-0.5MeCN (64) were readily obtained through
one-pot reaction of Ni(ClO4),-6H,0, Schiff base ligand and pseudohalide salts in a 1:1:1

molar ratio in methanol (or a mixture of methanol and acetonitrile). Additionally,
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triethylamine was used to deprotonate ligand HL® for the synthesis of 63 and 64. One
important observation was that ligands L and L° afforded double EE pseudohalo-bridged
dinickel(I) complexes, while ligand HL® resulted double EO azido (or cyanato) bridged
dinickel(II) complexes. Therefore, the present study discloses that replacing pyridyl group by

phenolic moiety the different bridging modes of pseudohalides may be achieved.

4.3.2. IR Spectroscopy

The IR spectra of complexes 59, 62 and 63 display a very strong absorption band in the
region 2052-2080 cm™ ' which is due to the asymmetric stretching frequency, v(N3 ), of the
coordinated azido groups. The observed v(N3; ) frequencies for the complexes are consistent
with those observed in other related end-to-end or end-on azido bridged dinickel(Il)
complexes [10]. The asymmetric stretching vibrations of end-toend or end-on NCO for
complexes 60 and 64 are found in the range 2171-2222 cm ', [16-22] while the asymmetric
and symmetric stretching vibrations of dicyanamide ions in 61 are observed in the range
2195-2303 cm ' [11-15]. The IR spectra of 59—62 also display two strong bands; one broad
band at around 1076 cm ' and a sharp band at 621 cm ™', which can be assigned to the
stretching and bending vibrations of perchlorate counterions. The broadening of the
stretching band may be attributed to the involvement of perchlorate ions in hydrogen bonding
interaction in the solid state. In addition, the IR spectra of all the complexes consist of
common bands in the region 1619-1653 cm ', which are attributable to the v(C=N) stretching
frequency of the azomethine bond of the Schiff base ligands in 63 and 64. The additional

bands at around 1600 cm ™' for complexes 59—62 are attributed to the pyridyl groups.
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Figure 4.1: IR spectra of the complex 59-64

4.3.3. Description of crystal structures

[Niz(Ld)z(pl,3—N3)2](C104)2 (59) and [Niz(Ld)z(pl,3—NCO)2](CIO4)2 (60) are isostructural and
isomorphous compounds and both crystallized in the monoclinic space group P2;/n (Figure
4.2 and 4.3) (Table 4.1). Crystallographic data and refinement details for the complexes are
given in Table 4.1. The centrosymmetric dimeric complex cations of 59 and 60 are
constructed with doubly EE bridged pseudohalides (N3~ and NCO"), and the Ni(Il) ions in
these complexes are hexacoordinated with a distorted octahedral geometry. The coordination
sites of Ni(Il) ions in 59 are fulfilled by {N¢} donor set whereas it is {NsO} in 60. Each
Ni(Il) centre in 59 or 60 is bonded with four nitrogen donor atoms of the Schiff base ligand

and two nitrogen donor atoms from one each of centro-symmetrically related EE bridging
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azide ions in 59 and one oxygen atom and one nitrogen atom from two centro-symmetrically
related EE bridging cyanato groups in 60. In both complexes, three N-atoms (imine,
secondary amine and tertiary amine N-atoms) from the triamine part of the Schiff base ligand
facially coordinate the Ni(II) centre. The Ni-N bond distances of pyridine, imine, secondary
amine and tertiary amine of the Schiff base ligand vary in the range 2.072(3) to 2.135(3) A in
59, which are comparable to the literature reported values in closely related Ni(Il) complexes
[17,26]. The bridging region is slightly asymmetric as can be seen from the Ni-N bond
distances of 2.120(3) and 2.185(3) A of the bridging azide ions. Similar bond lengths are
observed in 60 (see Table 4.2), but the bridging region is more asymmetric as reflected from
the different Ni-N (2.045(3) A) and Ni-O (2.217(2) A) bond distances of bridging cyanato
ligands, which should be due to the presence of hetero bridging atoms (oxygen and nitrogen
atoms) in cyanate ion in 60. The EE pseudohalide bridges are almost linear with an angle
N7-N6-N5 of 177.2(3)° for azide ions in 59 and an angle N5—-C15-0O1 of 176.3(5)° for
cyanate ligands in 60. The N6—N5-Ni angle of 133.5(2)° differs considerably from N6—N7—
Nila of 116.7(2)° in 59 and the Nil---Nila separation is 5.203 A (symmetry code: a = 2-x,—
y,—z). While in 60, the C15-N5-Nib bond angle of 152.0(4)° differs significantly from C15—
O1-Nil of 111.6(3)° with the Nil---Nilb separation of 5.326 A (symmetry code: b = 1-x, 1—
y, z). These values are consistent with the structural results obtained for other EE azido- and
cyanato-bridged Ni(Il) complexes [19-21,28-36]. The two bridging pseudohalides in both 59
and 60 lie in the same plane and two Ni(II) centres deviate slightly out of that plane in either
sides, leading to a chair-like arrangement of the eight-membered {Ni(u; 3-N3/NCO),Ni} core.
The dihedral angle (8) between the plane defined by two pseudohalide ions and the N-Ni—N
(in 59) or N-Ni-O (in 60) are 34.51° and 17.74°, respectively. Further inspection of the
crystal structures discloses that two edges of Ni(Il) polyhedra are connected by EE bridging

pseudohalides (see Figure 4.3). Moreover, in both 59 and 60, the secondary amine hydrogen
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atom of the Schiff base ligand participates in hydrogen bonding interaction with the oxygen
atom of the perchlorate counter ion with the N---O distances are 3.164(4) and 3.162(4) A in
59 and 60, respectively. The crystal packing is further stabilised by the C—H---w interaction
involving C—H proton of pyridyl group and = electrons of the pseudohalide ligands as shown
in Figure 4.2 and 4.3 for 59 and 60, respectively. It is worth noting that, unlike the azido
bridged compounds, [28-36] the doubly EE cyanato-bridged dimeric Ni(Il) complexes are

rare with only a limited examples reported in the literature [ 19-21].

Figure 4.2: Crystal structures of 59 (left) and a partial set of 62 (right) showing selected atom
numbering scheme. Ellipsoids are drawn at the 30% probability level. The weak interactions
are displayed as dashed lines.
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Figure 4.3: Crystal structure of complex 60 along with local coordination geometry of Ni(II) ions.

Table 4.2 Selected bond distances (A) for 59—64

Bond 59 60 61 62# 63# 64#
Ni(II)-N(pyridine) 2.125(3) 2.124(3) 2.1331(17) 2.059(13) - -
Ni(II)-N(imine) 2.072(3) 2.067(3) 2.0704(17) 2.065(12)  2.0610(17) 2.0474(15)
Ni(II)-N(secondary amine)  2.102(3) 2.100(3) 2.0891(17) 2.054(14)  2.1098(17) 2.1303(14)
Ni(II)-N(tertiary amine) 2.135(3) 2.1116(3)  2.1662(15) 2.166(13)  2.2163(17) 2.1949(15)
Ni(II)-O(phenolate) - - - - 2.0077(13)  2.0226(12)
Ni(II)-O(pseudohalide) - 2.217(2) - - - -
Ni(IT)-N(pseudohalide) 2.120(3) 2.045(3)° 2.1380(16) 2.156(12)  2.1139(17) 2.1194(14)
2.185(3)* 2.0692(16)°  2.206(13)"  2.2550(16)° 2.2048(14)°

Symmetry codes: a = 2—x,~y,~z; b = 1-x, 1-y, —z; ¢ = 1-x, -y, 1-z; d ==X, -y, z; e = 1%, -y,
—z and # denotes that the bond parameters of one of the crystallographically independent
molecules are presented.

[Niy(LY){ 11 5-N(CN)2$2](ClO4), (61) crystallised in the monoclinic space group P2,/n where
the asymmetric unit contains half of the dinuclear complex cation on an inversion centre and
a perchlorate counter ion on a general position to balance the charge. The structure of
complex 61 (Figure 4.4) is very similar to that of the structures of 59 and 60, but the central

{Ni(p; 5-N(CN),)2Ni} core in 61 is somewhat different from {Ni(u;3-N3)2Ni} in 59 or
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{Ni(n; 3-NCO),Ni} in 60. The Ni--Ni separation (7.346 A) through the five-atom
dicyanamide bridges is significantly larger in 61 than that found in three-atom bridged
pseudohalides in 59 and 60 as expected. The coordinating fashion of the Schiff base ligand to
the metal centre is exactly the same as that found in 59 and 60. The Ni(Il) ion in 61 is
therefore again hexacoordinated in a distorted octahedral geometry with all four N donor
atoms of the Schiff base ligand together with two N donor atoms from two symmetry related
end-to-end bridging dicyanamide groups at cis positions (Table 4.2). Two N—-C-N bond
angles of bridging dicyanamide group are 174.3(2)° (N5—C15-N6) and 175.0(2)° (N7-C16—
N6), while C16-N6—C15 angle is 118.91(17)°, which are typical for p, s-dicyanamide bridges
[11-15]. Like in 59 and 60, the secondary amine hydrogen atom of the Schiff base ligand in
61 is hydrogen bonded with the oxygen atom of the perchlorate counter ion with N---O bond
distance of 3.223(2) A. The solid-state packing is further stabilised by the C—H---w interaction
involving C—H proton of pyridyl group and & electrons of the bridging dicyanamide as shown

in Figure 4.4.
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Figure 4.4: Crystal structure of complex 61 with selected atom numbering scheme. Ellipsoids
are drawn at the 30% probability level. The non-covalent interactions are shown as dashed
lines.
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Crystallographic study reveals that similar to complex 59, [Niy(L%)2(t13-N3)2](ClO4), (62) is
also comprised with doubly u,3-azido-bridged dinickel(II) cations and two ClO4 ions
(Figure 4.2 and Table 4.2). But complex 62 crystallised in the orthorhombic Fdd2 space
group in which the asymmetric unit contains two crystallographically distinguishable
complex cations, one residing on a general position and other one on the two-fold axis. Each
Ni(II) ion is again six-coordinated, being bonded with four nitrogen atoms of ligand L* and
two nitrogen atoms from two bridging azide ions in cis positions. However, the essential
differences in these structures originate from the presence of different symmetry elements i.e.
inversion centre in 59 and two-fold rotation axis in 60. That brings different hydrogen
bonding patterns in these structures as shown in Figure 4.2. Secondary amine groups
connected to Ni(II) centres in 59 are placed in opposite sides of central {Ni(p;3-N3)2Ni} core
and thereby interact with different perchlorate ions through hydrogen bonds, while they
reside at the same side, leading to a cooperative hydrogen bonding interaction with a
perchlorate ion in 62 (Figure 4.2). Remarkably, the {Ni(;3-N3),Ni} core structure is quite
different in two cases as it adopts a chair-like arrangement in 59 where both azide ions lie on
a same plane, while the two azide bridges are non-coplanar and cross linked the Ni(Il) ions
with a twisted boat type arrangement of {Ni(n;3-N3),Ni} core in 62. The intramolecular
Ni--Ni separations in two crystallographically independent dimeric units are 5.257(3) and
5.271(3)A, whereas the closest intermolecular separation between the Ni(II) centres is
8.672(3)A. 1t is noteworthy that the two bridging azides with cross-linked and non-coplanar
(t1.3-N3)2 structure is unusual, as the planarity is a common feature of dinickel(II) complexes
with double p; 3-N3 bridges [28-36], and for dinickel(Il) system only four such compounds
are both structurally and magnetically characterized [37—40]. The Ni—(p;3-N3)-Ni (Ni—
N--*N—Ni) torsion angles (1) are 68.67, 71.00 and 76.95°, which are close to that found in

similar systems [37—40].
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Compounds [Nip(L)(p1,1-N3)2].0.5MeCN (63) and [Ni(L),(pt1,1-NCO),].0.5MeCN (64) are
isostructural and isomorphous (Figure 4.5 and 4.6), and they crystallised in the triclinic space
group P1 in which four crystallographically independent neutral complex molecules sit on
inversion centres together with an acetonitrile molecule on a general position. In both
complexes, the Ni(II) centres are hexacoordinated with a distorted octahedral structure. The
coordination numbers of the Ni(Il) ion are satisfied by three N donor atoms and one
phenolate-O atom of the deprotonated Schiff base ligand and two N-atoms from either the EO
bridging azide ions (in 63) or cyanate ions (in 64). These cis disposed pseudohalide ions
share the common edges, leading to the edged-sharing bioctahedral structures (see Figure
4.5). Like 5962, three N-atoms (imine, secondary amine and tertiary amine N-atoms) of the
deprotonated Schiff base ligand facially coordinate the Ni(II) centres in 63 and 64. The Ni-N
bond distances in 63 and 64 are comparable to that observed in 59—62 (Table 4.2) and the
related complexes reported in the literature [16—18, 41-61]. The central {NiN,Ni} cores are
planar in both complexes as dictated by the centre of symmetry with the Ni-N—Ni bridging
angles spanning in the range 100.74(6)-102.06(5)° and 97.51(8)-98.50(7)° in 63 and 64,
respectively. The azide and cyanate ions are nearly linear with N-N-N and N-C-O bond
angles of 178.55(18)° and 179.3(2)°, respectively. The doubly EO pseudohalide bridges in
both compounds are slightly asymmetric with the Ni-N bond distances of 2.114(2) and
2.255(2) A in 63 and 2.119(2) and 2.205(1) A in 64. The average separation of the metal
centres in the dimeric units is 3.377 A in 63 and 3.284 A in 64. The secondary amine
hydrogen atom involves in hydrogen bonding interaction with the phenoxido oxygen atom
within the dimeric unit with average N---O distances of 3.033 A and 3.002 A in 63 and 64,
respectively, to provide the solid-state stability of these compounds. Additional stability in
the solid-state is gained by the m—m interaction involving m-electrons of acetonitrile molecule

and the aromatic ring of the Schiff base ligand (not shown). It is worth noting that, unlike
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azido bridging [41-61], the doubly EO cyanato-bridged dimeric Ni(II) complexes are scarce,
and only few dinuclear Ni(I) compounds with such a bridging motif are available in the

literature [16—18, 62].

Figure 4.5: Crystal structure of complex 63 along with local coordination geometry of Ni(II)
ions.

From the structural studies, it is clear that just by fine tuning of the organic ligands,
diverse bridging modes of pseudohalides can be achieved. For example, an additional methyl
group in L° ligand brings the crossed linked and nonplanar double EE azido-bridged Ni(II)
dimer in 62, while EE bridging azides are planar in complex 59. The central {Ni(y;3-N3)2Ni}
core structures in two cases are also significantly different as it is a chair like arrangement in
59 while a twisted boat like arrangement is observed in 62 (Figure 4.2). Further inspection of
the crystal structures reveals that although the connectivity of both LY and deprotonated HL®
ligands to the metal centres are similar, leaving two cis positions of the metal centre for
bridging azides, the bridging modes of azide ions are different in these systems i.e. EE (1 3)
in 59 and EO (p;,) in 63. It is reasonable to point out that the hydrogen bonding interaction
between phenolate-O as an acceptor and secondary amine as a donor from either of the
organic ligands in the dimeric unit could overcome the increased steric crowding in the

system when azides bridge the metal centres in an EO fashion. In absence of the hydrogen
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bond acceptor ability of the pyridyl group in 59, the azide ions prefer to bridge the metal

centres in an EE fashion to minimize the steric repulsion in the system.

Figure 4.6: Crystal structure of complex 64 with selected atom numbering scheme. Ellipsoids
are drawn at the 30% probability level. The non-covalent interactions are shown as dashed
lines.

4.3.4. Magnetic studies

The temperature dependence of the magnetic properties of complexes 59 and 60 as y\ and
xmT product vs. T plots (ym being the molar magnetic susceptibility per dimer) under a
constant magnetic field of 1.0 kOe are displayed in Figure 4.7 and 4.8, respectively. At room
temperature the yyT values of 2.20 and 2.25 cm® mol™' K for 59 and 60, respectively, are
slightly higher than the calculated value of 2.0 cm® mol™' K for two isolated Ni(II) ions with
S =1 and g = 2, which is due to the spin-orbit coupling of Ni(Il) ion at room temperature.
The ymT values decrease continuously from room temperature and tends to zero at 2 K for
both cases. This magnetic behaviour is typical for an intramolecular antiferromagnetic
interaction between two Ni(Il) ions. The Curie—Weiss analysis (Figure 4.9 and 4.10) of the
magnetic susceptibility data above 100 K with negative Weiss values (—15.01 and —7.36 K,
respectively) as well as the presence of distinct maxima in yy vs. T plots in 59 and 60 agrees

well with the antiferromagnetic interaction between the metal centres. The isothermal
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magnetisation of 59 and 60 as depicted in Figure 4.11 and 4.12, respectively, justify the
diamagnetic ground state at low temperature, and therefore zero-field splitting (ZFS) does not
have much influence in the magnetic property of these systems. A full-matrix diagonalization
approach assuming an isotropic spin exchange Hamiltonian (—2JS;-S,), Zeeman interaction
(gni, average), and intermolecular interaction (zJ') was further employed to analyse the
magnetic data using PHI program [63]. The best fittings afforded the following set of
parameters: J = —6.95(1) cm ', gni = 2.13(1), and zJ" = 0.39(10) cm ™' for complex 59 and J =

—2.71(2) cm ', gni =2.17(1)and zJ' = -0.48 (6) cm ' for complex 60.
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Figure 4.7: Plots of yu and ymT vs. T for complex 59. Symbols and solid lines represent
experimental data and the best theoretical fits, respectively.
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Figure 4.8: Plots of yv and ymT vs. T for complex 60. Symbols and solid lines represent
experimental data and the best theoretical fits, respectively.
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Figure 4.9: Curie-Weiss plot for complex 59 in the 100-300 K range.
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Figure 4.10: Curie-Weiss plot for complex 60 in the 100-300 K range.
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Figure 4.11: Isothermal magnetization of 59 at 2 K in the applied dc field 0—70 KOe.
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Figure 4.12: Isothermal magnetization of 60 at 2 K in the applied dc field 0-70 KOe.

The ymT versus T plot per dimeric unit of 61 is shown in Figure 4.13. At room
temperature the yuT value of 2.24 cm® mol ™' K is again usual for two isolated Ni(II) ions.
The ymT values remain almost constant down to 60 K and thereafter gradually decreases with
lowering the temperature to attain a minimum value of 1.51 cm’ mol' K at 2 K. This
magnetic behaviour is characteristic for a very weak antiferromagnetically coupled Ni(I1l)
ions through p;s-N(CN),-bridges [11-15]. In addition, the isothermal field dependent
magnetization data measured at 2 and 5 K were also depicted in Figure 4.13, showing regular
paramagnetic behaviour. The magnetic data were fitted simultaneously using PHI program,
assuming isotropic exchange Hamiltonian (—2JS;-S,), Zeeman interaction (gn;) and axial
zero-field splitting (D), and neglecting intermolecular interaction (zJ'). The best-fitting offers
J =-0.15 (14) cm ', gni = 2.13(1) and D = 2.64(5) cm ' for 61. The negligibly small
exchange interaction is consistent with the intramolecular Ni--Ni separation of 7.346 A
through the bridging dicyanamide ligands. In fact, the analysis of the magnetic data,
considering only the presence of single ion anisotropy and ignoring the exchange interaction,

resulted identical fitting with the best fit parameters gx; = 2.12(1) and D =2.97(2) cm .
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Figure 4.13: Magnetic data for 61. Thermal dependence of y\ and ymT product measured at
1.0 kOe dc field (left) and magnetisation data at different temperatures (right). Symbols and
solid lines represent experimental and best fitted data, respectively.

The magnetic property per dimeric unit of 62 as yy and ymT product vs. T plots and
the molar magnetization as a function of applied dc magnetic field (M / Nf vs. H) are
displayed in Figure 4.14. The ymT product at room temperature for 62, ca. 2.34 cm’® mol ' K,
is again typical for two magnetically isolated Ni(II) ions. Upon cooling, the yuT product
increases continuously to a maximum of 3.18 cm® mol™' K at 19 K and thereafter decreases
sharply to a value of 2.35 cm® mol™ K at 2 K. This behaviour is characteristic for an
intramolecular ferromagnetic exchange between two Ni(Il) ions together with the influence
of an intermolecular interaction and/or zero-field splitting (ZFS) of the ground state (S = 2),
manifested at low temperature. The Curie—Weiss plot (Figure 4.15) of the magnetic
susceptibility data above 100 K with positive Weiss value (12.92 K) further supports the
ferromagnetic coupling between the metal centres. Analysis of the magnetic data applying
isotropic exchange Hamiltonian (—2JS;-S;), Zeeman effect (gn; average), axial zero-field
splitting (D), and intermolecular interaction (zJ') yielded the following set of best fit
parameters: J = 13.21(1) cm |, gni = 2.09(1), D = 7.20(1) cm 'and zJ' = —0.011(8) cm™' for

complex 62.
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Figure 4.14: Magnetic data for 62. Thermal dependence of y\ and ymT product measured at
1.0 kOe dc field (left) and Magnetisation data at different temperatures (right). Symbols and
solid lines represent experimental and best fitted data, respectively.
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Figure 4.15: Curie-Weiss plot for complex 62 in the 100-300 K range.

The ym and ymT product vs. T plots per dimeric units of 63 and 64 and the molar
magnetization as a function of applied dc magnetic field (M / N vs. H) are shown in Figure
4.16 and 4.17, respectively. The ymT product at room temperature for 63 and 64 is ca. 2.89
and 2.63 cm’ mol' K, respectively, which are slightly higher than calculated for two
magnetically non-interacting Ni(I) ions. The ymT product increases continuously with
decreasing temperature reaching a maximum of 3.57 cm® mol™' K at 50 K for 63 and 3.22
cm’ mol ™' K at 15 K for 64 and then yyT decreases sharply to attain a value ca. 1.38 and 1.69
cm® mol™ K at 2 K for 63 and 64, respectively. This feature is again typical for an

intramolecular ferromagnetic exchange between two Ni(Il) ions with the influence of
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intermolecular interactions and/or zero-field splitting (ZFS) of ground state (S = 2),
particularly at low temperature. The Curie-Weiss analysis (Figure 4.18 and 4.19) of the
magnetic susceptibility data above 100 K are also consistent with ferromagnetic interaction.
Analysis of the magnetic data considering isotropic spin exchange Hamiltonian (—2JS;-S),
Zeeman effect (gni, average), axial zero-field splitting (D), and intermolecular interaction (z.J")
afforded the following set of best fit parameters: J = 28.79(2) cm ', gni = 2.23(1), D =
14.23(2) cm ' and zJ' = —0.085(4) cm ™' for complex 63 and J=3.70(2) cm ', gni = 2.28(1), D

=8.05(4) cm ' and zJ' = —0.067(2) cm ' for complex 64.

H=2KQe

T/ em® mol ' K
£ &

Yo/ €m® mal”!
>
5

)
o

o 25 50 75 100

Figure 4.16: Magnetic data for 63. Thermal dependence of y\ and ymT product measured at
1.0 kOe dc field (left) and Magnetisation data at different temperatures (right). Symbols and
solid lines represent experimental and best fitted data, respectively.
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Figure 4.17: Magnetic data for 64. Thermal dependence of y\ and ymT product measured at
1.0 kOe dc field (left) and Magnetisation data at different temperatures (right). Symbols and
solid lines represent experimental and best fitted data, respectively.
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Figure 4.18: Curie-Weiss plot for complex 63 in the 100-300 K range.
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Figure 4.19: Curie-Weiss plot for complex 64 in the 100-300 K range.

The handful examples of double EE azido-bridged dinickel(Il) complexes with
[Niz(ul,g-N3)2]2+ core structures and planar bridging azides are known in which azide ions
propagate AF interaction between the Ni(Il) ions [28-36]. The main factor that determines
the magnitude of J value in such systems is the dihedral angle (8) between the planes defined
by the six azide-N atoms and the N-Ni—N plane: the more planar the structure (6 is close to
0°) the more antiferromagnetic the interaction and hence higher |J| value, whereas the Ni—
N(azide) distance and other structural parameters are less important [24]. In complex 59, the

dihedral angle & of 34.51° should account for the relatively small J value of —6.95 cm ',
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which is agreed well with the magneto-structural data available in these systems [28-36].
Unlike azido-bridged analogues, the examples of double EE cyanato-bridged dinickel(II)
complexes are limited (Table 4.3) [19-21]. It was also well predicted that cyanate ions
transmit similar magnetic interaction between the metal centres but weakly, and the
comparatively lower J values found for cyanato bridges as a consequence of the lower spin
density on the N and O atoms [19]. The relatively high 6 value of 17.74° is responsible for
the loss of overlap derived of the lower planarity of the bridging region and as a consequence
the lowest J value of —2.71(2) cm ' for 60 perfectly lies on the line of J values reported until

now.

Table 4.3 Selected structural and magnetic data of doubly EE cyanato bridged Ni(II) dimers
(following H = —2JS-S, convention)”. Angles are given in degree.

Compounds Jem') | g <Ni-O-C <Ni-N-C Dihedral angle ()" | Refs.
[Ni(L*)(NCO)]»(BF3), -5.35 230 | 1220 150.1 4.8 19
[Ni(tren)(NCO)],(BF,), | 4.4 228 | 117.1 155.0 9.1 20
[Ni(L*)(NCO)],(PEg), | -3.1 2.16 | 110.9/111.4 | 147.9/152.0 | 18.6/20.8 21
60 -2.71 2.17 | 111.6(3) 152.0(4) 17.74 This work
o DL-5,5,7,12,12,14-hexamethyl-1,4,8,1 1-tetraazacyclotetradecane, tren = 2,2'2"-

triaminotriethylamine; L*' = N,N-bis(3,5-dimethylpyrazol-1-ylmethyl)aminomethylpyridine.

Although the general formula of [Niy(L%)(pt13-N3)2](ClOy), (62) is identical with
[Niz(Ld)z(ul,g-N3)2](C104)2 (59), the magnetic property of these compounds are significantly
different. Unlike in 59, the interaction between the Ni(Il) centres in 62 is ferromagnetic in
nature though double EE bridges. The difference of the magnetic properties arises essentially
from the different connectivity in the bridging region. In 62, two bridging EE azides are not
planar and crosslinked, and in such cases the nature of the magnetic interaction may be either

F or AF, mainly depending on two structural parameters in the bridging region such as the
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Ni-N-N bond angles and the Ni—p;3-N3—Ni (Ni—N---N—-Ni) torsion angle [64]. Maximum
coupling was expected for a Ni-N—N angle of 108° and decreases when the Ni-N-N angle
increases and the exchange interactions would be ferromagnetic if the angle exceeds 155°.
Similarly, for a fixed Ni-N-N angle AF coupling is expected to be maximum for a Ni—
N--*N-Ni torsion angle of 180° (or 0°) and decreases when Ni—N-:-N-Ni torsion angle
deviates from linearity and the interaction would be ferromagnetic if the torsion angle
approaches to 90° [64]. In general, the Ni-N-N angle does not exceed 155° and it is found
that if the Ni-N—N angle exceeds 120° and the Ni—N---N—Ni torsion angle approaches to 90°
a ferromagnetic coupling between the metal centres is observed. The average Ni-N—N angle
of 124.54° and the average Ni—N---N—Ni torsion angle of 72.21° is nicely agreed with the
overall ferromagnetic interaction in complex 62. It is interesting to note that only four
structurally and magnetically characterised crosslinked double EE azido-bridged systems are
known in which only in two cases Ni-N---N—Ni torsion angle was close to 90°, leading to a
ferromagnetically coupled system (Table 4.4) [37,38], and thus compound 62 is a valuable

addition to this series with perfect agreement of the magneto-structural data.

Table 4.4 Selected structural and magnetic data of doubly crosslinked EE azido-bridged
Ni(IT) dimers (following H = —2JS;-S> convention)b. Angles are given in degree.

Compounds Jem'") |D (cm™) g Ni-N-N Torsion angle (1) | Refs.
{[Ni(L*)N3],(Cl0,),(CH;0H),} +8.45 6.0 2.28 | 117.14-18.83 | 78.80 39
[Niy(L*)y(u13-N3),](ClOy), +7.13 - 2.18 | 117.8-127.7 | 69.2 40
[Ni(L*),(1t; 5-N3)15(C10,),-8CH;0H | —29 10 2.1 | 130.0 46.7 41
[(L*);Ni5(N3)a(1 3-N3)a] -36.4 0 (fixed) | 2.04 | 124.5-128.2 | 34.28 42

62 +13.21 7.20 2.09 | 123.7-127.1 | 68.67-76.95 This work

b L*  =N,N’-bis-(3,5-dipiperidin-1-yl-[2,4,6]triazin-1-yl)-pyridin-2-ylmethylethane-1,2-
diamine; L® = N,N',N"-tris(4-methoxylbenzyl)tris(2-aminoethyl)amine; L* = 2,6-dimethyl-
2,3-bis(2-pyridyl)quinoxaline; L** = 1,4,7-trimethyl-1,4,7-triazacyclononane
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Table 4.5. Selected structural and magnetic data of doubly end-on cyanato bridged Ni(II)
dimers (following H = —2JS;-S, convention)°

Compounds Jem") |[D(em")|[g [MN@A) |[M-N-M() | Refs.
[Niy(L*)y(11,-NCO),](C1O,), | +1.7 +3.6 2.23 | 2.125, 94.4,95.8 |16
2.090
[Niy(L*)5(1,1-NCOY](CIO,), | +2.8 36 | 2232099, 95.33, 16
2.115 95.79
[Niy(terpy), (.- +4.59 ~12.32 [ 2.23]2.044, 97.7 18
NCO),(H,0),](PFs), 2.195
[Niy(LY)s(p1 1-NCO),] +6.85 +7.18 [ 2.19 | 2.107, 97.84, 17
2.244 98.74
2.115,
2.280
[Niy(L*)y(1;;-NCO),] +5.31 +5.00 | 2.19 | 2.225, 98.47 64
2.201
64 +3.70 +8.05  [2.28]2.119, 97.51, This work
2.205 98.50

¢ L¥ = [N,N-bis(2-pyridinylmethylene)]propane-1,3-diamine); L*® = N,N'-bis(pyridin-2-
yl)benzylidene]ethane-1,2-diamine; terpy = terpyridine; L* and L*® = tetradentate {N;0} and
N4 donor ligands respectively

Unlike 59 and 62, in complex 63, two Ni(Il) ions are bridged by double EO bridging
azides, and working with such system Ruiz et al. theoretically predicted the ferromagnetic
interaction on all ranges of Ni—N(u; ;-N3)-Ni angles, with J increasing upon increasing the
bridging angle, reaching a maximum at 104° approximately [23]. In fact, all the reported p, ;-
azido bridged Ni(II) dimers exhibit ferromagnetic interaction with only one exception where
a very low bridging angle of 90.41° transmits AF interaction between Ni(II) centres [47]. The
average Ni-N—Ni angle found in 63 is 101.39°, which falls within the range where strong
ferromagnetic interaction prevail between two Ni(Il) ions, and therefore J value of 28.79(2)

cm ' found in 63 is quite reasonable. However, unlike theoretical prediction, the
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experimental data do not show clear relationship with Ni-N—Ni angles as a small variation of
Ni—-N—Ni angles in a narrow range ca. 98°-103.9°, show a large variation of the J values
from 191 to 43.9 cm' [41-61], leaving an unsolved challenge which will require
consideration of more than one structural parameter at once. In contrast to p;;-N3 bridged
Ni(II) complexes, only five doubly p,; ;-NCO bridged dinickel(II) complexes are known [16—
18,62] The magnetic and crystallographic data of these complexes are presented in Table 5,
which shows that J values span in a narrow range of 1.7 to 6.85 cm '. The sign and
magnitude of J value of 3.70(2) cm ' in 64 is again reasonable for such complexes in which a
general tendency is that J value increases with increasing bridging angles, similar to the

theoretical prediction carried out for azide analogues [23]

4.4. Conclusion

We have synthesized and characterized six novel dinuclear Ni(II) complexes with the
different bridging modes of pseudohalides. The pyridyl containing neutral ligands favours EE
bridged complexes 59, 60 and 62, while phenolate containing anionic ligand stabilizes the EO
bridged compounds 63 and 64. Their magnetic properties were discussed based on their
structures. For the isostructural and isomorphous compounds 59 and 60 with EE bridging
pseudohalides, an intramolecular antiferromagnetic interaction is observed, and the doubly
EE cyanato-bridged dimeric Ni(Il) complexes are scarce in the literature. The magnetic
behaviour of compound 61 is characteristic for a weak antiferromagnetically coupled Ni(II)
ions through p; s-N(CN),-bridges. For complex 62, an additional methyl group in L° ligand
brings the crossed and nonplanar double EE azido-bridges, which transfers ferromagnetic
coupling between the metal centres. Unlike 59, 60 and 62, Ni(Il) centres of both complexes
63 and 64 are linked by the doubly EO bridging modes. Apparently, complex 63 represents
the strong ferromagnetic interaction through the bridging azides as the average Ni-N-Ni angle

(101.39°) falls within the range where strong ferromagnetic interaction prevails. Also,
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complex 64 expressing the positive J value is rational according to the theoretical prediction.

Overall, there still exists an unsolved challenge to synthesize and study the rare linked motifs

of Ni(II) dimer to perfect the discipline.
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comparative biomimetic catalytic studies with
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5.1. Introduction

The synthesis and structural studies of transition metal complexes with a variety of bridging
ligands have been still attracting considerable research interest worldwide mainly because of
their relevance in biological systems, catalysis, and molecular magnetism [1-3]. Literature
has witnessed vast development of coordination chemistry of the compartmental ligands
which consist of two symmetrical or asymmetricalpendent arms at 2- and 6- positions of
phenolic group. These ligands are capable to bind simultaneously two homo- or hetero-
metallic transition metal ions, leading to phenoxo-bridged dinuclear complexes [4—7]. Insome
cases, the presence of additional bridges such as hydroxide, carboxylate and pseudohalide
ions maylead to doubly or triply bridgeddinuclear metal complexes in which two metal ions
are placed inclose proximity of 2.9-4.0 A [8-15]. Inmany of these compounds, the metal
centres are coordinatively unsaturated and/or the metal ions are weakly bonded to the ligands,
which made this class of compounds as attractive candidates for the biomimetic studies and
consequently they have been extensively employed instructural and functional modelling of
various metalloenzymes, like catechol oxidase [10,11], catalase [12], urease [13], purple acid
phosphatases [14] phosphoesterases and DNA nucleases [15] to gain insight into the
mechanistic aspect of the metalloenzymes. In addition to the modellingstructures and
functions of theactive sites of metalloenzymes, these compounds could providea large
number offerro-/antiferro-magnetically coupleddiscrete dinuclear metal complexes that help
togain insight into the fundamental aspects of the pairwise exchange interactions, knowledge
ofwhich at least assess qualitatively the magnetic coupling inhigh nuclearity systems for the

betterment of the field of molecular magnetism [16]

We have been wusing the N/O-donor Schiff bases derived from N,N-
dimethyldipropylenetriaminefor quite some time for the synthesis of transition metal

complexes with intriguing magnetic properties [17,18] and biomimetic catalysis, modelling
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the function of phenoxazinone synthase [19-21]. The diverse coordination ability of this
triamine further prompted us to explore coordination ability of the ligands derived from this
triamine. We have also recently explored the coordination chemistry of Schiff base ligand
(HL, Scheme 5.1),resulted from the condensation of 2,6-diformyl-4-methylphenol andN, V-
dimethyldipropylenetriamine with Ni(II) salts in presence of azide ions in different
stoichiometries, that exhibited diverse magnetic properties ranging from antiferro- to ferro-
magnetic interactions [22]. Although the phenoxazinone synthase is a multicopper oxidase
that catalyses the oxidative coupling of two substituted o-aminophenols to the phenoxazinone
chromophore throughthe catalytic activation of dioxygen in the final stage of the
biosynthesisof a naturally occurring antitumor drug actinomycin D [23] used clinically for the
treatmentof various cancers [24-26] several other transition metal (mostly manganese and
cobalt) complexes were proved to beexcellent functional models of this metalloenzyme [10].
Ni(II) complexes on the other hand extensively studied for biomimetic catalysis of other
oxidase metalloenzymes like catechol oxidase, but phenoxazinone synthase ability of this
metal complexes has yet to be explored [10]. Therefore, in the present endeavour, three
dinickel(Il) complexes, [Niy(u-L)(u-OH)](CIO4); (65), [Nix(u-HoL)(u-OH)(NCS)3](NCS)
(66), [Nix(p-HL)(p-OBz)(u-H,0)(0OBz)](Cl0O4)2-2.5H,0 (67) (where HOBz = benzoic acid)
have been synthesised using compartmental Schiff base ligand HL. The crystal structures,
magnetic property and biomimetic catalytic activity modelling the function of phenoxazinone
synthase ofthese complexes were further investigated and discussed. Interestingly, complex
67, consisting of a triple aqua, phenoxo and carboxylato bridges, is a unique example in

dinickel(II) chemistry.
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Scheme 5.1: Synthesis of Schiff base HL employed in the present study.

5.2. Experimental section

5.2.1. Laboratory Techniques

Laboratory techniques such as elemental analysis, infrared spectroscopy, UVvisible
spectroscopy, single crystal X-ray Diffraction study are same as our previous work. The
details about these techniques have been discussed in section 2.2.1 of chapter 2. In this case
single-crystal X-ray diffraction data for [Niy(pu-L)(un-OH)](ClO4), (65), [Ni(u-HoL)(p-
OH)(NCS);](NCS) (66) and [Niy(u-HL)(u-OBz)(pn-H20)(OBz)](ClO4)2-2.5H,O (67) were
collected at Department of Chemistry, CICECO, University of Aveiro, 3810-193 Aveiro,
Portugal. The DC susceptibility data were measured with a Quantum Design MPMS-XL-5
magnetometer in a constant magnetic field of 2 kOe between 2and 300 K. All the presented
data were corrected for the contributionof the sample holder and the diamagnetic
susceptibility of inner-shellelectrons at Institute of Mathematics, Physics and Mechanics &
Faculty of Civil and Geodetic Engineering, University of Ljubljana, Jadranska 19, 1000

Ljubljana, Slovenia. Other techniques which are new in this work are describes below.
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5.2.1.1. UV-Vis Spectroscopy
Light in the wavelength range of 200—800 nm have been used for the prepared samples

dissolved in various solvents. The Beer-Lambert law, Eq. 5.1 (where A is absorbance, ¢ is
concentration of the sample and 1 is the path length of the sample) have been used to calculate

the molar extinction coefficient ( ¢ ), the magnitude of which determines the types of

transition occurring [27].
UV-vis spectra were recorded on an Agilent Carry-60 diode array UV-vis spectrophotometer
(Agilent 8453) at room temperature with cuvette of 1-cm path-length.

A= gcl Eq. 5.1

5.2.1.2. EPR Spectroscopy
The X-band EPR spectra were measured in methanol using a JEOL JES-FA 200 instrument at

liquid nitrogen temperature (77 K).

5.2.1.3. Kinetics of the Phenoxazinone Synthase Activity

The phenoxazinone synthase like activity of 65-67 was examined UV-vis
spectrophotometricallyusing o-aminophenol (OAPH) as a model substrate. Kinetic
experiments for the formation of 2-aminophenoxazin-3-one were carried out by monitoring
increase of the spectral band~435 nm (e = 9095 M ' cm ') [28] as a function of time in air-
saturated methanol at ambient temperature (25 °C). Detailed kinetic studies were performed
to gain into the reaction kinetics for the catalytic oxidation of OAPH and for this purpose a
varying amount of the substrates (5 x 10~ to 1 x 10> M) were allowed to react with a fixed
complex concentration (5 x 10~ M), maintaining the pseudo-first-order reaction condition.
The rates of the reactions were calculated adopting initial rate method. Kinetic parameters

KM, Vinax, and kca, were determined by applying Michaelis-Menten equation. The turnover
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number (ke value) was obtained by dividing the Vp.cvalues by the concentration of the

complex used.

5.2.1.4. Mass Spectrometry
Electrospray ionization mass spectrometry (ESI-MS positive) was carried out in a

MicromassQ-tof-Micro Quadruple mass spectrometer.

5.2.2. Chemicals and Synthetic techniques

5.2.2.1. Materials
2,6-diformyl-4-methylphenol (DFMP) was prepared following a literature reported method
[29] and N,N-dimethyldipropylenetriamine was purchased from Aldrich. All other chemicals

(metal salts and solvents) were analytical or reagent grade and used as received.

Warning! Perchlorate salts of metal complexes with organic ligands are potentially
explosive. Only small quantities of the compounds should be prepared, and these should be

handled with great care.

5.2.2.2. Synthesis of Schiff base ligand HL
The Schiff base was prepared by the condensation of N,N-dimethyldipropylenetriamine and

2,6-diformyl-4-methylphenol in methanol as reported earlier [22].

149



CHAPTER 5 Aqua, phenoxo and carboxylato bridged dinickel(Il) complex

5.2.2.3. Synthesis of [Nix(u-L)(u-OH)](ClO4),(65)

Ni(ClOy4),-6H,0 (0.366 g, 1.0 mmol), HL (0.5 mmol) and triethylamine (0.5 mmol) were
mixed together in a 30 mL of methanol and were allowed to refluxfor about 1 h. After
cooling, the reaction mixture was filtered and the clear deep-green solution was kept at room
temperature for slow evaporation. Dark-green single crystals suitable for X-ray analysiswere
obtained from the filtrate after a few days. The crystals were collectedby filtration and
washed with methanol/ether and air dried. Yield: 0.339 g, 87 %. Anal. calcd. for
C25Hu6ClaNgNi,O19: C 38.55 %, H 5.95 %, N 10.79 %. Found: C 38.34 %, H 6.04 %, 10.66

%. Selected FTIR bands (cm™'): 625 s, 1088-1116 vs (vClO4); 1635 s (vC=N).

5.2.2.4. Synthesis of [Nix(u-H:L)(u-OH)(NCS);3]/(NCS)(66)

Ni(NO3),-6H,0 (0.290 g, 1.0 mmol),the Schiff base ligand(0.5 mmol) and triethylamine (0.5
mmol) were combined in 30 mL of methanol. The resulting green solution was allowed to
reflux for ca. 1 h. Thereafter, a solution of sodium thiocyanate (2.0 mmol, 0.162 g) dissolved
in minimum amount of methanol was added to the resulting green solution drop wise over a
period of 5 min with constant starring. The reaction mixture (bright dark-green) was stirred
under reflux for ca. 30 min, and it was filtered to remove if any minute quantity of
precipitate. The clear dark-green filtrate was kept undisturbed at ambient temperature that
afforded dark green crystals of 66 within a week, appropriate for single crystal X-ray
diffraction measurements. The crystals were collectedby filtration and washed with
methanol/ether and air dried. Yield: 0.327 g, 78 %. Anal. calcd. for CyoHagNioNi,O,S4: C
42.77 %, H5.94 %, N 17.20 %. Found: C 42.64 %, H 6.01 %, 17.01 %. Selected FTIR bands

(cm™): 1634 s, 1644 s (vC=N); 2068 vs, 2092vs(VNCS").
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5.2.2.5. Synthesis of [Nix(u-HL)(u-OBz)(u-H>0)(OBz)[(ClOy)»2.5H,0 (67)

Ni(ClOy4),-6H,0 (0.366 g, 1.0 mmol), the Schiffbase ligand(0.5 mmol) and triethylamine (0.5
mmol) were combined in 30 mL of methanol. The resultinggreen solution was allowed to
reflux for ca. 1 h. Thereafter, a methanolic solution of benzoic acid (0.122 g, 1.0 mM) and
triethylamine (1.0mmol) was added with stirring, and it was further allowed to stir for another
30 min. The resulting dark-green reaction mixture was filtered and left at room temperature
for crystallisation. The green crystalline single crystals were separated out from the solution
within a couple of days with quality suitable for X-ray single crystal diffraction. The crystals
were then filtered and washed with methanol/ether and air dried. Yield: 0.395 g, 74 %. Anal.
caled. for C39Hg3CloNgNi,O165: C 43.85 %, H 5.94 %, N 7.87 %. Found: C 43.99 %, H 6.01

%, 7.71 %. Selected FTIR bands (cm'): 623 m, 1094 vs (vClO); 1601-1645 s

(vVC=N&vCOO0").

5.3. Results and discussion

5.3.1. Synthesis and general characterizations

The reaction of a methanolic solution of the compartmental Schiff base ligand (HL) with
Ni(ClO4), 6H,0 in a 1:2 molar ratio in methanol afforded [Ni(pu-L)(u-OH)](ClO4)2(65). The
corresponding reaction with Ni(ClO4),-6H,0 in the presence of benzoic acid in a 1:2:1 molar
ratio resulted [Niy(u-HL)(n-OBz)(n-H>O)(OBz)](Cl04),2-2.5H,0(67). Similar reaction with
Ni(NO3),-6H,0 in presence of NaSCN in a 1:2:2 molar ratio in refluxing methanol solution
produced [Niy(p-H,L)(u-OH)(NCS);5](NCS) (66). An equimolar amount of triethylamine was
added for deprotonation of the Schiff base ligand in all cases and also for benzoic acid in 67.
These complexes were obtained in high yield in which phenolic group of the ligand is

deprotonated that bridges two metal ions, leading to dinickel(I) complexes. X-ray quality
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single crystals of 65-67 were obtained by slow evaporation of the reaction mixtures. The
isolated complexes were characterized by elemental microanalyses, IR and UV-vis
spectroscopies (Figure 5.1 and 5.2, respectively) and single crystal X-ray diffraction study
and these complexes are fairly soluble in common organic solvents like methanol, acetonitrile

and DMF.

5.3.2. IR Spectroscopy
The IR spectra of the complexes (Figure 5.1) display some common features such as a band

! the O-H stretching

due to a N—H stretching vibration in the range 3244-3278 cm™
vibrationat 3444-3465 cm ™' of bridging hydroxide and/or water of crystallisations (in 67),
and the azomethine (C=N) bonds of the Schiff base in the range 1601-1645 cm™'. However,
the azomethine and carboxylate bands are hardly distinguishable in 67. Additionally, the IR
spectra of 65 and 67 display the stretching vibration of ClO4 ion as a splitband over the
range 1088-1116 cm™" The splitting of the v(Cl-O) band is attributed to the result of
involvement of the counter ClO4™ ions in H-bonding interactions in the solid state. Moreover,
the bending vibration of ClO,” ion is observed at 623—625 cm™' in the IR spectra of these
complexes [18,21]. The IR spectrum of 66 also displays a bifurcated band at 2068 and 2092
cm™', characteristic for the asymmetric stretching vibrations of NCS™ ion. The appearance of

two strong peaks in the IR spectrum in 66 is consistent with the presence of both coordinated

and non-coordinated NCS™ ion, as evidenced by the structural characterization [21,30].
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Figure 5.1: IR spectra of complexes 65-67.
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Figure 5.2: UV-Vis Spectra of the complexes 65—67 at [complex] = 5x10°(M) whereas the
inset spectra were recorded at [complex] = 1x10™ (M).
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5.3.3. Description of crystal structures

Crystal structures of all the complexes were determined by single crystal X-ray diffraction
study. Whereas the details of the data collection and structural refinement for the
complexesare assembled in Table 5.1, the selected bond distances and angles can be found in
Table 5.2 and Table 5.3, respectively. Complex 65 crystallizedin the monoclinic P2,/n space
group and the crystal structure consists of a dinuclear [Niz(u-L)(u-OH)]2+ cation and two
ClO4 anions (Figure 5.3). Within the dimeric unit, Ni(Il) ions are bridged by the phenoxo
group of the Schiff base ligand together with the exogeneous hydorxo ligand with the Ni—Ni
distanceof 3.154A and the phenoxo and hydroxo bridging angles of 101.77(6) and
106.32(7)°, respectively. Both Ni(Il) centres exhibit a NiN3O; coordination sphere which is
made up with the bridging phenoxo and hydroxo oxygen atoms and three nitrogen atoms
from the triamine part of the ligand.The coordination polyhedra around the metal centres is
bestdescribed as a distorted square pyramidal as indicated by the structural
parameter t(squarepyramid, t = 0; trigonal bipyramid, t = 1; t = ( a—)/60°, where a and 3
are the two largest angles around the central atom) values of 0.05 and 0.15 [31]. The
Ni(Il)centres are displaced out of the least square planes constructed by exogenous hydroxo
group and phenoxo oxygen atom and imine and secondary amine nitrogen atoms from the
Schiff base ligand towards the apically coordinated tertiary amine nitrogen atom with
deviation of 0.357A. The bond distances around the metal coordination spheres are usual for
Ni(II) complexes (see Table 5.2) [13,32-46]. Both perchlorate counter anions form moderate
to strong hydrogen bonding interactions, one of them with the secondary amine group
(N5---04, 3.147(3) A) only and other one with both the secondary amine group (N2---O7,
2.995(3) A) and bridging hydroxo group(O2---09, 3.148(2) A) as shown in Figure 5.3 and
5.4. The closest separation between the Ni(II) centres within the neighbouring dimeric unit is

8.551 A.
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Table 5.1 Crystal details and structure refinement parameters of complexes 65—67.

65

66

67

Empirical formula
Formula weight (g mol™)
Crystal system

Space group

a (&)

b (A)

c(A)

a(deg)

£ (deg)

Adeg)

volume (A%)

Z

Deye (g cm™)

p (mm™)

F(000)

trange (deg)

Reflections collected
Independent reflections (R;y)
Observed reflections [I>2o(I)]
Restraints/parameters
Goodness-of-fit on F~

Final R indices [I>206(I)]
R indices (all data)

Largest diff. peak/hole
(e A7)

C,5Hy6CLNgN1, Oy
779.00
monoclinic
P2,/n
18.1138(11)
9.9392(6)
19.5105(10)
90.00
108.764(2)
90.00
3325.93)

4

1.556

1.354

1632
2.205-29.196
113948

8997 (0.0469)
7329

1/445

1.042

R, =0.0325,
WwR, =0.0735
R, =0.0476,
WwR, =0.0801
1.079/-0.738

C9HysN1oNi1,0,S4
814.43
triclinic

P1

9.2680(4)
11.2105(4)
18.8811(7)
87.895(2)
78.990(2)
77.785(2)
1882.01(13)

2

1.437
0.5701.264
856

1.099 —29.196
96578

10151 (0.0363)
8735

0/459

1.040

R, =10.0248,
WwR, =0.0587
R, =10.0326,
WR, =0.0623
0.391/-0.357

C30HesCLLNgN1;O16 5
1068.27
triclinic

Pi
12.8331(12)
14.2244(13)
15.4895(15)
63.296(3)
72.834(3)
77.698(3)
2402.7(4)

2

1.477

0.969

1122
2.494-26.459
38722

9821 (0.0361)
8027

3/636

1.031

R, =10.0328,
WwR, =0.0756
R, =0.0463,
WwR, =0.0826
0.551/-0.594
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Figure 5.3: Crystal structure of 65 displaying selected atom labelling scheme and hydrogen
bonding interactions. Ellipsoids are drawn at 30% probability level and most of the hydrogen
atoms are omitted for clarity.

Figure 5.4: The crystal packing of complex 65 displaying different hydrogen bonding
interactions.
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Table 5.2 Selected bond distances (A) for complexes 65—-67.

Bond 65 66 67

Nil-Ol1 2.0313(12) 2.0829(9) 2.0407(14)
Nil-02 1.9674(14) 2.0484(9) 2.1691(15)
Nil-03 - - 1.9998(14)
Nil-05 - - 2.0783(14)
Nil-NI1 2.0305(15) 2.0370(11) 2.0460(17)
Nil-N2 2.0780(16) 2.1301(11) 2.1108(18)
Nil-N3 2.0809(16) - -

Nil-N7 - 2.0628(12) -

Nil-N8 - 2.1327(12) -

Ni2-0O1 2.0333(13) 2.0188(9) 2.0222(14)
Ni2-02 1.9733(14) 2.0257(9) 2.2546(15)
Ni2-04 - - 2.0682(14)
Ni2—N4 2.0349(16) 2.0124(11) 2.0641(18)
Ni2—-N5 2.0605(16) 2.0570(11) 2.0993(18)
Ni2—-N6 2.0810(16) - 2.1620(18)
Ni2—-N9 - 2.0129(12) -

Table 5.3 Selected bond angles (°) for complexes 65—67.

Bond Angles 65 66 67
Nil-O1-Ni2 101.77(6) 100.30(4) 104.72(6)
Nil-O2-Ni2 106.32(7) 101.25(4) 93.30(6)
0O2-Nil-N1 152.58(6) 166.87(4) 164.45(6)
02-Nil-01 76.02(5) 78.19(4) 77.60(6)
N1-Nil-O1 89.36(6) 88.69(4) 86.93(6)
02-Nil-N2 91.31(6) 97.73(4) 99.62(6)
NI1-Nil-N2 96.44(6) 95.37(4) 95.71(7)
O1-Nil-N2 161.53(6) 172.59(4) 175.29(6)
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Complex 66 crystallized in the triclinic Pispace group and the crystal structure (Figure
5.5) consists of a dinuclear [Niy(p-H,L)(n-OH)(NCS)3] "cation and a thiocyanate anion. Like
65, within the dinuclear unit, Ni(Il)ions are bridged by the phenoxo group together with the
exogeneous hydroxo ligand with the Ni-Ni distance of 3.149 A and the phenoxo and hydroxo
bridging angles of 100.30(4) and 101.25(4)°, respectively, but two metal centres are in
different coordination environments i.e. NiN4O, coordination sphere for Nil ion and NiN;O,
coordination sphere for Ni2 centre. In addition to the bridging hydroxo and phenoxo groups,
the coordination sphere around Nil is fulfilled by two N-bound trans disposed thiocyanate
ions and imine and secondary amine nitrogen atoms from one arm of the Schiff base, while
the coordination sphere of Ni2 is satisfied by one terminal N-bound thiocyanate ion and
imine and secondary amine nitrogen atoms from other arm of the Schiff base ligand with
usual bond distances (Table 5.2) [13,32-46]. The coordination polyhedron around the Nil
centre is best described as a distorted octahedron as reflected by the significant deviation of
cisoid (78.19(4)-96.62(4)°) and transoid (166.87(4)-174.46(5)°) angles from the ideal
values, while the geometry around Ni2 centre is close to the square pyramidal, being the
structural parameter t value of 0.27 [31]. Unlike 65, the tertiary amine groups in 66 are
protonated and thus involve in H-bonding interaction as depicted in Figure 5.5 in which one
protonated tertiary amine is connected with oxygen atom of bridging hydroxide through an
intramolecular hydrogen bond withN3---O2 distance of 2.585(2) A, while other protonated
tertiary amine groupestablishes an intermolecular hydrogen bond with nitrogen atom of non-
coordinated thiocyanate ion withN6---N10 distance of 2.824(2) A. S atom of the non-
coordinated thiocyanate ion further involves in bifurcated hydrogen bonding with the
bridging O-H (02---S4 = 3.414(1) A) and secondary amine N-H protons (N5---S4 =
3.5773(12) A) from the neighbouring complex cation, leading to the formation of a

supramolecular hydrogen bonded dimer of dimers as depicted in Figure 5.5 and 5.6. The
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closest separation between the Ni(Il) centres within the neighbouring dimeric units is 9.268

A, which is slightly higher than that found in 65.

Figure 5.5: Crystal structure of 66 showing atom numbering scheme and hydrogen bonding
interactions. Ellipsoids are drawn at 30% probability level and most of the hydrogen atoms
are omitted for clarity.

Figure 5.6: The crystal packing of complex 66 displaying different weal non-covalent
interactions.
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Complex 67 crystallized in the triclinic Pispace group and the crystal structure (Figure
5.7) consists of a dinuclear [Niz(p,-HL)(u-OBz)(u-HzO)(OBZ)]2+ cation and two ClO4 anions
and few water of crystallisations. In this dimeric entity, both Ni(Il) centres are in an
octahedral environment being triply bridged by aphenoxo group of the Schiff base ligand and
a benzoate ion in syn-syn configuration and an aqua ligand with the Ni—Ni separation in the
dimeric unit of 3.217 A and the phenoxo and aqua bridging angles of 104.72(6) and
93.30(6)°, respectively. The remaining coordination sites are fulfilled by three nitrogen atoms
from one triamine arm in Ni2 centre, while imine and secondary amine nitrogen atoms from
other arm of the Schiff base and one oxygen atom of the monodentate benzoate ion fulfil the
coordination sites around Nil centre. The non-coordinated oxygen atom of the monodentate
benzoate ion in turn is involved in strong hydrogen bonding interaction with the bridging
aqua ligand (O2---06, 2.545(2) A) as depicted in Figure 5.7, thereby stabilising the triply-
bridged structure. Therefore, in the present case, the zwitterionic form of the Schiff base
ligand is coordinated to the metal centres in which the phenolic group is deprotonated and is
bridged by the two metal centres leaving one of the tertiary amine group protonated. This
protonated tertiary amine group participates in strong hydrogen bonding interaction with one
of the water of crystallisations (N3---O15, 2.676(3)A). Furthermore, the solid state structure
of complex 67 is stabilised by a complex network of moderate to strong hydrogen bonding
interactions with the involvements of perchlorate counter anions, lattice water molecules and
secondary amine groups of the Schiff base ligands with donor acceptor distances varied in the
range 2.545(2)-3.245(3) A (Figure 5.8). Although it is a triply bridged system, the Ni-Ni
separation in the dimeric unit of 3.217 A is slightly longer than that found in 65 and 66, while

the closest separation within the neighbouring dimeric unit is found to be 7.956 A.

Structural studies reveal a diverse coordination ability of the Schiff base ligand HL in the

present systems as the monoanionic L™ form of the ligand is bonded to the metal centres in
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65, while monocationic H,L" and the zwitterionic form of the ligand coordinate the metal
centres in 66 and 67, respectively. Another notable observation is the geometrical differences
around the mental centres in these complexes as it is a five coordinated and square pyramidal
structure for both Ni(Il) centres in 65, while one Ni(Il) ion is in square pyramidal geometry
and other one in octahedral geometry in 66 and both the metal centres are in octahedral
geometry in 67. However, the most remarkable structural feature is a unique bridging pattern
found in complex 67. Literature reports reveal that the aqua bridged dinickel(II) complexes
are not much abundant and it is generally been a part of a triplebridged system in which it is
mostly associated with eitherdouble phenoxo bridges [32-38] or double carboxylato bridges
[39-45]. Further observation is that when it is associated with di(phenoxo) bridges, the
bridging aqua angle is less than 90° and when it is coupled with two syn-syn carboxylate
bridges, the bridging aqua angles are quite large and it is always greater than 100°. In the
present system (complex 67) an intermediate aqua bridging angle of 93.30(6)° was observed
as it is associated with one phenoxo andonesyn-syn carboxylate bridge.The structure of 67 is
very close to a dinickel(II) complexes where the bridging phenoxo is replaced by alokoxo
group [46]. With all sorts of notable dissimilarities, all these complexes are constructed
withan edge-sharing bi-polyhedral structures in which two bridging phenoxo and hydroxo
groups form the common edge in 65 and 66, while it is formed by the bridging phenoxo and
aqua ligands in 67 (see Figure 5.9) and both the bridging atoms occupy the equatorial
positions of the metal centres irrespective of their geometries. The syn-syn carboxylate bridge

occupies the apical positions of two adjacent bioctahedral structures in 67.
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Figure 5.7: Crystal structure of complex cation of 67 displaying selected atom labelling
scheme and hydrogen bonding interaction. Ellipsoids are drawn at 30% probability level and
most of the hydrogen atoms are omitted for clarity.

Figure 5.8: The crystal packing of complex 67 displaying different hydrogen bonding
interactions.
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Figure 5.9: Crystal structures of 65-67 showing edge sharing bi-polyhedral structures and
hydrogen atoms have been omitted for clarity.

5.3.4. Magnetic properties

The DC magnetic susceptibility was measured on polycrystalline samples of 65—67 in the
temperaturerange 300 — 2 K in a constant applied magnetic field of 2 kOe. The temperature
dependent susceptibility per mole x and ¥ T products are displayed in Figure 5.10. As can be
seen from the figure, the susceptibility values increase with decreasing temperature from
room temperature and reaching a maximum at approximately 130 K for 65, 45 K for 66 and
11 K for 67 and decrease thereafter, which is a clear indication of anantiferromagnetic
interaction between the Ni(Il) ions in the dimeric units.At room temperature, the xT values of
2.4 emu K/mol for 66 and 67 are slightly higher than the calculated value of 2.0 emu
K/molfor two non interacting Ni(Il) ions with S = 1 and g = 2, which is due to orbital
contribution of Ni(Il) ion at room temperature. However, T value of 1.8 emu K/mol for 65 is
slightly lower than the theoretical value, indicating that antiferromagnetic coupling between
two Ni(II) centres is operative even at room temperature. The isotropic Heisenberg model H

=—JS|-Sy, where S| and S, are equal to 1, and J is an interaction parameter, can be applied to

163



CHAPTER 5 Aqua, phenoxo and carboxylato bridged dinickel(Il) complex

describe the temperature dependent magnetic susceptibility of these systems using the
following equation [47],

_ 9°Napg 2 (e¥+5e3%)
x= kgT 1+3eX+5e3%

_ 4 g%N g
A=—p+— 0 p (Eq.5.2)

where x= J/kgT and other symbols acquire their usual meaning. The second term accounts for
a small amount of noncoupled magnetic moments and p is a molar fraction of these
noncoupled species. The best fit to experimental datawas obtained (full green line in Figure
5.10) with J/kg = 143K, g =2.3 and p = 1 % for 65, J/kzg =42 K, g =2.3 and p = 0 % for 66,
and J/kg=—- 12K, g=2.2 and p = 5 % for 67.

As already described in the structural section, complexes 65 and 66 are dinickel(II)
systems with phenoxo and hydroxo bridges. Experimental and theoretical magneto-structural
correlations reveal that the major factor controlling the exchange coupling in double
phenoxo/alkoxo/hydroxo bridged Ni(u-O),Ni complexes is the bridging Ni-O-Ni angle in
which a ferromagnetic coupling is expected when the Ni-O—-Ni angle is close to 90° [48]. As
the Ni-O-Ni angle deviates from 90°, the ferromagnetic coupling decreases and above the
critical Ni-O—Niangle of ~98°, the coupling becomes antiferromagnetic and the strength of
coupling constant increases with increasing the angels. The phenoxo and hydroxo bridging
angles in 66 of 100.30(4) and 101.25(4)°, respectively, are significantly larger than the
critical angle and thus the antiferromagnetic coupling between the Ni(Il) centres is quite
reasonable. The same angles (101.77(6) and 106.32(7)° respectively) in 65 are even larger
than that found in 66, consistent with the J/kz of —143 K in 65. Furthermore, the geometry of
both the metal centres in 65 is square pyramidal, while it is octahedral orsquare pyramidal for
either of the metal ions in 66. Thus, the average bridging Ni—O distances for equatorially
coordinated bridging atoms in 65 (range 1.9674(14)-2.0333(13)A) is some what shorter than

that of 66 (range 2.0188(9)-2.0829(9)A), which is expected to increase effective overlap in
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the super-exchange pathway executed through bridged atoms in 65, leading to stronger
antiferromagnetic coupling in 65 over 66.The connectivity of two Ni(Il) centres in 67 is
significantly different from 65 and 66 as it a triply bridged system, comprising with a syn-syn
carboxylate, a phenoxo and an aqua bridge. The syn-syn carboxylate bridge generally
propagates antiferromagnetic interaction between two metal centres [49]. When it is coupled
with an aqua bridge and the aqua bridging angle being larger than 100°, the Ni(Il) ions
experience stronger antiferromagnetic interaction due to the complementary effect of these
bridging ligands. Similarly, almost all the aqua and phenoxo triply bridged systems transmit
weak to moderate ferromagnetic interactions as in these systems all the bridging angle fall
well below the critical angle. In the present case, the antiferromagnetic coupling is expected
as usual through syn-syn carboxylate bridge and also through the phenoxo bridge as the
phenoxo bridging angle is 104.72(6)°. However, the bridging aqua angle of 93.30(6)° being
significantly lower than that of the critical angle likely transmits the ferromagnetic interaction
between the metal ions. Therefore, the counter complimentary effect of the aqua bridge is

responsible for overall weaker antiferromagnetic coupling in 67 [46].

0.06 ¢

0.04 P

7 (emu/mol)

0.02

0 S0 106 150 200 250 300
T{K}

Figure 5.10: Temperature dependent molar magnetic susceptibility of 65—67. Full green lines
are fits with equation (1) and parameters shown in Table 5.4. Inset shows theyT vs. T plots.
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Table 5.4 Magnetic parameters for 65-67.

xT epr = /8xT/2 |J(K) g %)
(emu K/mol) (up per Ni ion)

65 1.8 2.7 — 143 2.3 1

66 2.4 3.1 —42 2.3 0

67 2.4 3.1 —-12 2.2 5

5.3.5. Catalytic oxidation of o-aminophenol

Phenoxazinone synthase like activity of all the complexes were examined using o-
aminophenol (OAPH) as a model substrate. The progress of catalytic reaction of a mixture of
OAPH (0.02 mM) and the complexes (5.0x10°M or 1.0x107*) in dioxygen saturated
methanol is monitored UV-vis spectrophotometrically at ambient temperature (25 °C). The
time dependent spectral profiles as depicted in Figure 5.11 disclose the gradual development
of spectral band atca. 435 nm, indicating catalytic formation of phenoxazinone chromophore.
Detailedkinetic study was further carriedout to gain insight into the catalytic efficiency in
these complexes and for that all the complexes (5.0x10°M) were allowed to react with
excess OAPH, maintaining the pseudo-first-ordercondition, and the initial rates of the
reactions were extracted. The plots of initial rates against the concentrations of the substrate
(Figure 5.12) follow a rate saturation kinetics which can be modelled with Michaelis-Menten
kinetics to extract the parameters V., Ky, and K¢, and these values can be found in Table

5.5.

o8

i i i
4~ 2-aminophanoxazine-3-one 2-aminophenoxazine-3-one 124

0.6+
Z-aminophenoxazine-3-one

0.4+
a-aminaphenol

Absorbance
Absorbance

Absorbance

(PRI =

00 4&0 s&n 00 300 allu:l slln m 100 -tsﬂ aon m'o
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Figure 5.11: Time-dependent spectral profile for the oxidation of OAPH (1x 10 *(M)) in air-
saturated methol in presence of catalytic amount of complexes 65—67 (5x 10°(M)).
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Figure 5.12: Michaelis—Menten plot for the oxidation of OAPH in dioxygen-saturated
methanol catalysed by complexes 65-67 at room temperature. Symbols and solid lines
represent the experimental and simulated profiles, respectively.

Table 5.5 Kinetic parameters of phenoxazinone synthase like activity for 65-67.

Catalyst | Vo (Ms ) Ky (M) Keat (W)
65 (3.41£0.24) x 10° [ (7.57+£0.99) x 10~ | 12.30

66 (4.64+0.15)x 10° | (5.92+0.38)x 10" | 16.70

67 (1.19+0.06) x 10° | (6.68+0.61)x 10° | 4.32

5.3.6. Reaction mechanism and comparative catalytic activity

Structural studies on metalloenzymes and several efficientfunctional models disclose that the
available vacant sites orlabile positions for substrates bindingare prerequisite for the efficient
catalytic activity [10,11,50]. In complexes 65 and 66, the metal centres are either
coordinatively unsaturated and/or bonded with substitutionally labile thiocyanate ions that
favour the coordination of OAPH to the metal centres, leading to efficient catalytic
conversion of the substate to the product 2-aminophenoxazin-3-one.The observed rate

saturation kinetics further support the complex-substrate adduct formation in these systems.
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But in complex 67, only one Ni(II) centre (Nil) is bonded with a monodentate benzoate ion
which is strongly connected with the bridging aqua ligand through an intramolecular
hydrogen bond and thereby formation of a complex-subtract adduct by replacement of the
monodentate benzoate ion in 67 is not much favourable, leading to a weaker conversion of

the substrate to the product.

Further information regarding the formation of a complex-substrate intermediate and the
course of the reaction can be obtained from the mass spectral study, and for that the mass
spectra of one of the most reactive complexes (complex 66) itself and in presence of excess
amount of OAPH (20 equivalents)were recordedand are displayed in Figure 5.13 and 5.14,
respectively. The peaks at m/z = 651.22, 664.20, 677.17, 701.49 and 736.17 are the
dinickel(II) species of compositions [Niy(L)(NCS)(MeOH)]",
[NaNi,(L)(OH)(MeO)(MeOH)]",  [Niy(L)INCS),]" or [NaNiy(L)(NCS)(OH)(OH,)]",
[NaNiy(HL)(NCS),]" and [NaNiy(HL)(NCS)(OH)(OH,)]", respectively, which are well
supported by their isotopic distribution patterns. A mononuclear Ni-species is also found at
m/z = 562.27 which is matched with a monocationc species of composition [Ni(HL)(NCS),]".
Interestingly, when mass spectra were recorded in presence of excess OAPH, the most of
peaks found in complex itself were disappeared. The new major peaks are again well
assignable and these are either the substract, product or intermediaterelated species. The peak
at m/z=213.06 is consistent with aprotonated species of the product 2-aminophenoxazin-3-
one (calculatedm/z=213.07). The peak at m/z=215.08 is quite interesting as it matched witha
protonated species of an importantreactive intermediate II-B (calculated m/z=215.09)
generated in the course of oxidative coupling of o-aminophenol at the penultimate step of the
formation of 2-aminophenoxazin-3-oneas drawn in Scheme 5.2. The peaks at m/z = 950.96,
964.95, 982.99 and 1028.00 are most important peaks as their peak-to-peak separation of

unity and isotopic distribution patterns are matched withcomplex-substrate intermediate
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species of compositions [NaNiy(L)(OH)(OAP),(NCS),(H,0)]",
[NaNiy(L)(OH)(OAP),(NCS),(MeOH)]", [NaNiy(L)(OH)(OAP),(NCS),(H,0)(MeOH)]" and
[Na,Niy(L)(OH)(OAP)»(NCS),(H20)4]", respectively. The peak at m/z = 514.50 is a
dicationic species as suggested by the peak-to-peak separation of 0.5 and therefore this

dicationic species is a conjugate acid of the monocationic species found at m/z = 1028.00.

So, the mass spectrometry together with the rate saturation kinetics disclose that the
catalytic cycle starts with the coordination of the substrates to the metal centres as depicted in
Scheme 5.2. In the complex-substrate adduct two thiocyanate ions and two OAPH molecules
are bonded to the metal centres as suggested by the mass spectrometry where all the
complex-substrate intermediate species are characterised with this composition. Thereafter,
an intramolecular electron transfer occurs from the substrate to the complex. In order to better
understand the electron transfer process, we have carried out the X-band EPR spectra at 77 K
of complex 66 both in presence and absence of the substrate. As usual, the compound itself is
found EPR silent. But when anexcess OAPH (20 equivalents) was added to the complex, an
isotropic signal at g = 2.008 appeared that indicates the generation of an organic free
radicalduring the course of this reaction (Figure 5.15). Therefore, the EPR study excludes the
possible involvement of the redox participation of the metal centre electron transfer process,
leaving theligand centre base reduction to the formation of imine radical anion intermediate
with concomitant oxidation of OAPH to OAP radical. The present results are consistent with
mostof the previously reported Ni(Il) complexes with Schiff base ligands, showing catechol
oxidase like activity where the Schiff base undergoes one electron reduction during the
catalytic cycle [51]. The slightly higher reactivity of 66 over 65 could be due to the overall
positive charge of the ligand (H,L") in 66 compared to uninegative charge of ligand (L") in
65, favouring the reduction of imine bond towards the formation of imine radical anion

intermediate in 66. The OAP radical is thereafter converted to o-benzoquinonemonoamine
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(BQMI) in many ways, including the disproportionationof the OAP radical itself and finally

produces 2-aminophenoxazin-3-one through the multiple steps as shown in Scheme 5.2.
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Figure 5.13: Electrospray ionization mass spectrum (ESI-MS positive) of 66.
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Figure 5.14: Electrospray ionization mass spectrum (ESI-MS positive) of a 1:50 mixture of
66 and OAPH in methanol recorded after 10 min of mixing.
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Figure 5.15: X-band EPR spectrum of complex 66 in presence of excess OAPH.
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Scheme 5.2: The most probable mechanistic pathway for the catalytic oxidation of the
substrate in aerobic condition.
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5.4. Conclusion

In conclusion, three dinickel(I) complexes, namely [Niy(u-L)(u-OH)](ClOq), (65), [Niy(u-
H,oL)(u-OH)(NCS);](NCS) (66) and [Niy(u-HL)(n-OBz)(u-H,0)(OBz)](ClO4),-2.5H,0 (67)
(where HOBz = benzoic acid), have been synthesized with an end-off compartmental ligand
(HL) derived from the Schiff base condensation of 2,6-diformyl-4-methylphenol and N,N-
dimethyldipropylenetriaminein methanol. X-ray crystallography reveals that both 65 and 66
are phenoxo and hydroxo bridged compounds, while complex 67 is a unique tripleaqua,
phenoxo and carboxylato bridged dinickel(IT) complex. Although the similar bridging pattern
that found in 67 is known in the literature, the combination of aqua, carboxylate and phenoxo
bridges could be a new addition in dinickel(Il) coordination chemistry. The synthesized
complexes display a weak to moderate antiferromagnetic coupling between the Ni(II) centres
within the dimeric units with J values spanning in the range—12 to —143K and a magneto-
structural correlation has been performed to gain insight in the exchange pathway. All these
complexes exhibit moderate catalytic activity relevant to the phenoxazinone synthase and the
extent of catalytic reactivity has been further explored where the substitutionally labile sites
and/or vacant sites at the metal centres are responsible for the higher reactivity in 65 and 66.
The mass spectrometry further supports the complex-substrate adduct formation and the EPR
spectroscopy indicates possible involvement of the ligand-centre based reduction in the
catalytic cycle and thereby altogether disclose the mechanistic insight in the catalytic activity.
Although the numbers of examples of Ni(Il)-based efficient models for other metallo-
oxidases such as catechol oxidase are available, the present modelling of the Ni(Il)
complexes for phenoxazinone synthase activitycould be an important addition to the

biorelevant catalytic activity.
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CHAPTER 6 penta- and hexa-nuclear azido-bridged nickel(Il) clusters

6.1. Introduction

Last few decades witnessed rapid development of polynuclear coordination clusters with
spin-coupled paramagnetic transition metal ions not only because of understanding of their
fundamental magnetic phenomena but also for their potential applications as single-molecule
magnets (SMMs) [1-9] and single-chain magnets (SCMs) [10—14], and in magnetic
refrigeration and quantum computing and nanotechnological devices [15,16]. A rational
approach to synthesize discrete exchange-coupled transition metal clusters depends on the
synthetic strategy that involves the use of transition metal ions, multidentate blocking ligands
in conjunction with the flexidentate bridging ligands to propagate specific magnetic
interactions between the metal centers. In majority, the doubly or triply bridging anions like
N3, NCS, N(CN), , CN, C,H30,, C¢HsO and OH are used for the construction of
magnetically interesting coordination clusters [17]. The sign and magnitude of the magnetic
exchange interactions between the metal centers in coordination clusters depend on a number
of factors; the most important of these are the type of bridging ligands and bridge angles.
Among all, azido and hydroxo (phenoxido and alkoxido) bridges are the most versatile
mediators of magnetic exchange interactions between paramagnetic ions due to their diverse
coordination ability [18]. In most of the reported complexes, azido bridges propagate
antiferromagnetic (end-to-end, p;3 bridges) or ferromagnetic interactions (end-on,

bridges) depending upon the nature of the bridges [19].

New ligands could provide us the opportunity to attain new structural types and spin
topologies. Schiff-base ligands have been extensively used as blocking ligands in developing
magnetically interesting compounds mainly because of their synthetic simplicity and
tremendous structural diversities. The choice of ligands is always a major issue in the

development of new synthetic routes to produce such type of coordination clusters [20].
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Phenol-based dinucleating Schiff base ligands are needed to be special mentioned as they are
capable to bind simultaneously two metal ions [21], leading to the formation of M,L type
complexes in absence of any bridging ligand. Introduction of secondary bridging units, such
as HO and N3 , may result in assembly of the transition metal coordination clusters from two
or more ML units [22]. Such clusters display a variety of topologies, such as, tetrahedron
[23], cubane [24], open dicubane [25], fused defective open dicubane [26], pentanuclear
vertex-shared double cubane [27], and stepped cubane [28]. We recently initiated a project
towards development of coordination chemistry with Schiff bases derived from a triamine,
N,N-dimethyldipropylenetriamine, in which the diverse coordination adaptabilities of the
triamine part of the ligands were observed [29]. We speculated that the dinucleating Schiff
base ligands derived from this triamine would provide enough flexibility to self-assembly of
the transition metal ions when react with additional bridging ligands to afford high nuclearity
transition metal clusters. With this aim, a new dinucleating Schiff base ligand HL as shown in
Scheme 5.1 was allowd to react with Ni(Il) salts in presence of azide ions to yeild two
pentanuclear and one hexanuclear Ni(Il) coordination compounds, [Nis(HoL)a(pi -
N3)4(N3)2(p3-OH)2(H>0)2](NO3)4-6H2O (68), [Nis(L)2(p1,3-OAC)(p1,1-N3)a(p3-OH)2]-12H,0-
2CH30H (69) and [Nig(H2L)2(p1,1-N3)a(pi 3-N3)2(N3)a(p3-OH)2(H20)2](ClO4),-4H,O  (70).
The crystal structures and magnetic properties of the complexes were further investigated and

discussed.

6.2. Experimental Section

6.2.1. Laboratory Techniques

Laboratory techniques such as elemental analysis (CHN), infrared spectroscopy (IR), UV-

visible spectroscopy and single crystal X-ray Diffraction study are similar as our previous
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work. The details about these techniques have been discussed in section 2.2.1 of chapter 2.
Single crystal X-ray Diffraction study was performed at Department of Chemistry, CICECO-
Aveiro Institute of Materials, University of Aveiro, 3810-193 Aveiro, Portugal.

Magneto chemistry was carried out at Department of Chemistry, Faculty of Natural Sciences,
University of SS Cyril and Methodius, 917 01 Trnava, Slovakia. Samples of the nominal
mass about 20 mg have been encapsulated into gelatine made containers and inserted into the
SQUID magnetometer (MPMS-XL7, Quantum Design). At the external field By = 0.1 T the
magnetic data was taken between 7= 1.9 — 300 K and raw magnetic moment of the specimen
has been converted to the molar magnetic susceptibility, and displayed as the effective
magnetic moment tep/ s vs T. The measured magnetic susceptibility was not corrected for
the underlying diamagnetic susceptibility because of high uncertainties and/or non-existence
of the constitutive Pascal constants in the present cases. The field scan between B=0and 7 T
at low temperature (7p = 2.0 or 4.6 K) enables evaluating the molar magnetization that is

expressed per formula unit and bohr magneton, M; = Mmo/Napis vs B.

6.2.2. Chemicals and Synthetic techniques

6.2.2.1. Materials

2,6-diformyl-4-methylphenol (DFMP) was prepared according to literature reported method
[30], and N, N-dimethyldipropylenetriamine was purchased from Aldrich. All other chemicals
(metal salts and solvents) were analytical or reagent grade and used without further

purification.

Caution! Azido complexes of metal ions consisting of organic ligands are potentially
explosive. Only small quantities of the complexes should be prepared, and these should be

handled with great care.

181



CHAPTER 6 penta- and hexa-nuclear azido-bridged nickel(Il) clusters

6.2.2.2. Synthesis of Schiff base ligand HL

The ligand (HL) used in the present work was prepared by single step Schiff base
condensation method. Briefly, 1.0 mmol of N, N-dimethyldipropylenetriamine (159 mg) and
0.5 mmol of 2,6-diformyl-4-methylphenol (DFMP) (82 mg) were mixed in 20 mL of
methanol. The resulting solution was heated to reflux for ca. 1 h, and allowed to cool at room
temperature. The dark orange methanol solution of HL was subsequently used for the

synthesis of the following complexes.

6.2.2.3. Synthesis of complex [Nis(H>L);(11,1-N3)4(N3)2(u3-OH)2(H0),/(NO3)4-6H0 (68)
Ni(NOs),-6H,0 (0.145 g, 0.50 mmol), dissolved in 20 mL of methanol was added to a 20 mL
methanol solution of the Schiff-base ligand (0.25 mmol) dropwise with stirring, resulting in a
green solution. A solution of sodium azide (NaN3) (1.0 mmol, 0.065 g) dissolved in minimum
amount of methanol was added to the resulting green solution dropwise over a period of 5
min with constant starring. The reaction mixture (bright dark-green) was stirred under reflux
for ca. 30 min, and it was filtered to remove if any minute quantity of precipitate. The filtrate
was kept undisturbed at ambient temperature that afforded dark green crystals of 68 suitable
for X-ray diffraction within couple of days. The crystals of 68 were collected by filtration and
washed with methanol/ether and air dried. Yield: 0.31 g, 43.8%. Anal. calcd. for
CsoH112N34NisO04: C 32.21%, H 6.06%, N 25.56%. Found: C 32.34%, H 6.04%, 24.46%.
Selected FTIR bands (KBr, cm™'): 1384 s ("NO;);1627 s, 1643 s (VC=N); 2051 s, 2070
s(VN3 ).

6.2.2.4. Synthesis of complex [Nis(L);(u1,3-OAc) (p1,1-N3)(u3-OH) ] -12H,0-2CH;0H (69)
Compound 69 was synthesised following an identical procedure as that described for 69
except the use of Ni(CH3CO;),-4H,0 in place of Ni(NO;),-6H,0. Yield: 0.67 g, 43.8%.

Anal. calcd. for Cs¢Hi30N24NisO2s: C 37.44%, H 7.09%, N 19.07%. Found: C 37.52%, H
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7.14%, 18.96%. Selected FTIR bands (KBr, cm™): 1634 s, 1644 s (WC=N & (VOAc"); 2061 s

(VN3).

6.2.2.5. Synthesis of complex [Nig(HzL)>(11,1-N3) 4(141,3-N3) 2(N3) 4 (13-
OH)»(H;0);/(Cl0y);-4H;0 (70)

Ni(ClOy4),-6H,0 (0.549 g, 1.5 mmol), and HL (0.5 mmol) were mixed together in a 30 mL of
methanol and were allowed to reflux for about 30 min. To the resulting green solution 5 mL
methanol-water (4:1. v/v) solution of NaNj3 (0.185 mg, 3 mmol) was added with stirring for a
period of 5 min and the solution mixture was heated to reflux for about 30 min and filtered.
The filtrate was kept undisturbed at ambient temperature that afforded 70 containing X-ray
diffraction quality dark-green single crystals. They were collected by filtration and washed
with methanol/ether and air dried. Yield: 0.67 g, 43.8%. Anal. caled. for
CsoH104C1aN4NigOq5: C 35.40%, H 6.29%, N 28.60%. Found: C 35.52%, H 6.14%, 28.55%.

Selected FTIR bands (KBr, cm™'): 623 s, 1120 s(vClO4); 1636 s (¥C=N); 2053 s, 2072

(VN3).

6.3. Results and Discussion

6.3.1. Syntheses and and general charaterizations

In the search for ligands that can induce new structural features and capable of synthesizing
high nuclearity clusters, a Schiff base ligand (HL) with a high degree of conformational
flexibility was prepared in situ by the reaction of 2,6-diformyl-4-methylphenol (DFMP) and
N,N-dimethyldipropylenetriamine in 1:2 molar ratio in methanol under refluxing condition
(Scheme 5.1). This in situ generated Schiff base ligand was thereafter allowed to react with
different Ni(II) salts and sodium azide in varied stoichiometry and in presence of
triethylamine base to obtain diverse high nuclearity Ni(II) clusters. One-pot four-component

reaction of Ni(NOs),-6H,O with HL and NaN; in MeOH in the presence of triethylamine
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base in 2:1:4 stoichiometry afforded a green solution which gave crystalline compound
[Nis(HzL)2(p1,1-N3)a(N3)2(p3-OH)2(H20)2](NO3)4:6H,O (68). Similar reaction when carried
out using Ni(CH3CO,),-4H,0 instead of Ni(NOs3), 6H,0, [Nis(L)2(tt1 3-OAC)2(pei,1-N3)a(s-
OH),]-12H,0-2CH30H (69) was isolated in crystalline form. Although the structures of both
68 and 69 are very similar, the distinct role of counter ions is noticed. The weaker
coordinating nitrate ions involve in balancing the charge of the complex cation in 68, while
better coordinating acetato ligand bridges Ni(Il) centers in 69, leading to the formation of an
electroneutral complex. The stochiometric ratio of the reactants also played crucial role in the
complex formation, such as when the similar reaction is carried out using Ni(ClO4),-6H,0,
HL and NaNj3 in MeOH in the presence of triethylamine base in 3:1:6 molar ratio, it resulted
only isolable product [Nig(HaL)2(t1,1-N3)a(pt1 3-N3)2(N3)a(p3-OH)2(H20),](Cl104),-4H,0 (70)
in reasonable yield. The presence of counterion in the crystal structure of 70 suggests that, in
addition to the stoichiometry of the reactants, use of perchlorate salt seems to have significant

role in the formation this complex.

6.3.2. IR Spectroscopy
Compound 69 is an electroneutral complex, while both 68 and 70 are ionic compounds
having NO3;~ and ClO4 as counter anions, respectively, to balance the charge of complex

cations. The characteristic stretching band of nitrate ion at 1384 cm™

in the IR spectrum of
68 is consistent with the above fact. Similarly, the stretching and bending vibrations of Cl1O4
ion at 1076 and 621 cm™, respectively, in the IR spectrum of 70, ensure the presence of
ClO4 1ions in the crystal lattices [31]. The stretching vibrations of the azomethine (C=N)
bonds of the Schiff base are located in the range 1627-1643 cm ™' in the IR spectra of 68 and

70. However, the stretching vibration of the azomethine bond together with the acetate ion is

appeared at 1644 cm ™' in 69. The IR spectrum of 68 exhibits a bifurcated strong and sharp
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band at 2051 and 2070 cm™', characteristic of the asymmetric stretching vibration of the azido
ligands. The bifurcation of the band is indicative of the presence of at least two different
kinds of azido ligands, consistent with the structural characterization of 68. Similar
bifurcation of the asymmetric stretching vibration of the azido ligands at 2053 and 2072 cm™"
was also observed in the IR spectrum of complex 70 (Figure 6.1). Unlike 68 and 70, the IR
spectrum of complex 69 is composed of a single strong and sharp asymmetric stretching
vibration of the azido ligands at 2061 cm™', indicating the presence of only one type of azido

ligand in this complex.

Complex 70
)
Q
c
8 Complex 69
]
£
[72)
c
©
S
-
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500 1000 1500 2000 2500

Wavenumber cm'1

Figure 6.1: IR spectra of the complex 68-70

6.3.3. Description of crystal structures

The solid-state molecular structures of compounds 68-70 were established by single-
crystal X-ray diffraction analyses and the perspective views the crystal structures of
complexes 68-70 along with partial atom numbering scheme are displayed in Figure 6.2-6.4,

respectively. Selected bond distances and bond angles around the metal coordination spheres
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in 68-70 are given in Table 6.1, Table 6.2 and Table 6.3, respectively. X-ray diffraction study
reveals that compound 68 crystallizes in the monoclinic space group P2,/c, while complex 69
crystallizes in the triclinic space group PI. Important crystallographic data and refinement
details for the complexes are given in Table 6.4. As the structures of both 68 and 69 are very
similar, only the structure of the representative compound 68 has been described in detail.
The asymmetric unit of 68 is comprised with a trinuclear Ni(II) cationic part, two nitrate ions
and three lattice water molecules in which all atoms are in full occupancy except Nil that
resides on an inversion center with half occupancy. The symmetry operation through a
crystallographic inversion center produces a full set of the centrosymmetric compound
[Nis(HaL)2(p1,1-N3)a(N3)2(u3-OH)2(H20)2](NO3)4-6H,O  (68). Structural analysis discloses
that the complex cation is composed of five Ni" ions held together by two doubly bridging
phenoxido groups (u-O2 and its symmetry equivalent) from Schiff base ligands, two triply
bridging hydroxido groups (u3-O1 and its symmetry equivalent), four end-on (EO) doubly
bridging N3~ ions (N7, N10 and their symmetry equivalents). Peripheral ligation is provided
by eight nitrogen atoms from two Schiff base ligand H,L (N1, N2, N4 and N5 and their
symmetry equivalents), two azido ligands (N13 and its symmetry equivalent) and aqua
ligands (O3 and its symmetry equivalent). Four non-coordinating NO;3™ ions are present in the
molecular structures along with six lattice water molecules. Therefore, the protonation of the
tertiary amine-N atoms of the Schiff base ligands is required to balance the charge of the

system.

The core topology of five Ni" atoms can be best described as a symmetric bowtie in
which two reverse triangles (Nil—Ni2—Ni3 and Nil—Ni2'—Ni3’) share a common vertex Nil
[32-34]. All Ni" centers reside on a same plane which is because of the presence of a

crystallographic inversion center located at middle Nil atom. Each triangle is best described

as nearly isosceles with Ni---Ni separations of 3.159 and 3.165 A and 3.233 A. Each of the
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four end-on doubly bridging N5~ bridges the central Ni(II) ion and one peripheral Ni(II) ion in
asymmetric fashion, while triply bridging p;-HO™ groups almost symmetrically links the
central Ni(Il) atom with the two peripheral metal ions on either side of the complex cation
(See Table 6.1 and Figure 6.2). The two peripheral metal ions are further connected by the
doubly bridging phenoxido groups from the Schiff base ligands. Therefore, the formation of
Nis-cluster can be viewed as an aggregation of two dinuclear [Niy(pu-HoL)(N3)(H,0)]
fragments with an additional Ni(Il) ion from Ni(NO3),-6H,O salt supported by the exogenous
azido and hydroxido bridges. Further inspection of the crystal structure reveals that the three-
dimensional arrangement of the [Nis(p-N3)4(p-OH),(p-O-phenoxaido),] core has the shape of
a defective vertex-shared (Nil) dicubane where one vertex is missing from each cubane. The
bond angles in the defective dicubane vary in the range 79.46 to 102.44°. In addition to the
bridging atoms in [Nis(p-N3)4(u-OH)2(u-O-phenoxaido),] core structure, Ni2 and Ni3 centers
are further bonded with two N-donor atoms from either arm of the Schiff base along with a
terminal azido and an aqua ligands, respectively. Same thing is also applicable for their
symmetry equivalents. Overall, the coordination environments of Nil and Ni2 are comprised
with N4O, donor sets, while it is N3Os for Ni3 center. Thus, all of the Ni(Il) atoms are six-
coordinated with slightly distorted octahedral geometry in which the Ni—O and Ni—N bond

distances span in the range 2.025(3) to 2.160(3) A (see Table 6.1).

The structure of [Nis(L)2(p1 3-OAC)2(11,1-N3)a(p3-OH),]- 12H,O-2CH30H (69) is very
similar to that of 68, with the essential differences being the replacement of the terminal
azido and aqua ligands bonded to Ni2 and Ni3, respectively, by the bridging acetato group.
The Ni2---Ni3 distance in 69 is found somewhat shorter (2.975 A) than that in 68 (3.159 A)
because of the presence of this additional bridging acetato ligand. As a further consequence,
the phenoxido- and hydroxido- bridging angles are also reduced significantly (92.92° and

93.98°, respectively) in comparison to 100.31° and 98.91°, respectively, that found in 68.
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Moreover, the neutral complex molecule crystallizes with twelve water and two disordered
methanol molecules in the crystal lattices in 69. The electroneutrality of the complex
molecule ensures that the non-coordinated tertiary amine-N atoms are not protonated in 69
but they remain protonated in 68 that resulted different hydrogen bonding patterns in the
solid-state structures of these compounds. Whereas the tertiary amine nitrogen atoms in the
Schiff base ligand are protonated in 68, thereby participating in strong hydrogen bonding
interaction with the oxygen atoms of the nitrate counter ions with N---O distances of 2.802
and 2.885 A. The tertiary amine nitrogen in 69 is on the other hand not protonated, which is
involved in strong hydrogen bonding interactions as an acceptor with the lattice water
molecules with N--O distances of 2.748 and 2.851 A. Additionally, a large numbers of
solvent molecules present in the crystal lattices stabilize the solid-state structures of 68 and
69 by the participation of moderate to strong hydrogen bonding interactions as shown in

Figure 6.5 and 6.6, respectively.

(2)

Figure 6.2: (a) Crystal structure of 68 with partial atom numbering scheme. Primed and
unprimed atoms are related by the crystallographic inversion center. Ellipsoids are drawn at
the 30% probability level. H atoms, NOs™ ions and solvent molecules are omitted for clarity.
(b) Skeletal representation of the Nis core structure displaying magnetic coupling scheme.
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Table 6.1 Selected bond Distances (A) and Angles (deg) for complex 68.

Distances

Nil-01 2.062(2) Nil-N10 2.126(3)
Nil-N7 2.160(3) Ni2-N1 2.037(4)
Ni2-02 2.063(3) Ni2-01 2.086(3)
Ni2-N2 2.117(3) Ni2-N13 2.120(3)
Ni3-N4 2.025(3) Ni3-02 2.051(3)
Ni3-01 2.071(2) Ni3-03 2.095(3)
Ni3-N5 2.106(3) Ni3-N10 2.160(3)
Angles

O1-Nil-N10 82.88(10) O1-Nil-N7 81.59(11)
N10-Nil-N7 87.54(12) 02-Ni2-01 79.46(10)
N1-Ni2-N2 96.59(14) O1-Ni2-N7 79.97(10)
02-Ni3-01 80.11(10) O1-Ni3-N10 81.84(10)
N4-Ni3-N5 97.25(13) 02-Ni3-N10 91.70(11)
Nil-O1-Ni2 102.44(11) Nil-N7-Ni2 95.60(12)
Nil-O1-Ni3 99.95(10) Nil-N10-Ni3 95.19(12)
Ni3-O1-Ni2 98.90(11) Ni3-02-Ni2 100.31(11)

Figure 6.3: Crystal structure of 69 with partial atom numbering scheme. Primed and
unprimed atoms are related by the crystallographic inversion center. Ellipsoids are drawn at
the 30% probability level. H atoms and solvent molecules are omitted for clarity.
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Complex  [Nig(HaL)a(pt1,1-N3)a(pt1.3-N3)2(N3)a(p3-OH)2(H20)2](Cl04),-4H,O - (70)
crystallizes in the monoclinic space group P2;/n in which the crystallographic asymmetric
unit is built up by a trinuclear Ni(Il) fragment with triangular arrangements of the metal
centers with Ni---Ni separations of 3.155, 3.190 and 3.213 A, one perchlorate ion and two
lattice water molecules. The symmetry operation through an inversion center generates the
full set of 70 in which Nil atom and its symmetry equivalent Nil’ center are connected by
doubly bridging end-to-end azido (u;3-N3) ligands and the inversion center is located at the
midpoint of the central [Nix(p; 3-N3),] core, made up with Nil, Nil" and doubly bridging end-
to-end azido ligands. Interestingly, the core structure of the Ni(Il) triangle in 70 is identical as
that found in 68 where triply bridging hydroxido group (u3-O1) connects the metal centers in
association with a doubly bridging phenoxido group (n-O2) to connect the peripheral metal
centers and four end-on (EO) doubly bridging N3~ ions to connect Nil either with Ni2 or Ni3.
Metric parameters inside the triangular unit in 70 are very similar to those found in 68
without significant differences (see Table 6.3). Now if we consider all the bridging
phenoxido-O, hydroxido-O and azido-N atoms together with three Ni centers, it results a
defective cubane with a missing vertex, identical to that found in 68. Whereas in 68, a
defective dicubane is formed by sharing a vertex (Nil) of symmetry related two defective
cubanes, the two defective cubes on the other hand in 70 are connected to each other by Nil
and its symmetry equivalent Nil’ through doubly p, 3-N3~ bridges with Nil---Nil' distance of
5.174 A. In addition to bridging donor atoms constituting the core structure, Nil center is
bonded with a terminal azido ligand, while Ni2 and Ni3 are bonded with two nitrogen donor
atoms from either arm of the Schiff base ligands and a terminal azido ligand to Ni2 and an
aqua ligand to Ni3 atom. Overall, the coordination environments around the metal centers are
Ns0, N4O2 and N;0O; for Nil, Ni2 and Ni3 atoms, respectively. Thus, all of the Ni(II) atoms

are six-coordinated with slightly distorted octahedral geometry in which the Ni—O and Ni—N
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bond distances are comparable to that found in 68 and 69 and to the reported compounds

having closely related structures [32-34].

Table 6.2 Selected bond Distances (A) and Angles (deg) for complex 69.

Distances

Nil-O1 2.0141(16) Nil-N10 2.149(2)
Nil-N7 2.173(2) Ni2—-N1 2.027(2)
Ni2-02 2.0557(17) Ni25-01 2.0480(17)
Ni2—-N2 2.112(2) Ni2—-N7 2.155(2)
Ni3—N4 2.023(2) Ni3-02 2.0478(17)
Ni3-01 2.0399(17) Ni2-03 2.0935(17)
Ni3—-N5 2.0791(17) Ni3—-N5 2.099(2)
Ni3-010 2.183(2)

Angles

Nil-O1-Ni2 104.35(8) Nil-N7-Ni2 95.71(8)
Nil-O1-Ni3 102.45(7) Nil-N10-Ni3 93.70(8)
Ni3—O1-Ni2 93.37(7) Ni3—-02-Ni2 92.92(7)

Table 6.3 Selected bond Distances (A) and Angles (deg) for complex 70.

Distances

Ni2-N1 2.009(3) Ni2-01 2.061(3)
Ni2-02 2.074(3) Ni2-N13 2.108(4)
Ni2-N2 2.150(4) Ni2-N7 2.219(3)
Ni3-N4 2.036(4) Ni3-02 2.057(3)
Ni3-01 2.092(3) Ni3-03 2.113(3)
Ni3-N10 2.117(3) Ni3-N5 2.127(3)
Nil-N16 2.066(4) Nil-O1 2.068(3)
Nil-N10 2.068(3) Nil-N19 2.096(4)
Nil-N21 2.097(3) Nil-N7 2.145(3)
Angles

Ni2—O1-Ni3 100.37(11) Ni2-O1-Nil 102.20(12)
Ni3-02-Ni2 101.13(11) Nil-O1-Ni3 98.64(12)
Nil-N10-Ni3 97.81(13) Nil-N7-Ni2 94.81(12)
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A large number of pentanuclear Ni(II) coordination clusters with different topological
structures, such as linear, cross-like, trigonal bipyramidal-like, ring-like, bowtie-like and
pentagonal-like motifs, are reported in the literature [31]. Among them bowtie/twisted
bowtie is the most popular motif in Nis coordination chemistry. Notably, only seven azido-
bridged Nis clusters have been structurally characterized with bowtie/twisted bowtie topology
[32]. Interestingly, the present core structure is unique in that, although several azido-bound
Ni-clusters have been reported in the literature, the core found in 68 has not been observed
either in discrete Nis-clusters or as a recognizable sub-fragment of high-nuclearity Ni(II)-
clusters [27,34]. Therefore, complexes 68 and 69 are important addition to the growing
family of Nis-cluster with bowtie-like topology. The hexanuclear azido-based Ni(Il) clusters
reported in the literature mostly belong to a motif featuring four fused defective cubanes
[28,35]. Some cyclic or hexagonal topological displacements were also observed in Nig
clusters [36]. However, the topology found in 70 is closely related to a Nig-cluster reported
recently where two Nis triangles are connected by a singly p-1,5-bridged dicyanamide ion
[37]. The solid-state structure of 70 is stabilized by means of strong hydrogen bonding
interactions. As the tertiary amine-N atoms of the Schiff base ligand are protonated to
balance the charge of the system, they participate in strong hydrogen bonding interactions as
hydrogen bond acceptors. Interestingly, one tertiary amine-N atom forms the intramolecular
hydrogen bond with a coordinated azido ligand with N---N distance of 2.951 A, while other
tertiary amine-N atom from other arm of the Schiff base constitutes the intermolecular
hydrogen bond with a lattice water molecule (N--O, 2.740 A), which simultaneously
participates in the hydrogen bonding interactions with a perchlorate counter ion (O---O, 2.904
A) and an coordinated azido ligand (O--N, 2.666 A) from the neighboring complex cation.
Several other hydrogen bonding interactions as shown in Figure 6.7 are responsible for

overall stability of 70 in the solid-state.
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Table 6.4 Crystallographic data and structural refinement parameters of 68—70

68 69 70
Empirical formula CsoH;12N34Ni5044 Cs55H24N24Ni150,, CsoH,04C1,N4Ni16O01 5
Formula weight (g mol ") 1867.28 1767.32 2004.91
Crystal system Monoclinic Triclinic Monoclinic
Space group P2,/c Pl P2,/n
a(A) 12.6955(7) 11.9859(9) 14.0521(2)
b (A) 22.6202(14) 12.9619(9) 15.2166(3)
c(A) 14.2401(9) 15.3454(12) 20.1598(4)
o(deg) 90.00 93.929(3) 90.00
p(deg) 97.044(2) 97.194(3) 106.750(1)
Adeg) 90.00 116.601(3) 90.00
volume (A% 4058.5(4) 2094.0(3) 4127.78(13)
Z 2 1 2
Dea (gcm™) 1.528 1.402 1.613
u (mm”) 1.229 1.182 1.493
F(000) 1964 938 2088
6 Range (deg) 2.220-29.203 2.074-27.171 1.576-26.442
Reflections collected 94041 35912 25465
Independent reflections (Rjy) 10969 (0.0723) 9252 (0.0286) 8432 (0.0343)
Observed reflections [1> 2o(/)] 7414 7815 6155
Restraints/parameters 7/612 44/542 3/599
Goodness-of-fit on F° 1.069 1.051 1.034
Final R indices [/ > 20(])] R, =0.0524, R, =0.0390, R, =0.0478,
WR, =0.1474 wR,=0.1116 WR, =0.1237
R indices (all data) R, =10.0975, R, =0.0488, R, =0.0722,
WR, =0.1808 wR, =0.1181 WR, =0.1397
Largest diff. peak/hole (e A™) 0.884/-1.060 1.524/-0.950 1.119/-0.691
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(a)

(b)

Figure 6.4 (a) Crystal structure of 70 with partial atom numbering scheme. Primed and
unprimed atoms are related to the crystallographic inversion center. Ellipsoids are drawn at
the 30% probability level. H atoms, ClO4 ions and solvent molecules are omitted for clarity.
(b) Skeletal representation of core structure displaying magnetic coupling scheme.

Figure 6.5 A part of the sold-state packing of 68 showing hydrogen bonding interactions.
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Figure 6.6: A part of the sold-state structure of 69 displaying hydrogen bonding interactions.

Figure 6.7: A part of the crystal packing of 70 displaying hydrogen bonding interactions.
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6.3.4. Magnetic Studies

The effective magnetic moment for 68 at 7= 300 K adopts a value of uer = 7.25 up (Figure
6.8). This matches five s = 1 uncoupled spins for which the theoretical value is uc/up =
g[5s(s + 1)]"* = 7.27 (typical g = 2.3). There is a slight increase of the effective magnetic
moment on cooling that can be caused either by some uncompensated temperature-
independent magnetism 9yt or an exchange coupling of the ferromagnetic nature (J; > 0).
Below 40 K a marked drop of the uer value is registered due to either the exchange
interaction of an antiferromagnetic nature (J, < 0) prevailing in this temperature range, or the
zero-field splitting (D) typical for the Ni(II) centers.

The magnetization per formula unit is temperature little dependent and it does not show
features of the saturation: it adopts a value of M} =49 at B=7.0 T and T = 2.0 K.
Theoretical saturation limit for five uncoupled S =1 spins is M} = 5g = 11.5. A considerable
reduction is probably due to the intra-complex exchange coupling of an antiferromagnetic
nature. Moreover, the first derivative of the magnetization is not a smooth curve (Figure 6.8 —
inset) pointing to the interplay of the antiferromagnetic and ferromagnetic portions of the

exchange interactions.
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Figure 6.8: Magnetic functions for 68. Left — temperature evolution of the effective magnetic
moment (inset: temperature dependence of the molar magnetic susceptibility); right — reduced
magnetization (inset: the first derivative at 7= 2.0 K). Solid lines — fitted.
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The magnetic data was analyzed by assuming the following form of the isotropic spin

Hamiltonian
H™ =—J'[(S,-8;)+(S,-S,)|h
4= =R (Eq. 6.1)

that involves the ferromagnetic interaction of the central Ni(Il) atom (1) with its neighbors J”,
the antiferromagnetic interaction between two distant pairs (2-3 and 4-5) J°, along with the
isotropic Zeeman term. The corresponding interaction matrix of the N = 3° = 243 size has
been diagonalized and the field-dependent energy levels inserted into the formulae of the
statistical thermodynamics in order to get the magnetic susceptibility and magnetization,
respectively [38,39]. Both experimental datasets have been processed simultaneously by

minimizing the common functional

Z|Zi0_lic|
=Wi "

1/ I’l)Z)[?

F +(l—w)(l/m)i(M;? — M)’ — min

(Eq. 6.2)

with equal weights for the mean magnetic susceptibility and squared Euclidean norm of the
magnetization (w = 0.5); n and m are the number of experimental points for the susceptibility
and magnetization, respectively. The optimization routine converged to the following set of
magnetic parameters: J " /hc = +4.4(8) em™, J/he = -10.8(9) cm™, and g = 2.31(9) with
displayed standard deviations. Two additional corrections applied to the magnetic
susceptibility read: temperature-independent magnetism yrp = —15 x 10° m® mol™ (SI units)
and molecular-field correction (zj)/hc = 0.12 cm™. The discrepancy factors of the fit are R(x)

=0.04 and R(M) = 0.09. Negative value of ytp refers to the underlying diamagnetism.

197



CHAPTER 6 penta- and hexa-nuclear azido-bridged nickel(Il) clusters

The fit can eventually be improved by adding the anisotropic zero-field splitting term

H™ = g™ +DZS: (8% —8%/3)n
A= (Eq. 6.3)

However, in the present case the fitting procedure converged to a negligible D-value,
probably owing to a strong correlation with the antiferromagnetic exchange coupling
constant. Notice, the applied model assumes uniform g-factors for peripheral and central
Ni(II) centers which, probably, causes that the fitted magnetization data are not perfect. In the
other words, the capabilities of the selected model are exhausted. A more serious problem
arises from the fact that the model employed considers a single exchange coupling constant
between magnetic centers despite the double (oxido-azido, and oxido-phenoxido)

superexchange paths.

The ferromagnetic exchange coupling between centers 1-A (A = 2, 3, 4, 5) matches
the end-on coordination mode of the azido ligand. On the contrary, the antiferromagnetic
coupling of the peripheral pairs 2-3 and 4-5 is consistent with the pu-O bridge and obtuse

angle Ni-O-Ni (99 and 100 deg).

Magnetic data for 69 reveal a considerable exchange interaction of the ferromagnetic
nature. The effective magnetic moment increases from its room-temperature value of uegr =
9.61 ug to perr = 11.7 ug at T = 8.5 K and then it drops down (Figure 6.9). The magnetic
susceptibility on cooling is only increasing and an eventual maximum is not registered. The

magnetization per formula unit saturates to M; =11.5at 7=2.0K and B=7.0 T.
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Figure 6.9: Magnetic functions for 69. Left — temperature evolution of the effective magnetic
moment (inset: temperature dependence of the molar magnetic susceptibility); right — reduced
magnetization (inset: the first derivative at 7= 2.0 K). Solid lines — fitted.

The data fitting with the help of the Hamiltonian (1) enlarged to (3) gave J"/hc = +14.7 cm™,
J'lhe ~=1.6, g =2.33(9), D/he = 3.0(8) cm™, and yriv = —17 x 10° m® mol™, (zj)/hc =—0.007
cm™; R(y) =0.012 and R(M) = 0.016. There is a substantial difference in the bond angles Ni-
N3-Ni between 68 and 69; in 69 one of them is 93 deg that is very low and responsible for the
dominating ferromagnetic exchange. Negative value of yrn recovers the underlying

diamagnetism.

The magnetic data for the hexanuclear complex 70 is displayed in Figure 6.10. The magnetic
susceptibility on cooling is only increasing and no maximum is registered. The effective
magnetic moment gradually decreases from its room-temperature value of u.s = 7.20 up to
Uesr = 2.74 ug at T = 1.9 K. This indicates a more effective exchange coupling of the
antiferromagnetic nature when compared to 68. Also the magnetization saturates to a lower
value of M1 = 1.20 at T=2.0 K and B = 7.0 T. There are neither features of the remnant
magnetization nor of the slow magnetic relaxation. The fitting procedure is based upon the

isotropic spin Hamiltonian
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H=-J(S.-Sw n
_J”[(SNM ' gNiz) + (SNil ’ SNB) + (gNil' ’ gNiZ’) + (gNil’ ’ SNB’)Jh

6 A~ -
+leuBgz (SAZ )h
a (Eq. 6.4)

where J’ and J” denote interactions within individual triangles and J between edges of two
triangles mediated by two pu-1,3-N3~ bridges. In such a case the interaction matrix of the total
size N = 3° = 729 is factored according to the total spin (S = 0 through 6) to the blocks of the
lower size: 15, 36, 40, 29, 15, 5, and 1. This is a tremendous simplification that allows a fast
data-fitting when assuming uniform g-factors [40]. A continuous decrease of the effective
magnetic moment indicates the overall antiferromagnetic coupling. In such a case, however,
the magnetic susceptibility on cooling should pass through a maximum and then it turns to
the zero. This effect is masked by a minor fraction of the paramagnetic impurity xp; that often

exists in even-center complexes.
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Figure 6.10: Magnetic functions for 70. Left — temperature evolution of the effective
magnetic moment (inset: temperature dependence of the molar magnetic susceptibility); right
— reduced magnetization (inset: the first derivative at 7= 2.0 K). Solid lines — fitted.

200



CHAPTER 6 penta- and hexa-nuclear azido-bridged nickel(Il) clusters

The fitting procedure yields the inter-triangle coupling constant J/hc = —32 cm™, two times
Jlhe =—17 em™, four times J”/he = 26 ecm™, g = 2.38, yrim ~ —30 x 10° m® mol™, zj/hc =
0.53 cm™, and xp; = 0.03; R(y) = 0.026 and R(M) = 0.15. It can be seen that the magnetic
susceptibility is well recovered by the present model which is not the case of the low-
temperature magnetization. Large negative value of yrpv refers to the underlying

diamagnetism.

Among the several structural parameters that can influence the strength and sign of the
magnetic exchange coupling constant between the paramagnetic centers, the bridging angle is
largely considered the most crucial factor in determining the net magnetic interaction. Two
different types of exchange pathways between the Ni(Il) ions are operative through double p-
phenoxido/ps-hydroxido and double p3-hydroxido/p, j-azido bridges in complex 68.
Experimental and theoretical magneto-structural correlations carried out by different groups
have clearly shown that the magnetic coupling in hydroxido-, alkoxido- and phenoxido-
bridged Ni(pu-O),Ni complexes is expected to be ferromagnetic when the Ni—-O—Ni angles are
close to 90°, and a crossover from ferromagnetic to antiferromagnetic exchange coupling
corresponds to a Ni-O-Ni angle of about 96—98° [41]. The bridging angles of 98.90(11) and
100.31(11) are nicely agree with the antiferromagnetic interaction between the peripheral
Ni(I) centers in complex 68. As found in the most of mixed p-phenoxido/p; ;-azido bridges
Ni(II) complexes, the magnetic interaction in 68 through this mixed bridges is observed to be

ferromagnetic in nature [42].

Again two different types of exchange pathways between the Ni(II) ions are present in
complex 69: (i) triple p-phenoxido/ps-hydroxido/syn-syn acetato bridges (described by J°),
(i1) double ps-hydroxido/p, j-azido bridges (described by J”). The ferromagnetic coupling

through the mixed ps-hydroxido/p, j-azido bridges is found again usual. The Ni—O-Ni
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bridging angles of p-phenoxido and ps-hydroxido bridges are significantly shorter than that
found in complex 68 and these angles are found to be 93.37(7) and 92.92(7)°, respectively,
which is because of the presence of additional syn-syn p;s-acetato bridge. It is well known
that the syn—syn carboxylate bridge mediates the antiferromagnetic coupling between the
paramagnetic metal centers [43]. Therefore, whether the overall magnetic coupling would be
either ferromagnetic or antiferromagnetic that depends on the Ni—O—Ni bridging angles. The
Ni—O-Ni bridging angles of 93.37(7) and 92.92(7)° in 69 are more likely to transmit
ferromagnetic interaction between the Ni(Il) centers as they fall well below the crossover
angles [41]. The observed almost zero coupling constant value propagated through the triple
u-phenoxido/ps-hydroxido/syn-syn acetato bridged Ni(II) centers is most likely due to orbital
counter-complementary effects where the antiferromagnetic coupling interaction between the
Ni(II) centers mediated by the syn-syn p;3.acetato bridge is counterbalanced by the

ferromagnetic interaction operating through p-phenoxido and p3-hydroxido bridges [44].

In complex 70, the magnetic coupling proceeds through three different bridges,
namely (i) double p-phenoxido/ps-hydroxido bridges (described by J°), (i) double ;-
hydroxido/p; 1-azido bridges (described by J°) and (ii1) double p; 3-azido bridges (described
by J). It is well studied that the p,3-azido bridge propagates antiferromagnetic interaction
between the paramagnetic interaction between the paramagnetic metal centers [19,40].
Therefore, the negative value of the exchange coupling constant value through this bridge is
not unusual. Again, the magnetic coupling between the Ni(Il) centers through p-
phenoxido/ps-hydroxido bridges with bridging angles 100.37(11) and 101.13(11)° is nicely
agree with the antiferromagnetic in nature, and somewhat larger Ni-O—-Ni bridging angles in
70 compared to 68 is responsible for higher magnitude of the coupling constant value in 70.
Although the sign of the coupling constant through ps;-hydroxido/p, ;-azido bridged Ni(II)

centers is found unusual in the present case, but the dominating antiferromagnetic magnetic
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exchange interaction through p-phenoxido/ps-hydroxido bridges and double p;3-azido

bridges is consistent with the overall antiferromagnetic nature in 70.

6.4. Conclusions

The present work extends the high nuclearity Ni(II)-clusters chemistry and emphasizes the
ability of the Schiff base ligand (HL), derived from 2,6-diformyl-4-methylphenol and N,N-
dimethyldipropylenetriamine, to form interesting structural types. The use of the Schiff base
HL in Ni(IT) chemistry has provided access to two pentanuclear complexes (68 and 69) and a
hexanuclear cluster (70) under mild reaction conditions. It is also found that the counter
anions and the stochiometric ratio of the reactants played crucial role in the self-assembly
processes, leading to the diverse nuclearity in these systems. The X-ray structural analyses
reveal that the Nis or Nig clusters can be considered to be built from the assembly of two
triangular [Niz(pu-phenoxido)(us-OH)(u-Ns)4] subunits in different manners. Whereas, two
bowtie-shaped Nis clusters (in 68 and 69) are formed by sharing a common vertex (Nil) of
the triangular subunits, the Nig cluster on the other hand can be considered to be built from
two triangular subunits by bis( 3-N3) connectors. X-ray crystallography further shows that
the tertiary amine nitrogen atoms remain either protonated or non-protonated to balance the
charge of the system, which not only influence the self-assembly processes but participate in
diverse hydrogen bonding pattern to stabilize the solid-state structures of the resulting
complexes. Variable temperature magnetic properties of a penta- and the hexa-nuclear Ni(II)
spin coupled clusters have been investigated and the magnetic studies reveal overall
dominating antiferromagnetic interactions in 68 and 70 as opposed to 69 where the
ferromagnetic coupling prevails. The dominating antiferromagnetic interaction between -

hydroxido- and p-phenoxido-bridged Ni2 and Ni3 centers over the ferromagnetic interaction

between hetero p-hydroxido- and p;;-N3 -bridged Nil either with Ni2 or Ni3 is the
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governing factor in 68, while the additional antiferromagnetic coupling between Nil and Nil’
supported by bis(u; 3-N3) bridges completely overshadowed the ferromagnetic coupling if

any operating through the hetero-bridges.
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CHAPTER 7 Highlights of the Thesis

The outcome of this dissertation will serve as a basis for further studies and development of
di and polynuclear paramagnetic transition metal complexes along with better understanding
of the field of molecular magnetism as it provides design and synthesis of several dinuclear
and polynuclear Ni(II) metal clusters with varieties of Schiff base ligands derived from N, N-
dimethyldipropylenetriamine and salicylaldehyde / pyridine-2-aldehyde / diformylphenol
(DFMP). Furthermore, this works provides the magneto-structural correlations of the
synthesize complexes and details methods and mechanistic way of phenoxazinone synthase
activity.

In the first part of the chapter 1 of this dissertation, an update review have been elucidated
about the synthesis and magnetic behavior of different di and polynuclear Ni(II) complexes
derived from different Schiff base ligands. At the last part of it, the aim of this work has been
explained.

In chapter 2, the preparation of a new tetradentate {N;O}-donor ligand has been
shown in free form by Schiff condensation. When it was reacted with Ni(II) salts both in
presence and absence of psedohalide ions, it yielded some mononuclear and dinuclear Ni(II)
complexes, [Ni(HL*),](ClO4), (50), [Ni(L*(sal)] (51), [Nia(LH)2(m11-N3)] (52),
[Ni(L")2(p1,1-NCO),] (53) and [Ni(HL),(py,1-NCS)4].CH;0H (54) whose structures were
determined by single crystal X-ray structure analyses. The magnetic properties reveal the
zero-field splitting for two mononuclear complexes and exchange coupling of ferromagnetic
nature mediated by (p1:-N3), (u1,1-NCO) and (u;;-NCS) bridging coligands. Most
importantly, the (u;,;-NCO) and (p;,1-NCS) bridging complexes are not only rare dinickel(1I)
complexes, but also the (p;;-NCS) bridging analogue is the first example of a
ferromagnetically coupled dinickel(II) system.

In chapter 3, Synthesis and magnetic properties of four new complexes,

[Niy(L?),(NO3),-CH;0H  (55), [Nia(L")2(p-Cl)2] (56), [Niy(L®)2(ui-NCO),] (57) and
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[Niz(Lb)z(ul,l-N3)2] (58) have been explored. All these complexes were prepared using a
tetradentate Schiff base (HLb), obtained from the condensation reaction of N,N-
dimethyldipropylenetriamine and 5-bromosalicylaldehyde. X-ray crystallography reveals that
they are isostructural and isomorphic dinickel(II) compounds with bridging chloride or
pseudohalides. All these three dinickel(I) complexes exhibit ferromagnetic interaction
through bridging chloride or pseudohalides and their coupling constants are in the order 58 >
56 > 57, a replication of the average strength of exchange interactions found in such
complexes characterised magnetically. Most importantly, compound 57 is a precious addition
to the only four known examples of this family, and unprecedented high degree of structural
and magnetic resemblances observed in 5658 is the major achievement of the present work.
Synthesis of tetradentate ligands with {N4}-donor (Ld and L°) and {N3O}-donor
(HL®) groups have been discussed in chapter 4. These ligands prepared from a traditional
Schiff base condensation reaction of N,N-dimethyldipropylenetriamine with pyridine-2-
aldehyde or 2-acetylpyridine or 3-ethoxysalicylaldehyde, respectively, were used to react
with Ni(Il) salts in the presence of different pseudohalide ions, resulting in six new Ni(Il)
dimers with different bridging modes: [Niz(Ld)z(pl,3—N3)2](CIO4)2 (59), [Niz(Ld)z(uu—
NCO),](ClOx); (60), [Nin(L%)2 {p15-N(CN)2}2] (ClO4); (61), [Nia(L)x(p13-N3)2](ClO4); (62),
[Niz(L%)2(u1,1-N3)2].0.5MeCN (63) and [Niy(L)2(p1,1-NCO),].0.5MeCN (64). Their structures
and magnetic properties have been studied and discussed. Double end-to-end (EE) and end-
on (EO) bridging modes were observed for both the azide and cyanate ions in these
complexes. While the EE or EO azido-bridged Ni(I) compounds are quite common, the
doubly EE or EO cyanato-bridged dimeric Ni(II) complex 60 was quite rare. Furthermore, it
is observed that in complex 62, the double azido bridges cross each other to form a rarely
observed twisted boat-type arrangement of the {Ni(u;3-N3),Ni} core, which leads to

ferromagnetic interaction through the EE azide bridges. According to the present results, the
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introduction of different bridges and bridging motifs affords overall diverse magnetic
interactions in these Ni(II) dimers, which has been discussed and rationalized in terms of
previous literature reports.

Chapter 5 describes the synthesis and structures of three dinickel(II) complexes,
namely [Ni(u-L)(u-OH)](ClO4)2  (65), [Nix(n-HoL)(u-OH)(NCS);J(NCS) (66), [Nix(p-
HL)(u-OBz)(n-H,0)(0OBz)](Cl04),:2.5H,0 (67) (where HOBz = benzoic acid), with an end-
off compartmental ligand (HL) obtained via the Schiff base condensation of 2,6-diformyl-4-
methylphenol and N, N-dimethyldipropylenetriamine in methanol. Structural characterization
reveals that both 65 and 66 are phenoxo- and hydroxo-bridged compounds, while complex 67
is a unique triple aqua-, phenoxo- and carboxylato-bridged dinickel(I) complex. Although
similar bridging patterns to that found in 67 are known, the combination of aqua-,
carboxylato- and phenoxo-bridging in a dinickel(Il) complex has not been reported in the
literature. Variable temperature magnetic susceptibility analysis reveals that the two nickel
centres are antiferromagnetically coupled, with J values ranging from -12 to -143 K, in these
complexes. The phenoxazinone-synthase-like activities of these complexes have been
investigated using o-aminophenol as a model substrate in methanol medium, as this area is
yet to be explored for Ni(II) systems. Mass spectrometry and EPR spectroscopic studies were
further carried out to gain insight into the course of the reaction, and the reactivity trend has
been further explored. The present work highlights the novel triply bridged dinickel(II)
complex and its magnetic properties, and also demonstrates a comparative biomimetic
catalytic study relating to phenoxazinone synthase.

In chapter 6, the use of the Schiff base ligand (HL) derived from 2,6-diformyl-4-
methylphenol and N,N-dimethyldipropylenetriamine in Ni(Il) coordination chemistry has
been investigated, and two pentanuclear [Nis(HaL)a(p1,1-N3)a(N3)2(ps-

OH)>(H,0)2](NO3)4-6H2O  (68), [Nis(L)2(p1,3-OAc)2(p1,1-N3)a(pn3-OH),]-12H,0-  2CH30H
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(69) and one hexanuclear [Nig(HzL)2(pt1,1-N3)a(11,3-N3)2(N3)a(p3-OH)2(H20),](ClO4),-4H,0
(70) clusters were isolated under mild conditions. In these complexes, the nature of the anion
and stoichiometry of the reactants seem to play important roles in directing the formation of
the metal clusters. Their X-ray characterization shows that the Nig cluster can be considered
to be built from two triangular [Nis(p-phenoxido)-(ps -OH)(p-N3 )4] subunits with bis(u, 3 -
N3) connectors, while bowtie-shaped Nis clusters are formed by sharing a common vertex.
Variable temperature magnetic properties of the penta- and the hexanuclear Ni(Il) spin
coupled clusters have been investigated and interpreted. According to the present results,
although the core structures of triangular Ni; units are identical in these systems, the
introduction of different bridges bring overall diverse magnetic interaction (antiferromagnetic

to ferromagnetic) in these Ni(II) clusters.
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By Schiff condensation, a new tetradentate {N3O}-donor ligand has been prepared in free form. It was
combined with Ni(i) salts to yield mononuclear and dinuclear Ni(1) complexes whose structures were
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determined by single crystal X-ray structure analyses. The magnetic properties reveal some zero-field
splitting for two mononuclear complexes and exchange coupling of ferromagnetic nature mediated by
(p11-N3), (111-NCO) and (uy1-NCS) bridging coligands. Most importantly, the (uy1-NCO) and (py1-NCS)
bridging complexes are not only rare dinickel(l) complexes, but also the (u;1-NCS) bridging analogue is
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Introduction

The study of di- and polynuclear transition metal complexes
bridged by pseudohalides is an attractive field of research because
of their diverse magnetic properties." "> Among the pseudoha-
lides, azido bridged complexes have been studied extensively
because of their versatile coordination modes, end-on (j1,) and
end-to-end (11, 3) modes being the most common ones, and their
effective transmittance of the magnetic interaction between the
paramagnetic ions.”* " In contrast, the heteroatomic pseudoha-
lides, namely thiocyanate and cyanate, with polarizable n systems
and two different donor atoms, which can coordinate the metal
ions through either of the heteroatoms, or both, are less versatile
than the azide ion. Therefore, in contrast to the vast chemistry of
azido bridged complexes, both structurally and magnetically
important compounds with these pseudohalides have been less
investigated. The last two decades have witnessed rapid growth of
azido-bridged nickel(n) systems,”>** and accordingly, the sophis-
ticated magneto-structural correlations are available on these
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article. For ESI and crystallographic data in CIF or other electronic format see
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the first example of a ferromagnetically coupled dinickel(i) system.

compounds to get insight into the fundamental aspects of the
magnetic interactions.*>*® These comprehensive data reveal
that the most characteristic feature of the azido bridges is the
relationship between the coordination mode and magnetic beha-
viour. Generally, double p, ;-azido bridging leads to antiferro-
magnetic (AF) coupling, while p, ; coordination is associated with
ferromagnetic (F) exchange between the Ni(u) centres with the
only exception where low angles of 1, ; bridging azido ligands lead
to weak AF coupling.*' However, the double thiocyanato bridged
Ni(u) complexes with the 1, ; bridging mode exhibit F interaction
although weakly,***”~>> and mixed observations are made with
W15 bridged cyanato systems.***®**® Reported dinuclear Ni(u)
compounds with cyanato and thiocyanato with p,, bridging
modes are too scare in the literature to establish a proper
magneto-structural correlation, and thus further attention is
required for the development of these systems. It is worth
noting that all three reported dinuclear systems with bis-p, 4
bridged cyanato show weak F coupling,*®°® while the magnetically
characterized lonely known p,;-thiocyanato bridged dinuclear
Ni() complex exhibits antiferromagnetic interaction.®!
Literature reports reveal that the structural and magnetic
diversities of pseudohalido bridged complexes are attributed to
the diverse bonding modes of the bridging ligands and their
orientation with respect to the paramagnetic centres. The
major task in designing these compounds largely depends on
the judicial choice of the blocking ligands and the stereo-
chemical environment around the paramagnetic metal centres.
Schiff-base ligands are extremely useful for the synthesis of
such magnetically interesting compounds mainly because of
their ease of synthesis and tremendous structural diversities.
A large number of coordination compounds with Schiff base

New J. Chem., 2017, 41, 3143-3153 | 3143
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Scheme 1 Schiff base HL employed in the present study.

ligands derived from N-substituted diamine at one end and
salicylaldehyde or pyridine-2-aldehyde have been developed
with interesting magnetic properties.”*?*%>7% A triamine protected
at one end, namely N,N-dimethyldipropylenetriamine, may also
provide {N,}- or {N;O}- donor Schiff base ligands, when reacted
with pyridine-2-aldehyde or salicylaldehyde, respectively, for the
development of coordination compounds. Moreover, the presence
of bis(propylenic) linkers in this amine may allow the molecule to
bend and rotate freely when binding to the metal centres so as to
fulfil the coordinative requirements of the metal centres especially
during the process of self-assembly. Surprisingly, only a single
report of structurally characterized Cu(u) complexes with the
Schiff base derived from N,N-dimethyldipropylenetriamine is
available in the literature.®® In this context, we intended
to systematically develop the coordination chemistry of the
transition metals derived from this triamine, with the goal
of their applications in diverse fields including biomimetic
catalysis and magnetic materials. Accordingly, in this present
endeavour, a tetradentate Schiff base HL (Scheme 1) derived
from N,N-dimethyldipropylenetriamine and salicylaldehyde
has been reacted with Ni(u) salts both in the presence and
absence of pseudohalides. Interestingly, we ended up with very
diverse results of the isolation of some mono- and di-nuclear
complexes of Ni(i) ions. Herewith, we report structures and
magnetic properties of five new complexes, [Ni(HL),](ClO,4), (1),
[Ni(L)(sal)] (2), [NisLo(p1,1-N)s] (3), [NizLa(pr,+-NCO),] (4) and
[Niy(HL),(1t4,1-NCS),]-CH;0H (5). Among them, 4 and 5 are
extremely rare bis-ji; ;-bridged Ni(u) compounds with bridging
cyanato and thiocyanato groups, respectively. Most importantly,
compound 5 is the first example of a ferromagnetically coupled
bis-p, ;-thiocyanato bridged dinickel(i) complex.

Experimental section
Materials and physical measurements

Chemicals such as nickel(n) perchlorate hexahydrate, nickel(u)
acetate tetrahydrate, N,N-dimethyldipropylenetriamine and
salicylaldehyde (Hsal) were purchased from commercial
sources and used as received. Solvents and some other

3144 | New J. Chem., 2017, 41, 3143-3153
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chemicals were of reagent grade and used without further
purification.

Caution! Perchlorate and azide salts of metal complexes
coordinated with organic ligands are potentially explosive. Only
a small amount of material should be prepared, and it should
be handled with great care.

Elemental analyses (carbon, hydrogen and nitrogen) were
performed in a PerkinElmer 240C elemental analyzer. The
infrared spectra of the samples were recorded in the range
of 400-4000 cm ™' on a PerkinElmer Spectrum Two FTIR
spectrophotometer using KBr pellets. A SQUID magnetometer
(MPMS-XL7, Quantum Design) has been used for magnetic data
collection using the RSO mode of detection. The susceptibility
taken at B = 0.1 T between T = 2-300 K was corrected for
the underlying diamagnetism and converted to the effective
magnetic moment. The magnetization was measured at two
temperatures: 7= 2.0 and 7 = 4.6 K.

Synthesis of Schiff base ligand HL

The tetradentate {N;O}-donor ligand (HL) was prepared using
the Schiff base condensation method. Briefly, 1.0 mmol of
N,N-dimethyldipropylenetriamine (159 mg) and 1.0 mmol of
salicylaldehyde (122 mg) were combined in 20 cm® of methanol.
The resulting solution was heated to reflux for ca. 1 h, and
allowed to cool at room temperature. The dark orange methanol
solution of HL was subsequently used for the synthesis of the
following complexes.

Synthesis of complex [Ni(HL),](ClO,), (1)

Ni(ClO,),-6H,0 (366 mg, 1.0 mmol) and HL (2.0 mmol) were
mixed in 30 cm® of methanol with stitring. To the resulting
green solution was added Et;N (101 mg, 1.0 mmol) and the
solution was heated to reflux for 30 min. The reaction mixture
was then filtered and kept at room temperature. Analytically
pure dark-green crystals suitable for X-ray diffraction were
obtained from slow evaporation of the solution after a couple
of days, which was collected by filtration and washed with cold
methanol/diethyl ether and air dried. Yield: 598 mg (77%). Anal.
caled for CsoHsoCLNeNiOso: C 45.94%, H 6.43%, N 10.71%.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Found: C 46.31%, H 6.40%, N 10.60%. FTIR (KBr, cm ™~ '): 1635 m
(VCZN), 1076 s, 621s (Vcl_o).

Synthesis of complex [Ni(L)(sal)] (2)

Complex 2 was synthesized following a very similar procedure as
described for 1, but Ni(OAc),-4H,0 was used instead of Ni(ClO,),
6H,0. Colour: dark-green. Yield: 753 mg (85%). Anal. caled for
CpH,oN5NiO5: C 59.76%, H 6.61%, N 9.50%. Found: C 59.84%, H
6.70%, N 9.37%. FTIR (KBr, cm™ '): 1641 s (Ve—n & Vc—o)-

Synthesis of complex [Ni,L,(p,1-N3),] (3)

Ni(NO;),-6H,0 (582 mg, 2.0 mmol) and HL (2.0 mmol) were
combined in 30 em® of methanol and stirred well for 15 min.
Then, 10 cm® methanol-water solution (9: 1, v/v) of NaN; (130 mg,
2 mmol) was added to it and the solution mixture was allowed to
stir for an additional 10 min and filtered. Slow evaporation of the
resulting green solution gave a dark-green crystalline compound
containing X-ray diffraction quality plate like dark-green single
crystals. Yield: 523 mg; 72%. Anal. calcd for C3oH,gN1,Ni,O,: C
49.62%, H 6.66%, N 23.15%. Found: C 49.84%, H 6.64%, 22.96%.
FTIR (KBr, cm™): 2052 vs (1, ); 1626 S (Vo—n)-

Synthesis of complex [Ni,L;(j1,,;-NCO),] (4)

Complex 4 was synthesized adopting an identical procedure
as described for 3, except that NaNCO was used instead of
NaNj;. Colour: dark-green. Yield: 508 mg (70%). Anal. calcd for
C35H4gNgNi,O: C 52.93%, H 6.66%, N 15.43%. Found: C
53.18%, H 6.50%, N 15.30%. FTIR (KBr, cm%): 2173 vs (vnco );
1626 s (vo—n)-

Synthesis of complex [Ni,(HL),(p,1-NCS),].CH;0H (5)

Complex 5 was synthesized following the same methodology
applied for the synthesis of 3, but NH,SCN was used in place of
NaN;. (Yield: 724 mg; 80%). Anal. caled for C35H;,N;oNi03S,:
C 46.27%, H 5.99%, N 15.42%. Colour: dark-green. Found:
46.50%, H 5.95%, N 15.35%. FTIR (KBr, cm '): 2085 vs, 2003
vs (Uncs ); 1649 s (Vo—n)-

X-ray crystallography

Single crystal X-ray data of 1-5 were collected using a Bruker
Kappa Apex-II CCD diffractometer equipped with a fine focus
sealed tube of monochromated Mo-Ku. radiation (4 = 0.71073 A).
The data were collected by scanning over the ¢ and w directions
and were averaged during refinement cycles. Data processing
was performed using the Bruker APEX-II suite (v2.0-2) program.
All available reflections to 20,,,, were harvested and corrected for
Lorentz and polarization factors with Bruker SAINT plus. The
multiscan absorption correction method was applied for data
correction using the SADABS program.®” The structures were
solved by a combination of direct methods and refined by means
of the full matrix least-square technique based on F? using the
SHELX-2013 suite.®® All the non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms con-
nected to carbon atoms were included in geometrically idealized
positions with given thermal parameters related to where they
are attached (1.5 times for methyl hydrogens and 1.2 times for

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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others). While hydrogen atoms connected to nitrogen atoms
were located on the difference Fourier map and isotropically
treated with given thermal parameters equivalent to 1.2 times
the parent atoms. Only the structure of complex 1 was solved by
adopting a disordered model in which both the metal centre and
the pendent triamine part of the ligand are disordered over two
positions. Drawings of the structures of 1-5 were generated with
programs like MERCURY-3.8. Additional crystallographic data
and refinement details for the complexes are given in Table 1.

Results and discussion
Syntheses and general characterization

The condensation reaction of N,N-dimethyldipropylenetriamine
with salicylaldehyde in a 1:1 molar ratio in methanol resulted in
Schiff base HL (Scheme 1). The reaction of this in situ generated
Schiff base with Ni(ClO,),-6H,O and Ni(OAc),-4H,0 afforded
dark-green crystalline compounds of [Ni(HL),](ClO,), (1) and
[Ni(L)(sal)] (2), respectively. Synthesis of 1 and 2 is not sensitive
to the stoichiometry of the reactants as both 1:1 and 1:2 molar
ratios of metal salt and HL produced the same compounds.
Among them, the later stoichiometry was adopted for better
yields. Although we used triethylamine base for the synthesis of
1 and 2, the deprotonated Schiff base L binds the metal centre as
a tetradentate ligand in 2, while the zwitterionic form of the
Schiff base is coordinated to the metal centre in a tridentate
fashion leaving the quaternary nitrogen free from coordination
in 1. The reaction of Schiff base HL with Ni(NO3),-6H,O and
NaN; in aqueous methanol in a 1:1:1 molar ratio afforded dark-
green compound 3 of molecular formula [Ni,Ly(jt;,-N3),).
A similar reaction with NaNCO in aqueous methanol produced
[Ni,Ly(py,1-NCO),] (4), which is an isomorphic compound to
complex 3 presenting cyanato as the bridging ligand. But under
the identical reaction conditions if thiocyanate is used instead,
dinuclear compound [Ni,(HL),(pt4 1-NCS),]-CH;0H (5) was iso-
lated, featuring analogous bridging to that found in the azido (3)
and cyanato (4) complexes. However, it is slightly different from
the other two compounds as the zwitterionic form of the Schiff
base is coordinated to the metal centre in a tridentate fashion
instead of tetradentate anionic L bound to Ni(u) in 3 and 4. It is
important to note that the addition of one equivalent of triethyl-
amine eventually yielded the identical product. Although some
dissimilarity associated with the mode of bonding of the Schiff
base ligand to the metal centres is observed in these complexes,
remarkable structural resemblances are found in the bridging
regions of these compounds, which is very uncommon in
pseudohalido bridged coordination chemistry in the presence
of the same organic blocking ligands.

Among five compounds, only 1 is an ionic compound,
having CIO, " as a counter anion. The characteristic stretching
and bending vibrations of ClO, " ions are observed at 1076 and
621 cm ', respectively, in the IR spectrum of 1. The stretching
vibrations of the azomethine (C=N) bond of the Schiff base are
located in the range 1626-1649 cm ™ in the IR spectra of 1 and 3-5.
However, the stretching vibration of the azomethine bond together

New J. Chem., 2017, 41, 3143-3153 | 3145
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Table 1 Crystallographic data and structural refinement parameters of 1-5
1 2 3 4 5
Empirical formula C30H42ClL,NgNiO; C,,H,9N;3NiO; C30H45N1,Ni, 0, C3,H,4gNgNi,O, C35H50N;oNi, 035,
Formula weight (g mol ) 782.35 442.17 726.22 726.20 904.51
Temperature (K) 150(2) 150(2) 150(2) 150(2) 180(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c P2,/c P2,/c
a(A) 8.9692(4) 8.0642(2) 10.8264(6) 10.8271(7) 10.8625(3)
b (A) 9.8140(4) 15.4540(4) 15.9223(8) 15.8847(10) 12.3213(3)
c(A) 20.2915(7) 17.5161(6) 19.0138(11) 19.0150(13) 15.8254(4)
o (deg) 90.00 90 90.00 90.00 90.00
B (deg) 101.814(2) 101.7440(10) 90.451(2) 90.578(2) 104.3490(10)
7 (deg) 90.00 90 90.00 90.00 90.00
Volume (A%) 1748.30(12) 2137.23(11) 3277.5(3) 3270.1(4) 2052.00(9)
Z 2 4 4 4 2
Deate (g cm™) 1.486 1.377 1.472 1.475 1.464
u(mm™) 0.771 0.935 1.198 1.202 1.169
F(000) 824 940 1536 1536 948
0 range (deg) 2.051-26.409 2.38-29.17 1.668-26.445 2.142-27.155 1.935-27.920
Reflections collected 35922 35679 30691 38986 24860
Independent reflections (Rjn) 3589(0.0416) 5749(0.0338) 6717(0.0571) 7233(0.0725) 4912(0.0474)
Observed reflections 2817 4789 4770 4734 3789
[T > 20(1)]
Restraints/parameters 147/295 1/268 2/427 0/427 1/257
Goodness-of-fit on F? 1.044 1.026 1.180 1.035 1.064
Final R indices [I > 20(J)] R; = 0.0448, R; = 0.0312, R, = 0.0775, R; = 0.0669, R, = 0.0360,
WR, = 0.1095 WR, = 0.0699 wWR, = 0.1799 WR, = 0.1603 WR, = 0.0773
R indices (all data) R; = 0.0616, R; = 0.0436, R; = 0.1132, R, = 0.1143, R, = 0.0518,
WR, = 0.1216 WR,, = 0.750 WR, = 0.1988 WR, = 0.1603 WR, = 0.0849
Largest diff. peak/hole (e A~%) 0.623/—0.431 0.483/—0.245 1.512/—0.709 3.200/—0.883 0.603/—0.584

with the carbonyl group of salicylaldehyde appeared at 1641 cm ™"

in 2. The IR spectrum of 3 exhibits a strong and sharp band at
2052 cm ™', characteristic of the asymmetric stretching vibration of
the bridging azido ligand, which is similar to those observed in
analogous compounds.®*™** The asymmetric stretching vibration of
the bridging NCO™ ion for 4 is found at 2173 cm™.*>®® The IR
spectrum of 5 consists of bifurcated bands at 2085 and 2003 cm ™"
corresponding to the asymmetric stretching vibrations of NCS™
ligands. The appearance of two strong peaks in the IR spectrum in
5 suggests the presence of both bridging and terminal thiocyanato
ligands, consistent with the structural characterization of 5. The
higher frequency band is typical for a bridging thiocyanato group
whereas the lower frequency is assigned to a N-coordinated
terminal thiocyanato ligand.®

Description of crystal structures

The crystal structures of complexes 1-5 along with partial atom-
numbering schemes are depicted in Fig. 1-5, respectively, and
selected metric parameters in the metal coordination spheres
are listed in Table 2.

Mononuclear complexes 1 and 2

Both 1 and 2 crystallize in the monoclinic space group P2,/c.
Neutral complex 2 crystallizes on a general position, while the
complex cation of 1 crystallizes on an inversion centre together
with a perchlorate counter ion on a general position. Two
perchlorate ions per Ni in 1 require protonation of the tertiary
amine-N of the Schiff base ligands to balance the charge of the
system i.e. the zwitterionic form of the Schiff base is bonded to
the metal centre in 1, while deprotonated Schiff base L binds

3146 | New J. Chem., 2017, 41, 3143-3153

Fig.1 Crystal structure of 1 showing the atom numbering scheme.
Ellipsoids are drawn at the 30% probability level. Disordered portions and
most of the H atoms are omitted for clarity. O—H- - -N bonding interactions
are drawn as purple dashed lines.

the metal centre in 2. The Ni(u) ion in both compounds is
hexacoordinated, and the geometry around the metal centre
can be best described as a distorted octahedron. The coordina-
tion sphere of Ni(u) in 1 is composed of the {N,O,} donor set,
while it is {N;0;} in 2. Two zwitterionic Schiff base ligands
connect the metal centre through phenolato-O, imine-N and
secondary amine-N leaving a protonated tertiary amine group
free from coordination, and each of the zwitterionic ligands
coordinates Ni(u) in the facial configuration in 1. While only
one deprotonated Schiff base binds the metal centre through

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 2 Crystal structure of 2 showing the atom numbering scheme.
Ellipsoids are drawn at the 30% probability level. O—H---N bonding inter-
actions are drawn as purple dashed lines.

Fig. 3 Crystal structure of 3 showing the atom numbering scheme.
Ellipsoids are drawn at the 50% probability level. O—H---N bonding inter-
actions are drawn as purple dashed lines.

all four donor sites including tertiary amine-N in 2. The
coordination sphere in 2 is completed by the coordination of
the deprotonated salicylaldehyde ligand using both phenolato-
O and carbonyl-O. The imine, secondary amine and tertiary
amine nitrogen atoms occupy one meridional position of
hexacoordinate Ni(u) in 2, while the other meridional position
is occupied by the phenolato-O atom of the Schiff base together
with two oxygen atoms from the deprotonated salicylaldehyde
ligand. Ni-N distances of imine and secondary amine and Ni-O
distances of the phenolato group of the Schiff base ligand in 1
are found to be 2.051(2), 2.162(3) and 2.075(2) A, respectively,
which are comparable to bond distances observed in analogues
Ni(1) complexes with similar coordination environments.>$>6>76>

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 4 Crystal structure of 4 showing the atom numbering scheme.
Ellipsoids are drawn at the 30% probability level. O—H---N bonding inter-
actions are drawn as purple dashed lines.

Fig. 5 Crystal structure of 5 showing the atom numbering scheme.
Ellipsoids are drawn at the 30% probability level. O—H---N bonding inter-
actions are drawn as purple dashed lines.

The imine bonds are somewhat shorter than the secondary amine
nitrogen, which is along the line of their respective state of
hybridization of coordinated nitrogen atoms. A similar observa-
tion is also made in 2 where the secondary amine nitrogen bond
is found to be significantly longer than the imine nitrogen bond
(Table 2). Furthermore, the significantly longer bond distance of
the tertiary amine over a secondary amine group observed in the
structure of 2 is probably due to the presence of two methyl
substitutions at the tertiary amine, which in turn increased the
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Table 2 Selected bond distances (A) for 1-5

Bond 1 2 3 4 5

Ni(i)-N(imine) 2.051(2) 2.0507(13) 2.046(5) 2.059(4) 2.0298(17)
2.053(5) 2.057(4)

Ni(u)-N(secondary amine) 2.162(3) 2.1119(13) 2.128(5) 2.154(4) 2.1433(19)
2.144(5) 2.132(4)

Ni(u)-N(tertiary amine) — 2.1979(13) 2.186(5) 2.214(4) —
2.198(5) 2.205(4)

Ni(n)-O(phenolate) 2.075(2) 2.0078(10) 2.005(4) 2.020(3) 2.0570(15)

2.0284(10) 2.014(4) 2.006(3)

Ni(1)-N(pseudohalide) — — 2.121(5) 2.107(4) 2.1291(17)
2.227(5) 2.244(4) 2.2871(19)
2.132(5) 2.115(4) 2.050(2)
2.199(5) 2.280(4)

¢ Symmetry code: —x, —y, —2.

steric congestion around the donor site, thereby leading to the
weaker binding ability of the tertiary amine to the metal centre.
Whereas, complex 1 is stabilized in the solid state mainly by
electrostatic force together with intramolecular hydrogen bonding
interaction between the quaternary amine and phenolato-O
(see Fig. 1), the solid state structure of complex 2 is stabilized
by the combination of C-H:--n and nonconventional C-H-:--O
interactions as depicted in Fig. S1 (ESIt).

Dinuclear complexes 3-5

3 and 4 are isostructural and isomorphous compounds, and
they crystallize in the monoclinic space group P2,/c. The
structures of 3 and 4 consist of neutral dimeric units of
formulas [Ni,Ly(p11-N3),] and [Ni,L,(p; .-NCO),], respectively.
In these complexes, each Ni(u) centre is hexacoordinated with a
distorted octahedral geometry, being bonded with three N
donor atoms and one phenolato-O atom of the deprotonated
Schiff base ligand and two N atoms of the end-on bridging
azido groups, which form a common edge within the dinuclear
units, leading to an edge-sharing bioctahedral structure. Like in
2, all the nitrogen atoms (imine, secondary amine and tertiary
amine nitrogen atoms) of the triamine part of the deprotonated
Schiff base coordinate Ni(u) in the meridional configuration,
while the remaining meridional position is occupied by
phenolato-O atom of the Schiff base together with two nitrogen
atoms of bridging azido (in 3) and cyanato (in 4) ligands. Again,
a similar trend of bond lengths as found in compound 2 i.e.
Ni-N(tertiary amine) > Ni-N(secondary amine) > Ni-N(imine),
is observed in these complexes (Table 2). Although the absence
of an inversion centre brings two different bridging angles in
these complexes (100.7(2) and 102.0(2)° for 3; 97.84(15) and
98.74(15)° for 4), the central NiN,Ni rings are found to be
eventually planar. The azido and cyanato ligands are nearly
linear with N-N-N and N-C-O angles varying in the range of
178.6(7)-178.8(7)° and 179.1(6)-179.3(6)°, respectively. The
slightly asymmetric double end-on azido bridge (with Ni-N bond
distances of 2.121(5)/2.132(5) A and 2.227(5)/2.199(5) A) separates
the two Ni(u) ions by 3.357 (5) A, which are comparable to those of
the previously reported analogous Ni(n) complexes.”*™** Similar
asymmetric double end-on cyanato bridging (2.107(4)/2.115(4) A
vs. 2.244(4)/2.280(4) A) with Ni---Ni separation of 3.357(5) A is

3148 | New J. Chem., 2017, 41, 3143-3153

observed in 4. Unlike azido bridging, the doubly end-on bridging
NCO™ is extremely uncommon in Ni(u) coordination chemistry,
and it is important to note that only three dinickel(n) compounds
with such a bridging motif are reported in the literature.*°
However, in both compounds, the secondary amine hydrogen atom
participates in an intramolecular hydrogen bond to the phenoxido
oxygen atom within the dimeric unit with donor-acceptor distances
of 3.009 A and 3.013 A in 3 and 4, respectively. Moreover, non-
conventional C-H---X (X = N for 3 and O for 4) hydrogen bonding
and C-H- - -n interactions stabilize the solid state structures of these
isomorphic compounds (see Fig. S2, ESIT).

Compound 5 crystallizes in the monoclinic space group P2,/c
and consists of a centrosymmetric dinuclear [Niy(HL),(1t1,1-NCS),]
unit and a disordered lattice methanol molecule. Ni(u) centres
have a distorted octahedral structure with an {NiNg} coordination
environment, being bonded with two N donor atoms (one each of
imine and secondary amine) and the phenolato-O atom of the
zwitterionic Schiff base, two N atoms of the p,;-bridging
thiocyanato groups, which form the common edge within the
dinuclear unit, and a terminal thiocyanato ligand. Unlike 1,
the zwitterionic Schiff base connects the metal centre in the
meridional configuration, while the remaining meridional
position is occupied by thiocyanato ligands. Being centrosym-
metric, the central {NiN,Ni} core is planar with a bridging angle
of 98.50(7)° and Ni- - -Ni separation of 3.347(7) A. Both, bridging
and terminal thiocyanato groups are quasilinear, with N-C-S
angles of 178.2(2) and 179.4(2)°, respectively. Compound 5
is very similar to 3 and 4 in that NCS™ ions feature analogous
end-on bridging to that found in the azido (3) and cyanato (4)
complexes. However, the structural difference found in these
systems is mainly associated with diverse binding propensity of
the ligand - the tetradentate monoanionic Schiff base ligand
binds Ni(n) in 3 and 4, while the zwitterionic tridentate ligand
binds the metal centre in 5 along with a terminal thiocyanato
ligand to satisfy the coordination number six of the Ni(u) centre
as well as to balance the charge of the system. Like in 3 and 4,
the secondary amine hydrogen atom is involved in an intradimer
hydrogen bond to the phenoxido oxygen atom within the dimeric
unit with a donor-accepter distance of 3.122 A. Remarkably,
the quaternary amine hydrogens participate in intermolecular
hydrogen bonding with phenolato-O atoms of the Schiff bases

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017


http://dx.doi.org/10.1039/c7nj00158d

Published on 24 March 2017. Downloaded by Indian Institute of Science Education and Research —Bhopal on 02/06/2017 06:00:11.

NJC

Fig. 6 Hydrogen bonded supramolecular 2D sheet of 5 in the bc plane
showing both inter- and intra-molecular hydrogen bonding interactions.

from the adjacent dimeric units, resulting in the formation of a
2D supramolecular structure in the bc plane (Fig. 6). It is worth
noting that end-to-end thiocyanato bridged dinickel(n) com-
plexes are quite common in the literature.>**”~> In contrast,
the end-on bridging dinickel(n) complexes are extremely scare
in the literature. In fact, only three of such structurally char-
acterized complexes are available in the literature.®>”%”*

Magnetic properties

Mononuclear complexes. The effective magnetic moment for
1 adopts its room temperature value of ¢ = 3.09 g and it stays

2.0 = 5
g £ 3
3 S =
454 = g
i » s
.
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Fig. 7 Magnetic data for 1. Lines — fitted.

Table 3 Magnetic parameters for 1 through 5
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constant down to 12 K where it drops down in an abrupt
manner; at 7= 1.9 K it is gegr = 2.05 ug (Fig. 7). This feature is
typical for the zero-field splitting (zfs) of the S = 1 spin system
with the axial zfs parameter D > 0.”*> The magnetization per
formula unit at 7= 2.0 K and B = 7.0 T adopts a subnormal value
of M; = My,0i/Napig = 1.66 which also confirms a considerable zfs.

The magnetic data (molar magnetic susceptibility and molar
magnetization) were fitted simultaneously by minimizing a
joint functional F = w-R(x) + (1 — w)-R(M) with equal weights,
w = 0.5. The spin Hamiltonian of the form

Ay = D(82 — $*/3)l 2 + upB(g.S, cos Oy + g8y sin Oy )i

1)

yields the eigenvalues which enter the partition function and
consequently the susceptibility and magnetization are recon-
structed by using the apparatus of statistical thermodynamics.”
The fitting procedure gave the set of magnetic parameters as
listed in Table 3; there is D/hc = +7.2 cm ' and g, < g, as
predicted by spin Hamiltonian theory.”*

Complex 2 displays temperature-independent effective
magnetic moment fegr = 3.10-3.06 pp between room tempera-
ture and T = 12 K; below this temperature its decrease is
registered towards a limit of ug = 2.63 up at T = 1.9 K (Fig. 8).
The magnetization data develop with the field differently when
compared to 1: there is a saturation of M; = 2.0 at 7= 2.0 K and
B =7.0"T. Both these features are characteristics for D < 0. Indeed,
the fitting procedure confirmed D/hc = —5.2 cm™ " and g, > g,

The difference in the sign of the D-parameter originates in
the geometry of the chromophore {NiN,N,’O,} for 1 and
{NiN;O5} for 2. The averaged bond lengths (A) in 1 are d(Ni-N9) =
2.052, d(Ni-N13) = 2.190, and d(Ni-O1) = 2.075; the displacements
from the averaged distances d(Ni-N) = 2.145 and/or d(Ni-O) =
2.055 are &; = (d; — d;), i.e. §(Ni-N) = —0.093, 3(Ni-N') = 0.045, and
5(Ni-0) = 0.020 A. Two similar displacements define an equatorial
plane of the bipyramid so that the chromophore behaves like a
compressed bipyramid with the structural tetragonality parameter
Dy = 6, — (0x — 6y)/2 = —12.55 pm. However, the situation is more
complex since the occupation number of the Ni site is only 0.5
and there are two NiA centres with the occupation numbers 0.25
and the distances d(NiA-O1) = 1.887 and 2.297, d(NiA-N9) = 1.998
and 2.158, and d(NiA-N13) = 1.917 A.

In complex 2 with the mer-{NiN;O;} chromophore all metal-
ligand distances are different: d(Ni-O1) = 2.0078, d(Ni-020) =
2.0284, d(Ni-028) = 2.1062, d(Ni-N9) = 2.0507, d(Ni-N13) =
2.1119, and d(Ni-N17) = 2.1979 A; the displacements are

System Jihclem™ Dfhc/em™! 2 & Friv” zj/hc/em ™! R(7)/% R(M)/% Ni-N-Ni/deg
1 — +7.21 2.093 2.180 0 0 6.3 5.8

2 — —5.16 2.320 2.121 0 0 1.8 1.9

3 +20.0 +5.12 2.376 — 0 —0.060 1.3 100.7, 102.0
4 +13.7 +7.18 2.187 — 4.7 2.0 1.7 97.8, 98.7

5 +12.4 +6.87 2.118 — 10 4.3 2.1 98.5

v in units of 107° m® mol . R - discrepancy factors of the fit.
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Fig. 8 Magnetic data for 2. Lines — fitted.

§(Ni-01) = —0.0472, §(Ni-020) = —0.0266, J(Ni-028) = 0.0512,
d(Ni-N9) = —0.0943, §(Ni-N13) = —0.0331, and J(Ni-N17) =
0.0529 A. Thus it is difficult to simplify these data to a
compressed or elongated tetragonal bipyramid in order to
determine the structural tetragonality parameter Dy,. However,
this can be carried out by averaging trans-positioned distances:
8, = —0.0369, d, = 0.00905, and J; = —0.0207. Now, the Dy,
parameter can be calculated in three ways using a constraint
Eg; = (0x — 0y)/2 < |Dg|/3. Then 0, = 6, and J,, = —0.0288 gave
Dy = +3.785, Eg = 0.81 pm, and E/|D| = 0.21.

It was found”” that in a series of mononuclear Ni(i1) complexes
with the {NiA,B,} chromophore the structural tetragonality para-
meter Dy, correlates with the magnetic anisotropy parameter D
along a straight line with a positive slope. The original dataset has
been enriched by some recent investigations.”®”® Complexes 1
and 2, however, do not match such a correlation probably owing
to the problematic determination of the Dy, parameter.

Dinuclear complexes. Dinuclear complex 5 shows that the
effective magnetic moment on cooling increases from its room
temperature value peg = 4.51 pp (Fig. 9). It passes through a
maximum at 7 = 8.7 K and then drops down to pes = 4.44 ug
at 7= 1.9 K. The magnetization grows to M; = 3.8 at T= 2.0 K
and B = 7.0 T. These data confirm a presence of the exchange
interaction of a ferromagnetic nature (J > 0) and some zero-
field splitting that operates at low temperature.

The magnetic data were fitted by using the spin Hamiltonian
for a dinuclear system with isotropic exchange and zfs

A, — _J(gA.§B>h—2+iD<SA,3—§A2/3)h_2 )
2
2

+ Z ,uBB(gA,ZS’A,Zcos O + g4y S.4,Sin )i
=

Eventually the molecular field correction (zj) and temperature-
independent magnetism yrn can be applied

2= 1M = @)+t (3)

In order to reduce the set of free parameters, the isotropic
Zeeman term has been considered (g, = g,). The final set of
magnetic parameters is listed in Table 3.
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The positive exchange coupling constant can be rationalized
by the bonding angle Ni-N-Ni = 98.50 deg that is close to the
critical value when the ferromagnetic exchange prevails.®® The
{NiNs0} chromophore is rather distorted with all metal-ligand
distances being different.

The remaining two dinuclear complexes, 3 and 4, display
analogous magnetic functions to 5 (Fig. 10 and 11) with the
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Fig. 11 Magnetic data for 4. Lines - fitted.
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Table 4 Selected structural and magnetic data of Ni(i) dimers with doubly end-on cyanato and thiocyanato bridges?

Compounds Djhc/em™! g M-N-M (%) J/hclem™* Ref.
[Nip(LY),(py,1-NCO),](ClO,), +3.6 2.23 94.4(3), 95.8(4) +3.4 40
[Niy(L?),(py,1-NCO),](ClO,), —12.32 2.21 95.33(13), 95.79(12) +5.6 40
[Niy(terpy)s(py,1-NCO),(H,0),](PF), +3.6 2.23 97.7(4) +9.2 60
[NizLy(py,1-NCO),] (4) +7.18 2.187 97.84(15), 98.74(15) +13.7 This work
[Niy(S-dept)s(1t1,1-NCS),(NCS),] — 2.142 96.9(8) —13.2 61
[Niy(HL),(p4,1-NCS),]-CH;0H (5) +6.87 2.118 98.50(7) +12.4 This work

“ Terpy = terpyridine; L' = [N,N’-bis(2-pyridinylmethylene)]propane-1,3-diamine; L> = [N,N’-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine;

S-dept = N,N,N’,N'-tetraethylpyridine-2,6-dithiocarboxamide.

ferromagnetic exchange coupling and sizable zero-field splitting
of easy-plane character (D > 0).

Among the several structural parameters that can affect
the strength and sign of the exchange coupling constant (/)
between the paramagnetic centers, the bridging angle is
considered the most crucial factor in determining the net
magnetic interaction. Theoretical studies by Ruiz et al. on
doubly i, ;-azido bridged dinickel() complexes have revealed
that the interaction predicted to be ferromagnetic on all values
of Ni-N(N;)-Ni angles () ranging from 80 to 115°, with J
increasing upon increasing this angle, reaching a maximum
at around 104° and then decreasing with increasing 0.*>*® In
fact, all the reported , ;-azido bridged nickel(ir) dimers exhibit
ferromagnetic coupling®****>** with only one exception where
a very low bridging angle of 90.4° propagates the AF interaction
between Ni(n) centers.*' The Ni-N-Ni angles of 100.7(2) and
102.0(2)° found in 3 are very typical for this kind of systems,
and thus the sign and magnitude of calculated J in 3 is
reasonable. For bis(u;,;-NCO) bridged nickel(u) dimers, the
existing data are extremely scare, and only three data sets on
such compounds are available in the literature where J values
vary in the narrow range +3.4 to +9.2 cm™ " (Table 4).*>°° A
similar ferromagnetic interaction is also observed in 4, how-
ever, the magnetic coupling is found to be somewhat stronger
in the present case. Although this dataset is too small to permit
proper magneto structural correlation, a similar trend to that
found in theoretical predictions with doubly p, ;-azido bridged
dinickel(n) systems, i.e. J increasing with an increase in brid-
ging angle, is observed in the cyanato bridged systems. How-
ever, the reason for weaker coupling for the cyanato bridged
compounds compared to analogous azido systems can be under-
stood by means of theoretical calculations.*® Interestingly, in the
only previous example with a doubly p, ;-thiocyanato bridged
dinickel(n) complex, the magnetic coupling between the metal
centers has been found to be an antiferromagnetic with the
J value of -13.2 cm™' (Table 4).°" In contrast, the observed
magnetic coupling is ferromagnetic in nature in 5 with the
coupling constant of +12.4 cm™". The Ni-N-Ni bridging angle
found in that previously reported compound is 96.9°, while it is
98.50° in 5. A careful inspection of the magneto-structural data
of these doubly p, ;-pseudohalido bridged dinickel(u) systems
reveals that, for azido bridged systems,"* the smallest experimen-
tally found bridging angle 90.4° leads to very weak AF interaction
(=1.77 em™"), while the next lowest angle of 95.5(3)/96.5(3) is
responsible for significantly strong F interaction (+31.62 cm ™).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

Although ferromagnetic coupling is predicted in the range of
bridging angles 80 to 115° by theoretical means, the overestima-
tion of J values cannot be ruled out especially at lower bridging
angles. However, these experimental facts suggest that the
bis(t1,1-N;) bridging groups could not be the universal ferro-
magnetic coupler in Ni(u) systems and the crossover angle for
bis(1, ;-azido) bridged dinickel(n) is closely located near about 91°.
Similarly, the experimental facts indicate that the crossover angle
is situated in-between 96.9° and 98.50° for a thiocyanato system,
and it might be just below 94° for cyanate bridging systems. It is
interesting to note from these magneto-structural data that on
moving from azido to cyanato to thiocyanato systems, the cross-
over angle is expected to move to higher values. More examples of
doubly 1, ,-NCO and p, ;-NCS bridged dinickel(n) systems and
some data at lower i, ;-N; bridging angles along with sophisti-
cated theoretical calculations are further required to reinforce the
above conclusions.

Conclusions

We have synthesized some mono and dinuclear Ni(i) complexes
with a new {N3;O} donor Schiff base ligand. X-ray structural
analyses reveal the diverse coordination ability of the Schiff base
in these compounds as both the zwitterionic form and the
deprotonated ligand can bind the metal centre through tridentate
and tetradentate fashions, respectively. The magnetic properties
disclose some zero-field splitting for mononuclear complexes as
expected for the Ni(u) ion, and the exchange coupling of doubly
end-on pseudohalido bridged complexes is found to be ferro-
magnetic in nature. Although a large number of bis(j; 1-N3)
bridged Ni(u) dimers are known, the analogous (j1; ;-NCO) and
(11,,-NCS) bridged dinickel() complexes are extremely scare
in the literature and thus these compounds are important
additions in the family of such systems. Most remarkably, the
thiocyanato compound is the first example of a ferromagneti-
cally coupled system.
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Magneto-structural Studies in Double Chloro- and
Pseudohalo-bridged Isomorphic Dinickel(ll) Complexes

Moumita Patra,” Paula Brandao,® Adam P. Pikul,”” Sarmistha Adak,* % and

Anangamohan Panja*® 9

Four new complexes, [NiL(NO;)]-CH;OH (1), [Ni,L,(u-Cl),] (2),
[Ni,L,(i; -NCO),] (3) and [Ni,L,(1,,-N5),] (4) were synthesized
from a tetradentate Schiff base (HL), prepared from the
condensation reaction of N,N-dimethyldipropylenetriamine and
5-bromosalicylaldehyde. X-ray crystallography reveals that 2-4
are isostructural and isomorphic dinickel(ll) compounds with
bridging chloride or pseudohalides. All these three dinickel(ll)
complexes exhibit ferromagnetic interaction through bridging

1. Introduction

Considerable attention has been directed towards the synthesis
of di- and polynuclear transition metal complexes in recent
years primarily because of their aesthetic structural diversity,
relevance to the metalloenzymatic systems in biology" and
fascinating magnetic properties.®® In the field of molecular
magnetism, Ni(ll) ion is an automatic choice due to its large
single-ion zero-field splitting, and as a consequence several di-
and polynuclear Ni(ll) complexes with interesting magnetic
property have been developed.”" The investigation of
magnetic properties of binuclear Ni(ll) complexes and correlat-
ing them with the structures are quite significant to gain
insight into the fundamental aspects of the magnetic inter-
actions as well as to integrate the derived ideas into the large
clusters or extended systems to develop molecule-based
magnetic materials with predictable magnetic properties. A
common strategy to prepare such complexes is the utilization
of a multidentate ligand along with judicial choice of a bridging
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chloride or pseudohalides and their coupling constants are in
the order 4>2>3, a replication of the average strength of
exchange interactions found in such complexes characterised
magnetically. Most importantly, compound 3 is a precious
addition to the only four known examples of this family, and
unprecedented high degree of structural and magnetic resem-
blances observed in 2-4 is the major achievement of the
present work.

ligand to transmit specific magnetic interactions between the
paramagnetic metal centres."? The pseudohalide ligand partic-
ularly azide ion is the most attractive bridging ligand because
of its diverse bridging modes, end-on (u,,) and end-to-end
(Ky3) modes being the most common ones, leading to the rich
magnetic property in such compounds!? In contrast, the
presence of two hetero-bridging atoms with polarizable =
systems in other pseudohalides, namely cyanate, which can
coordinate the metal ions through either of the heteroatoms,
or both, are less versatile than the azide ion. Therefore, in
contrast to the vast coordination chemistry of azido-bridged
systems,"*2” both structurally and magnetically interesting
compounds with other pseudohalides are limited.?" It is well
known that halides and pseudohalides show great resemblan-
ces in several chemical and physical properties, but such
similarity in coordination chemistry is quite limited, which is
due to lack of coordinative versatility of one-atom halide ion
compared to polyatomic pseudohalides. If peudohalides bind
the metal centre terminally or connect the mental centres
through w,; or w,,, bridging modes, then only it may have
structural resemblance with halide analogues. Along with the
rich coordination chemistry of azido-bridged complexes,
sophisticated experimental and theoretical magneto-structural
correlations are available for these complexes for better under-
standing the magnetic property of these systems, in which
general tendency is that p,; bridging mode exerts antiferro-
magnetic (AF) coupling, while p,, coordination mode prop-
agates ferromagnetic (F) exchange between the metal
centres."*?" Cyanate ion transmits magnetic interaction be-
tween the metal centres almost in similar way as that azide ion
does but weakly and a scarcity of reports of such Ni(ll)
compounds is available in the literature to establish a
sophisticated magneto-structural correlation for cyanato-
bridged Ni(ll) systems."®?"* When Ni(ll) is five-coordinate, the
magnetic coupling observed between the metal ions is usually
dominantly AF in nature, while in octahedral or pseudo-

© 2020 Wiley-VCH GmbH
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octahedral, the coupling is found generally ferromagnetic
through chloro-bridge.”>* Developing magneto-structural cor-
relations by only experimental means is a very challenging task
because that requires structurally similar or identical complexes
with all but one governing parameter being identical. Several
diazido- and dichloro-bridged dinickel(ll) complexes have been
both structurally and magnetically characterized, however for a
particular ligand system no such structural and magnetic
resemblance has yet been established. Therefore, working on a
particular ligand system with varied bridging chloride and
pseudohalides may provide us significant information of their
communicating ability in these systems.

We observed previously that the Schiff base ligand with
N;O donor sites derived from condensation of salicylaldehyde
with N,N-dimethyldipropylenetriamine is capable to stabilize
ferromagnetically coupled dinickel(ll) complexes with azide or
cyanate ions in p,, bridging fashion.”” Therefore, we antici-
pated that such organic ligands may be useful for the synthesis
of ferromagnetically coupled dinickel(ll) complexes with both
bridging halides and pseudohalides with significant structural
resemblance. Accordingly, in this present endeavour, a tetra-
dentate Schiff base prepared from the condensation reaction
of N,N-dimethyldipropylenetriamine and 5-bromosalicylalde-
hyde was reacted with nickel(ll) nitrate in the presence of
exogeneous chloride, azide and cyanate ions and finally ended
up with the isolation of isomorphic dinickel(ll) complexes with
bridging chloride and pseudohalides (Scheme 1). Herein, we
report crystal structures and magnetic property of four new
complexes, [NiL(NO;)]-CH;0H (1), [Ni,L,(u-Cl),] (2), [Ni,Ly(u -
NCO),] (3) and [Ni,L,(1;,-Ns),] (4). All these dinickel(ll) com-
plexes show ferromagnetic coupling through bridging chloride
and pseudohalides. Compound 3 is a precious addition to the
only four known examples of this family, and unprecedented
high degree of structural and magnetic resemblances found in
2-4 is the major achievement of the present work.

2. Results and Discussion
2.1. Syntheses and general characterizations

Schiff base ligand HL was synthesized following simple
condensation reaction of N,N-dimethyldipropylenetriamine and
5-bromosalicylaldehyde in a 1:1 molar ratio in methanol.
Subsequently, it was reacted with nickel(ll) nitrate hexahydrate
in methanol that resulted [NiL(NO5)]-CH;OH (1). High degree of
solubility of complex 1 in common organic solvents like

NaX N / \N

_N==0 a

é/ o/ \‘5/ “Methanol /§ o/ \X/\I\NHJ
(1:NaX = 1:1) /N\\)

1 X =CI"(2); NCO" (3); Ny (4)

Scheme 1. Schematic representation of the synthesized complexes.
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alcohols and acetonitrile allowed us to use it as a precursor
complex for the synthesis of other complexes. Accordingly, it
was reacted with sodium salts of chloride, cyanate or azide,
that afforded dark-green crystals of [Ni,L,(u-Cl),] (2), [Ni,L,(1, ;-
NCO),] (3) or [Ni,L,(1-N3),] (4), respectively, in high yields. All
complexes were characterized by elemental analysis and by IR
and UV-Vis spectroscopies methods and these data are given in
the experimental section. All these complexes show a common
feature of stretching vibration of the azomethine (C=N) bond
of the Schiff base varying in the range 1623-1627 cm™.
Additionally, the IR spectra of 3 and 4 exhibit strong and sharp
bands at 2176 cm™' and 2049 cm™', respectively, characteristic
of the asymmetric stretching vibration of the bridging cyanate
and azide ions, respectively, typical for end-on cyanate and
azide bridged transition metal complexes. The UV-Vis spectra
of 1-4 in the solid state and in methanol are eventually similar
and the spectra are displayed in Figure S1. The UV-Vis spectra
reveal the presence of two well-resolved bands in the range
374-381 and 600-681 nm. The very intense former band can
be assigned to phenolato-to-nickel(ll) charge transfer transition,
whereas the band observed at 639 nm could be assigned to a
*A,q—°T14(F) as expected for octahedral nickel(ll) complexes.
Additional band for complex 1 is observed at around 930 nm,
which is assigned to *A,;—T,; and for other complexes it is
not clearly visible being shifted to NIR region. However, for all
complexes the higher energy *A,,—T,4(P) band is obscured by
the strong charge transfer transition.

3. Description of crystal structures

Neutral complex [NiL(NO;)]-CH;OH (1) crystallizes in the mono-
clinic space group P2,/n. The crystal structure of 1 with atom
numbering scheme is depicted in Figure 1 and the selected
bond parameters are given in Table 1. The Ni(ll) ion in 1 is
hexacoordinated with distorted octahedral geometry, being
bonded with N;O donor sites from the deprotonated Schiff
base ligand together with a bidentate nitrate ion. The Ni—O
distances of the coordinated nitrate are 2.141(1) and 2.247(2) A,
with their difference Ad being < 0.3 A justify its coordination to

Figure 1. Crystal structure of 1 showing atom numbering scheme. The
ellipsoids are drown at 30% probability level and hydrogen atoms and
solvent methanol have been omitted for clarity.
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Table 1. Selected bond distances (A) for 1-4.

Bond 1 2 3 4

Ni(I—N(imine) 2.052(2) 2.060(2) 2.077(2) 2.069(2)

Ni(Il)-N(secon-  2.069(2) 2.125(2) 2.097(2) 2.094(2)

dary amine)

Ni(l)—N(tertiary ~ 2.138(2) 2.190(2) 2.120(2) 2.208(2)

amine)

Ni(l)-O(pheno-  1.986(1) 2.011(2) 2.006(2) 2.006(2)

late)

Ni(I—Xx® 2.141(1) 2.507(1) 2.225(2) 2.122(2)
2.247(2) 2467(1)  22020" 2173 ™

[a] X=0O(nitrate) for 1, Cl for 2, N(azide) for 3 and N(cyanate) for 4; [b]
Symmetry code: —x, —y, —z.

the metal centre as a bidentate fashion rather than anisobi-
dentate one.””?® But significantly low bite angle of the nitrate
ion of 58.90(5)° is the main reason behind the significant
distortion from the ideal octahedral geometry.”**? All the
nitrogen atoms from the Schiff base ligand occupy one
meridional position of Ni(ll) centre in 1, while three oxygen
atoms, one from phenolate group of the Schiff base and two
from bidentate nitrate ion, occupy other meridional position.
The Ni—N distances of imine, secondary amine and tertiary
amine and the Ni—O distance of phenolato-O of the Schiff base
ligand in 1 are 2.052(2), 2.069(2), 2.1378(2) and 1.986(1) A,
respectively, which fall in line with reported Ni(ll) complexes
with similar coordination environments."*” The Br atom of the
Schiff base ligand was solved considering the disorder model
with about 0.66/0.34 occupancies over two sites with usual
C—Br distances of 1.899(3) and 1.916(6) A, respectively. The
structure of 1 in the solid state is mainly stabilized by hydrogen
bonding interactions as displayed in Figure S2. The phenolate
oxygen is connected with solvent methanol molecule through
hydrogen bond of donor-acceptor distance of 2.866 A, while
the secondary amine group forms an intermolecular hydrogen
bond with non-coordinated oxygen atom of the nitrate group
from the neighbouring molecule with donor-acceptor distance
of 3.059 A, leading to a hydrogen bonded zig-zag chain
running along the crystallographic b axis.

Complexes  [Ni,L,(u-Cl),] (2), [Ni,Ly(i;,-NCO),] (3) and
[Ni,Ly(1y1-N3),] (4) are isostructural and isomorphous com-
pounds, and they crystallize in the monoclinic unit cell with
space group P2,/c. These centro-symmetrical neutral complex
molecules are formed by doubly bridged chloride or pseudoha-
lide ions, and the structures of these compounds are depicted
in Figures 2-4, respectively, and their important bond parame-
ters are given in Table 1. The Ni(ll) centres in these complexes
are hexacoordinated with slightly distorted octahedral geome-
try in which, in addition to doubly bridging chloride or
pseudohalide ions, the metal centres are bonded to three N
donor atoms and one phenolato-O atom of the deprotonated
Schiff base ligand. The bridging chloride or pseudohalide ions
form the common edge within the dinuclear units, leading to
edge-sharing bioctahedral structures (Figure 3). The Ni—(u-Cl),
Ni—N(u, ;-NCO) and Ni—N(y, ;-N;) bond lengths of 2.467(1) and
2.507(1)A, 2.202(2) and 2.225(2) A, and 2.173(2) and 2.122(2) A

ChemistrySelect 2020, 5, 12924-12931 Wiley Online Library
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Figure 2. Crystal structure of 2 showing atom numbering scheme and
intramolecular hydrogen bonds. The ellipsoids are drown at 30% probability
level.

v

Figure 3. Crystal structure of 3 showing edge sharing bioctahedral structure
and hydrogen atoms have been omitted for clarity.

L)

Figure 4. Crystal structure of 4 showing selected atom numbering scheme
and intramolecular hydrogen bonding interaction. The ellipsoids are drown
at 30% probability level.

in complexes 2-4, respectively, justify that the bridging region
is slightly asymmetric, accounting slight distortion around Ni(ll)
jons in these systems. Unlike 1, all the nitrogen atoms of the

© 2020 Wiley-VCH GmbH
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triamine part of the deprotonated Schiff base coordinate Ni(ll)
ion in the facial configuration, while the remaining facial
position is occupied by phenolato-O atom of the Schiff base
together with two bridging chloride ions in 2 and two nitrogen
atoms of two bridging cyanate or azide ions in 3 and 4,
respectively. The different coordination modes of the triamine
part of the ligand, meridional (in 1) and facial (in 2-4) justify
the flexibility = and  adoptability = of  N,N-dimeth-
yldipropylenetriamine in these systems, a key feature for being
a good ligand in coordination chemistry. The Ni—N(imine), Ni—N
(secondary amine) and Ni—N(tertiary amine) vary in the range
2.060(2)-2.077(2), 2.094(2)-2.125(2) and 2.120(2)-2.208(2) A for
2-4, respectively (Table 1), which are comparable to analogous

Table 2. Selected structural and magnetic data of doubly end-on cyanato
bridged Ni(ll) dimers (following A= —2J5,-S, convention).”!

Compounds J D g M—N (A) M-N-M  Refs.
(cm™)  (em™) ©)

[N (L) 1 +1.7 436 223 2125 94.4, [191
NCO),](ClO,), 2.090 95.8
[N (L) 1 +28 436 223 2099, 95.33, [19]
NCO),](CIO,), 2,115 95.79
[Niy(terpy), (- + —12.32 223 2044, 97.7 [24]
NCO),(H,0),] 459 2.195
(PFe);
INiL% (1 +685 +7.18 219 2107, 97.84, [21]
NCO),] 2244 98.74

2.115,

2.280
INioLo(p 1 +531 +500 219 2225, 98.47 This
NCO),] (3) 2.201 work

[a] terpy = terpyridine; L*= [N,N'-bis(2-pyridinylmethylene)]propane-1,3-
diamine); L* = N,N'"-bis(pyridin-2-yl)benzylidenelethane-1,2-diamine; L°=a
tetradentate N, donor ligand.

complexes reported in the literature.”” The centre of symmetry

enforces the central Ni(u-Cl),Ni (in 2) and Ni(u-N),Ni (in 3 and 4)
core structures to be perfectly planer. The bridging angles are
92.27(2), 98.47(2) and 101.99(1)° with metal-metal separations
of 3.587(1), 3.274(1) and 3.338(1) A for 2-4, respectively, which
are comparable to those reported earlier.">**'*¥ Although
handful examples of chloride and end-on azide bridged
dinickel(ll) complexes are known, complex 3 could be a
precious addition in growing family of this type of complexes
of totalling only five."?'?¥ Being isomorphic compounds, they
display similar types of noncovalent interaction, one of such
notable interaction is the intramolecular hydrogen bonding
interaction involving secondary amine of a Schiff base ligand
and phenolate oxygen atom of other Schiff base ligand in the
dimeric unit with donor-acceptor distances in the range 2.992
t0 3.180 A.

It is interesting to note that all the structural parameters
except at bridging region are almost identical in these
complexes. The Ni—(u-Cl) bond length in 2 is significantly
longer than Ni—(u-N) bond distances in bridging azide and
cyanate ions in 3 and 4 as expected. Furthermore, the bridging
angle in 3 is close to the orthogonal, while it is more obtuse in
azide complex and an intermediate impression has been
observed in the cyanate bridged one, resulting in a significant
dissimilarity in bridging region. Remarkably, the system has
overcome all these divergences and has crystallized them in
the identical crystallographic parameters, which is rarely
achieved in coordination chemistry and for dihalide and
dipseudohalide bridged systems, it was not reported earlier.

Table 3. Selected structural and magnetic data of doubly end-on cyanato bridged Ni(ll) dimers (following H=—2J$,-S, convention)

[b]

Compounds J(em™) D(em™) g M-N (A) M—N-M (°) Refs.
Ni,CL(TTF ),1(13)4(1,)5 - (H,0), - (C;Hg0)5 5.0 —16 2.26 2.365, 2.391 90.5,91.8 47
[{Ni(ATsc)(MeOH)},(u-C1),]Cl, 57 - 2.29 2.348, 2396 915 48
HNI(ATHAG) (H,0)}(p-C1),ICl, 6.6 - 230 2327, 2471 927 48
[{Ni(TPA)CI},1(CIO,), - 2HNEt;CIO, 7.6 +0.51 2.07 2.365, 2.507 92.63 49
(C3HeN,Hg),[INi,Clg(H,0),] 8.13 —34 - 2.430, 2.459 95.05 50
[{Ni(eg),Cl},ICl, 9.0 - - 2383 93.03 51
[Niy(en),Cl,ICl, 6.65 -36 221 2461, 2.551 9.6 52
4.83 —4.78 224 53
10.5 +11.1 212 54
3.48 +9.7 225 55
[{Ni(en),CI}L](CIO,), 89 —42 2.18 2461, 2512 95.4 52
[{Ni(en),CI},1(Ph,B), 95 -7.7 2.16 2.403, 2.503 95,6 52,56
{Ni(TPA)CI},(CIO,),H,0 14.59 - 2.02 2.363, 2.503 927 57
INiy(bipy),(1-Cl),Cly(H,0),] 8.4 +35 2.09 2.396, 2.405 91.56 58
HNI(L)}(p-CD,1(CIO), 9.95 +12 2.06 2381, 2.535 93.52 26,59
INip(H,L8),C,]Cl, - 4H,0 - 2 C,Hg0, 7.6 - 212 2393, 2.421 87.07 60
INiy(H,L9),C1,1Cl, 7.7 -75 235 2433, 2.353 93.50 61
[Ni,L'"°,Cl,] 8.90 —7.52 - 2.416,2.511 94.34 62
[Ni,Ly(u-Cl),] (2) +6.84 +5.51 221 2507, 2.467 92.27 This work

nane.

[b] TTF =4,5-bis(2piridylmethylsulfanyl)-4',5'-ethylenedithiotetrathiafulvene; ATsc=2-acetyl-2-thiazoline semicarbazone; ATHAc = 2-acetyl-2-thiazoline acet-
ylhydrazone; TPA = tris-(2-pyridylmethyl)amine; eg = ethylene glycol; en = ethylenediamine; bipy =2,2'-bipyridine; L’ =3,11-dithia-7,17-diazabicyclo[11.3.1];
heptadeca-1(17),13,15-triene; H,L® = bis((pyridin-2-yl)-1,2,4-triazol-3-yl)methane; H,L° = triethanolamine; L'° = 1-(benzimidazolyl-2-methyl)-1,4,7-triazacyclono-
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3.1. Magnetic properties

The temperature dependence of the magnetic properties of
dinuclear complexes 2-4 as y,, and yuT product vs. T plots (yu
being the molar magnetic susceptibility per dimer) under a
constant magnetic field of 1.0 KOe in the temperature range 2—

Complex 2
H=1kOe

T (emu mol™" K)
P

% (emu mol™")
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Figure 5. Magnetic data for 2. (a) Thermal dependence of y, and yuT product
measured at 1.0 kOe dc field. (b) Magnetisation data at 2 K. Symbols and
solid lines represent experimental and best fitted data.
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Figure 6. Magnetic data for 3. (a) Thermal dependence of y,, and y,T product
measured at 1.0 kOe dc field. (b) Magnetisation data at 2 K. Symbols and
solid lines represent experimental and best fitted data.
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Figure 7. Magnetic data for 4. (a) Thermal dependence of y,, and yuT product
measured at 1.0 kOe dc field. (b) Magnetisation data at 2 K. Symbols and
solid lines represent experimental and best fitted data.
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300 K and the molar magnetization as a function of applied dc
magnetic field (M/pg f.u.”' vs. H) are shown in Figures 5-7,
respectively. The yyT product at room temperature for 2-4 is
ca. 2.48, 2.51 and 2.80 emumol™ K, respectively, which are
slightly larger than that expected for two magnetically non-
interacting Ni(ll) ions with S=1 (2.0 emumol™" K), which is
mainly due to unquenched orbital angular momentum of Ni(ll)
ions. The yuT increases continuously with decreasing temper-
ature reaching a maximum of 3.57 emumol™' K at 9.0K for 2
and 3.47 emumol™' K at 8.0K for 3 and then y,T decreases
sharply to attain a value ca. 2.69 emumol™" K at 1.8 K. This
feature is characteristic for an intramolecular ferromagnetic
interaction between two Ni(ll) ions with the influence of
intermolecular interactions and/or zero-field splitting (ZFS) of
ground state (S=2), manifested at low temperature. Almost
similar feature has been observed for 4 but without noticeable
decrease of y,T value even at very low temperature, indicating
dominant ferromagnetic exchange interaction between these
spin carriers. The high-temperature y,,~' data obeys the Curie-
Weiss law and the linear fitting of the same above 100K
yielded Weiss constant (6,) values of 13.3(3), 6.3(6) and 29(2) K
for 2-4, respectively, with reasonable Curie constant values,
which further indicate that the magnetic interaction between
Ni(ll) ions is ferromagnetic in nature (Figures S3-S5). A full-
matrix diagonalization approach assuming isotropic exchange
coupling Hamiltonian (—2JS,-$,), Zeeman effect (gy; average),
axial zero-field splitting (D), and intermolecular interaction (zJ)
was employed to analyse further the magnetic data using PH/
program.B¥ The simultaneous simulation of y,T and magnet-
isation data leads to good agreement between the calculated
and observed data (Figures5 and 7), and the best fittings
afforded the following set of parameters: J=6.84(10)cm™,
gy =221(0.1), D=5512)cm™" and z/=0.003(4) cm™' for
complex 2; J=5.31(4) cm™', gi=2.19(0.1), D=5.00(6) cm™" and
2zJ'=0.001(8) cm™" for complex 3 and J=18.8(7) cm™, gy=
2.27(0.3), D=3.31(14) cm ' and z/'=0.038(1) cm™"' for complex
4.

As we have stated earlier that for a particular ligand system
none of the previous report deals with the structural and
magnetic studies involving doubly bridged halide and pseudo-
halide systems, so it is our privilege to analyse the magneto-
structural data to gain insight into the magnetic properties in
these systems. Although the ZFS parameter D and intermolec-
ular coupling constant zJ' strongly interact with each other,
thereby their overestimation cannot be ignored, yet the D
values found in these complexes are comparable and fall in the
region where it is clustered with several reported values even
with same sign. However, these two parameters are poorly
coupled with intramolecular exchange coupling constant J,
leaving the exchange coupling constant J almost unaffected.
The significantly stronger exchange interaction between two Ni
(Il) centres in 4 than other two complexes is well known, but
the scenario is not so clear for chloro- and cyanato- bridged
systems as their coexistence is one of the most scarcity in
coordination chemistry. Our data provide us information that
chloride (J=6.84(10) cm™") is better magnetic coupler than
cyanate ion (J=5.31(4) cm™). If we look at the reported results,

© 2020 Wiley-VCH GmbH



ChemistrySelect

Full Papers

doi.org/10.1002/slct.202003300

Chemistry

Europe

it is seen that J values (considering H=—2J$,-S,) vary from 1.91
to 439cm™’ in doubly u,,-azido-bridged dinickel(ll)
complexes, 20313335461 \hijle the ranges are 1.7 to
6.85 cm """ and 3.48 to 14.59 cm™ ™2 for doubly -
cyanato-bridged and doubly p-chloro-bridged analogues, re-
spectively, and the trend of their average values is exactly
replicated in the present study, that help us to conclude that
W -azido is superior magnetic exchanger among them,
followed by p-chloro and p, ;-cyanato.

It is well known that the sign and magnitude of the
exchange coupling constant (J) between the paramagnetic
centres is governed by several structural parameters. Among
them, the bridging angle plays the most crucial role in
determining the overall magnetic interactions. Ruiz et al.
theoretically established that doubly ,,-azido-bridged dinu-
clear Ni(ll) complexes exhibit ferromagnetic interactions
throughout the Ni—N—Ni angles (8) ranging from 80° to 115°,
with J values increasing as the angle increases, reaching a
maximum approximately at 104°, and then decreases further
with increasing 6.%>? In fact, all the reported p, ,-azido-bridged
dinickel(ll) systems exhibit ferromagnetic coupling with only
one exception where a very low bridging angle of 90.4°
transmits AF interaction between Ni(ll) centres.”” The Ni-N-Ni
angle found in 4 is 101.99(1)°, which falls within the range
where strong ferromagnetic interaction prevail between two Ni
(I) ions as suggested by the theoretical study, and therefore J
value (18.8(7) cm™) found in 4 is quite reasonable. However,
although a large number of p,;-azido-bridged dinickel(ll)
systems are known, unlike theoretical prediction, the exper-
imental data do not show clear relationship with Ni-N-Ni
angles as a small variation of Ni-N—Ni angles in the narrow
range ca. 98°-103.9°, show a large variation of the J values
from 1.91 to 43.9 cm™' 1320317333546 This is confirmed by the
fact that the present bridging angel of 101.99(1)° is very close
to the value of 101.0° in [Niy(L")2(x; ;-N3)2(N3),] (L' =a tridentate
quinoline-based ligand)® and 101.79° (average value) in
[Ni(L?)5(N3),(x; 1-N5),]1-CH;0H (L? = N,N-dimethyl-N'-(pyrid-2-
ylmethyl)-ethylenediamine),®® but show quite different J values
of 6.1 and 1.91 cm™', respectively. In contrast, the magnetic
interaction of the present complex is nicely agreed with other
reported results that displayed very similar bridging angles of
101.6° in [Niy(terpy),(Ns),(u 1-N5),-H,0™ and 101.4°(average
value) in [Niy(L?),(N3),(u; -N3),] (L>=a multidentate ligand)*”
with J values of 22.8 and 20.96 cm™, respectively. Notably, the
present J value significantly differs from our previous result
with similar ligand where salicylaldehyde was used instead of
5-bromosalicylaldehyde, in which average bridging angle and J
value are 101.35° and 10 cm™, respectively.”?” Slightly higher
bridging angle together with shorter average M—N(u;;-Ns)
bond distance of 2.148 A in 4 compared to 2.169 A in the
previous reported complex, could justify the stronger coupling
constant value in the present complex.

In contrast to u,,-N; bridged Ni(ll) complexes, only four
doubly u,,-NCO bridged dinickel(ll) complexes are known. The
magnetic and crystallographic data of these five complexes are
presented in Table 2, which shows that J values span in a

narrow range 1.7 to 6.85 cm~'."**'?¥ The sign and magnitude
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of J value of 531(4)cm™ in 4 is again reasonable for such
complexes. Interestingly, a general trend can be found in which
J value increases with increase in bridging angles, similar to
theoretical prediction that has been done for azide analogues.
As shown in Figure 8, the value found in our earlier report is
slightly higher among this series,”” that prompted us for
further inspection of the structural parameters and it is seen
that in the present case though the bridging angle is slightly
higher than the previous one, the average bond length in the
bridging region found in reverse order, that may the reason for
such difference.

Previous studies on doubly chloro-bridged Ni(ll) dimers
showed that the magnetic interaction are predominantly
ferromagnetic if the geometry of the metal centre is octahedral
(Table 3),%%4%2 and the strength of the coupling varies from
348 to 1459cm™’, with only one exception where AF
interaction is operative between the metal centres with high
degree of distortion of Ni(ll) centres from the octahedral
geometry.®™ Tamayo et al. have established that the strength
of the ferromagnetic coupling become weaker with increase of
the bridging angle from ideal value of 90°.2% The value of
bridging angle in 2 is 92.27(2)°, so it is in good agreement with
the ferromagnetic interaction observed in 2. However, the
experimental data do not show clear relationship between the
strength of the coupling and the bridging angles, leaving an
unsolved challenge which will require consideration of more
than one structural parameter at once.

o L~ . 1 . 1 . 1
95 96 97 98

< [Ni~(k4 -NCO)-Ni] (deg)

Figure 8. Magneto-structural correlation data showing dependence of J
values with Ni-u, ;NCO—Ni bridging angles. The red symbol corresponds to
the compound in this work.
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4. Conclusions 5]
[6]
Four new complexes, [NiL(NO;)]-CH;OH (1), [Ni,L,(u-Cl),] (2),
[Ni,Ly(uy,-NCO),] (3) and [NiL(u,,-N3),] (4) were synthesized
from a tetradentate N;O-donor Schiff base (HL), derived from 71
the condensation reaction of N,N-dimethyldipropylenetriamine (8]
and 5-bromosalicylaldehyde. X-ray crystallography reveals that (9]
complexes 2-4 are isostructural and isomorphic dinickel(ll)
compounds with doubly bridging chloride and pseudohalides,  [10]
and the nickel(ll) centres are in octahedral coordination
environments. Such structural coincidence in halide and Hg
pseudihalide bridged complexes for a particular ligand system
is rare in coordination chemistry and is not seen earlier in  [13]
doubly halide and pseudohalide bridged nickel(ll) systems. All
these three dinickel(ll) complexes exhibit ferromagnetic inter- (14
action through bridging chloride or pseudohalides with (5]
ferromagnetic coupling constant J are 6.84(10), 5.31(4) and
18.8(7) cm™' for 2-4, respectively, suggesting that azide ion is  [16]
superior magnetic coupler among them followed by chloride
and cyanate ions, a replication of the average strength of (7]
exchange interactions found in such complexes characterised
magnetically. Most importantly, compound 3 is a precious [18]
addition to the only four known examples of this family, and
unprecedented high degree of structural and magnetic resem- [19]
blances of 2-4 is the major achievement of the present work. [20]
Deposition Numbers 2022118 (for 1), 2022119 (for 2),
2022120 (for 3), and 2022121 (for 4) contain the supplementary  [21]
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data (221
Centre and Fachinformationszentrum Karlsruhe Access Struc- 33
tures service www.ccdc.cam.ac.uk/structures. [24]
[25]
Supporting Information Summary
26
Experimental, crystallographic data, crystal packing of 1, UV-vis 2
spectral plots and Curie-Weiss plots for 2-4. {27}
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Tetradentate ligands with {N4}-donor (L! and L2) and {N3O}-donor (HL®) groups prepared from a traditional
Schiff base condensation reaction of N,N-dimethyldipropylenetriamine with pyridine-2-aldehyde or
2-acetylpyridine or 3-ethoxysalicylaldehyde, respectively, were used to react with Ni(i) salts in the presence
of different pseudohalide ions, resulting in six new Ni() dimers with different bridging modes: [Ni(L")2(1y 3~
N3)2l(ClO4)> (1), [Nio(LNa(py 3-NCO)I(CIOL), (), [Nia(L)2{us 5-NICN)2}I(ClOL), (3), [Nin(L?)a(y 3-N3)2l(ClO4),
(4), INio(L®)2(111-N3)2]-0.5MeCN (5) and [Ni(L*)5(u; 1-NCO),]-0.5MeCN (6). Their structures and magnetic
properties have been studied and discussed. Double end-to-end (EE) and end-on (EO) bridging modes
were observed for both the azide and cyanate ions in these complexes. While the EE or EO azido-bridged
Ni() compounds are quite common, the doubly EE or EO cyanato-bridged dimeric Ni(i) complex 2 was
quite rare. Furthermore, we observed that in complex 4, the double azido bridges cross each other to form
a rarely observed twisted boat-type arrangement of the {Ni(u; 3-Nz),Ni} core, which leads to ferromagnetic
interaction through the EE azide bridges. According to the present results, the introduction of different
bridges and bridging motifs affords overall diverse magnetic interactions in these Ni(i) dimers, which has
been discussed and rationalized in terms of previous literature reports.
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pseudohalides.”® Among all the pseudohalides, the azide
anion is of special interest. It is well established that the

Introduction

Published on 29 March 2021. Downloaded by National Institute of Science Education & Research on 8/4/2021 8:01:57 AM.

Synthesis of di- and poly-nuclear transition metal complexes
with bridging pseudohalides is still attracting considerable
research interest worldwide because of their structural
diversities and rich magnetic properties."® In this context,
the magnetochemistry of pseudohalo-bridged Ni(u) complexes
has been extensively studied because of the presence of
significant magnetic anisotropy in Ni(u) ions, arising from the
second order spin-orbit coupling, in addition to the possible
high spin ground states originating from the ferromagnetic
coupling between the metal centres through the bridging
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azide ion with an end-on (EO, p,) bridging mode provides
ferromagnetic (F) interaction, while end-to-end (EE, p, ;) azide
usually transmits antiferromagnetic (AF) coupling between
Ni(n) ions."® Besides the azide anion, dicyanamide and
cyanate ions are also frequently encountered in molecular
magnetic materials. The p, s-dicyanamide (dca) bridges
mediate mostly a very weak AF interaction between Ni(u)
centres, while the p, ;-mode of dca transfers moderate AF
interactions, leading to some long-range magnetic
materials."* ™ The cyanate ion, on the other hand, propagates
magnetic interaction between Ni(u) centres in a similar
fashion to that of the azide ion but weakly and there is a
scarcity of reports of such Ni(n) compounds in the
literature.'®?* In addition, unlike the azide ion, an
experimental magneto-structural correlation is yet to be
established for cyanato-bridged Ni(u) systems.>***
Magnetically speaking for all these pseudohalides, their
controllable specific bridging modes are of great value to
dictate the desired magnetic properties of the resulting
molecular compounds. A better understanding of the stereo-
electronic factors governing the magnetic exchange
interaction between metal ions through the bridging
pseudohalides would enable us to design Ni(u) clusters with

CrystEngComm, 2021, 23, 3371-3382 | 3371
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desired magnetic properties. However, the coordination
behaviour of these ions is mostly serendipitous and the
predicted bridging modes have been achieved only in a few
cases. In this regard, organic ligands play crucial role in
designing magnetically interesting Ni(u) cluster compounds
as they may dictate the stereo-electronic structure at the
metal centres and have a decisive influence on the bridging
modes of the pseudohalides and thus the magnetic
properties of the clusters.’® Among all the organic ligands,
Schiff-base ligands are quite useful for developing large
numbers of Ni(u) clusters with diverse structural and
magnetic properties, mainly because of the synthetic
simplicity and tuneable stereo-electronic structures of these
ligands by varying carbonyl and amine counterparts.”®

We are now developing the coordination chemistry of 1st
row transition metals with Schiff base ligands derived from a
triamine  protected at one end, namely N,N-
dimethyldipropylenetriamine and salicylaldehyde or its
derivatives for the interest in the fields of biomimetic
catalysis and magnetic materials. We observed the diverse
coordination adaptabilities of these ligands with varying
denticity, which make these ligands suitable synthons for
further exploration of coordination compounds with tuneable
structures and properties.>®>” As we know the charge of the
ligands strongly influences the self-assembled neutralization
processes, and the ligands having the same number of donor
centres but different charges could end up with diverse
structures especially in the presence of exogenous bridging
ligands. Given the aforementioned consideration, three
tetradentate Schiff base ligands L', L> and HL* (Scheme 1)
were allowed to react with Ni(u) salts in the presence of
different pseudohalide ions, resulting in a series of dinuclear
Ni(n) complexes with diverse structures. Herein, the
structures and magnetic properties of six new complexes
[Ni(L1)(11,5N3)o)(ClO4)> (1), [Niap(L')2(11,3-NCO),](ClOS), (2),
[Nio(L)o{11 5 N(CN):})(ClOs), - (3),  [Nin(L?)a(11,5-N3)2](ClO4),
(4), [Niy(L¥)s(t1,1-N3),]-0.5MeCN  (5) and  [Niy(L*),(py1-
NCO),]-0.5MeCN (6) have been reported, with the magneto-
structural relationship of these compounds being discussed.

Experimental section
Materials and physical measurements

All the chemicals such as nickel(n) perchlorate hexahydrate,
3-ethoxysalicylaldehyde, pyridine-2-aldehyde, 2-acetylpyridine

MeOH /A
—H,0

@(‘“ ””}

Scheme 1 Synthesis of the Schiff base ligands.
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and N,N-dimethyldipropylenetriamine were purchased from
commercial sources and used without further purification.
Solvents were of reagent grade and used as received.

Caution! Perchlorate and azide salts of metal complexes
coordinated with organic ligands are potentially explosive.
Only a small amount of the material should be prepared, and
it should be handled with great care.

Elemental analyses (carbon, hydrogen and nitrogen) were
conducted on a PerkinElmer 240C elemental analyser.
Magnetic susceptibility measurements were performed using
a Quantum Design SQUID VSM magnetometer for all the
compounds. Direct current (DC) measurements were
conducted in the temperature range of 300 to 2 K under an
external magnetic field of 1000 Oe. The field dependent
magnetizations were measured at 2-5 K with a dc magnetic
field between 0 and 7 T. All magnetic data were corrected for
the sample holder and for the diamagnetic contribution of
the samples.

Synthesis of the Schiff base ligands L', L> and HL?
The ligands were prepared adopting the Schiff base

condensation method.?” When N,N-
dimethyldipropylenetriamine was allowed to react with
pyridine-2-aldehyde or 2-acetylpyridine or

3-ethoxysalicylaldehyde in methanol, tetradentate {N,} or
{N;0} donor Schiff base ligands were produced. In a typical
reaction, a  mixture of 1.0 mmol of N,N-
dimethyldipropylenetriamine (159 mg) and 1.0 mmol of
pyridine-2-aldehyde (107 mg) in 20 mL methanol was placed
in a round bottom flux and it was refluxed for ca. 1 h, and
thereafter allowed to cool at room temperature. The deep
orange methanol solution of L' was subsequently used for
the synthesis of complexes 1-3. Using a similar protocol,
where the condensation reaction was carried out using
2-acetylpyridine or 3-ethoxysalicylaldehyde instead of
pyridine-2-aldehyde, it resulted in ligands L*> and HL* which
were subsequently used for the preparation of complexes 4-6.

Synthesis of [Niy(L")5(jts,5-N3),](Cl0y4), (1)

Ni(ClO,),-6H,0 (1.0 mmol, 366 mg) and Schiff base ligand L"
(1.0 mmol) were combined in 30 mL of methanol with
stirring. To the reaction mixture, NaN; (1.0 mmol, 65 mg)
was added with continuous stirring and the resulting green
solution was subjected to reflux for about 30 min. The

—N HN
< e O D

N N
J MeOH/A  \ , N

—H,0
L' (R = H) and L? (R = Me)
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reaction mixture was then filtered and kept at room
temperature for crystallization. Crops of dark-green crystals,
suitable for X-ray diffraction, were obtained from slow
evaporation of the solution after a few days. Then the crystals
were collected by filtration and washed with cold methanol/
diethyl ether and air dried to obtain analytically pure
complex 1. Yield: 332 mg (74%). Anal. caled. for C,gH,5Cly-
N,,Ni,Oq: C 37.49%, H 5.39%, N 21.86%. Found: C 37.74%,
H 5.60%, N 21.67%. Selected FTIR bands (cm™'): 1075 s and
621 s (ClO,"); 1599 m (pyridyl); 1651 w (azomethine); 2080 s
(azide).

Synthesis of [Niy(L"),(1t; 5-NCO),](ClOy), (2)

Complex 2 was prepared following a similar procedure to that
described for 1, but NaNCO was used instead of NaNj.
Colour: dark-green. Yield: 305 mg (68%). Anal. calcd. for Czo-
H,5CL,N;oNiyO50: C 40.17%, H 5.39%, N 15.61%. Found: C
40.34%, H 5.58%, N 15.37%. Selected FTIR bands (ecm™):
1076 s and 621 s (ClO;); 1601 m (pyridyl); 1653 w
(azomethine); 2222 s (cyanate).

Synthesis of [Niy(L") {11 5-N(CN),},](ClOy), (3)

Complex 3 was prepared following the same synthetic
methodology applied for 1, but NaN(CN), was added instead
of NaNj;. Colour: dark-green. Yield: 364 mg (77%). Anal.
caled. for Cs,H,5CL,N,,Ni,Og: C 40.67%, H 5.12%, N 20.75%.
Found: C 40.54%, H 5.28%, N 20.57%. Selected FTIR bands
(em™): 1069 s and 621 s (ClO,7); 1600 m (pyridyl); 1646 w
(azomethine); 2195 s, 2246 m, 2303 m (dicyanamide).

Synthesis of [Niy(L?),(1y 5-N3),](C10,), (4)

Complex 4 was synthesised following an identical procedure
to that described for 1, but ligand L* was used in place of L'.
Colour: dark-green. Yield: 305 mg (66%). Anal. calcd. for Czo-
H,,Cl,N,,Ni,Og: C 38.95%, H 5.67%, N 21.20%. Found: C
40.04%, H 5.58%, N 21.07%. Selected FTIR bands (cm™):
1080 s and 620 s (ClO;); 1598 m (pyridyl); 1631 w
(azomethine); 2073 s (azide).

Synthesis of [Niy(L?),(jty,1-N3),]-0.5MeCN (5)

A mixture of Ni(ClO,),-6H,0 and Schiff base ligand HL® in
methanol/acetonitrile (1:1, v/v) was used to prepare complex
5 adopting a very similar procedure to that described for 1 in
the presence of Et;N (1.0 mmol). Colour: dark-green. Yield:
338 mg (81%). Anal. calcd. for C;oH;14N,5Ni Og: C 50.39%, H
6.89%, N 20.99%. Found: C 50.52%, H 6.99%, N 20.71%.
Selected FTIR bands (cm™): 1619 s (azomethine); 2052 s
(azide).

Synthesis of [Niy(L?),(jt; 1-NCO),]-0.5MeCN (6)

Complex 6 was prepared following the same methodology
applied for the synthesis of 5, but NaNCO was used in place
of NaNj;. Colour: dark-green. Yield: 292 mg (70%). Anal
caled. for Co4H;14N;7Ni O10: C 53.27%, H 6.89%, N 14.27%.

This journal is © The Royal Society of Chemistry 2021
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Found: C 53.44%, H 6.99%, N 14.11%. Selected FTIR bands
(em™): 1619 s (azomethine); 2171 s (cyanate).

X-ray crystallography

Single crystal X-ray diffraction measurements of complexes
1-6 were carried out on a Bruker Kappa Apex-II CCD
diffractometer equipped with a fine focus sealed tube of
monochromated Mo-Ka. radiation (1 = 0.71073 A) at 150(2) K.
The program SAINT was used for integration of the
diffraction profiles and multi-scan absorption corrections
were applied using the SADABS program.?® The structures
were solved by direct methods (SHELXS) and refined by
means of the full-matrix least squares method (SHELXL) on
F>?° All the non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms bonded to
carbon atoms were introduced in calculated positions and
refined with a fixed geometry with respect to their carrier
atoms, while hydrogen atoms connected to nitrogen atoms
were found on the difference Fourier map and isotropically
treated with given thermal parameters equivalent to 1.2 times
the parent atoms. Crystallographic data and refinement
details for the complexes are given in Table 1.

Results and discussion
Syntheses and general characterization

The tetradentate {N,}-donor ligand L' (or L*) was prepared by
adopting a traditional Schiff base condensation method in
which N,N-dimethyldipropylenetriamine was allowed to react
with pyridine-2-aldehyde (or 2-acetylpyridine) in a 1:1 molar
ratio in methanol. Similarly, the tetradentate {N;O}-donor
ligand (HL’) was synthesised when the condensation reaction
was carried out using 3-ethoxysalicylaldehyde (Scheme 1). Six
new dark-green binuclear crystalline complexes [Niy(L"),(ky 5
N3),J(C104), (1), [Nin(L')a(1ts,5-NCO),)(CO), (2), [Nip(L)o{s 5=
N(CN),},](ClO4)2  (3), [Nio(L*)a(11,5-N3)o)(ClOs), — (4),
[Niy(L*)s(pty,1-N3),]-0.5MeCN (5) and [Nip(L¥)a(pty 1-
NCO),]-0.5MeCN (6) were readily obtained through a one-pot
reaction of Ni(ClO,),6H,O, Schiff base ligand and
pseudohalide salts in a 1:1:1 molar ratio in methanol (or a
of methanol and acetonitrile). Additionally,
triethylamine was used to deprotonate ligand HL? for the
synthesis of 5 and 6. One important observation was that
ligands L' and L? afforded double EE pseudohalo-bridged
dinickel(nn) complexes, while ligand HL® gave double EO azido
(or cyanato) bridged dinickel(n) complexes. Therefore, the
present study discloses that by replacing the pyridyl group
with a phenolic moiety, different bridging modes of
pseudohalides may be achieved.

The IR spectra of complexes 1, 4 and 5 display a very
strong absorption band in the region 2052-2080 cm™* which
is due to the asymmetric stretching frequency, v(N3'), of the
coordinated azido groups. The observed v(N3') frequencies
for the complexes are consistent with those observed in other
related end-to-end or end-on azido bridged dinickel(m)
complexes.'® The asymmetric stretching vibrations of end-to-

mixture

CrystEngComm, 2021, 23, 3371-3382 | 3373
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Table 1 Crystallographic data and structural refinement parameters of 1-6

1 2 3 4 5 6
Empirical formula CpgH45CLN 4 Ni,Og  C30H4sClLN1oNiyO19 C32HagClN1uNi,Og Cs30HsoClLN;4NiyOg CroHy15N25NigOg  CyaHy15N15Ni O1s
Formula weight (g 897.12 897.10 945.16 925.17 1669.70 1669.66
mol ™)
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic Triclinic Triclinic
Space group P24/n P2,/n P24/n Fdd2 P1 P
a(A) 8.2434(4) 8.3729(9) 8.1790(6) 26.3729(18) 15.0146(11) 15.0212(11)
b () 13.7798(7) 13.6040(14) 27.2301(18) 43.882(4) 15.3326(10) 15.3518(12)
c (A) 16.7261(8) 16.8216(19) 9.5177(7) 20.6839(16) 18.7906(14) 18.7416(14)
o (deg) 90 90 90 90 106.124(2) 106.273(3)
A (deg) 96.059(3) 94.390(4) 100.369(3) 90 106.924(2) 106.932(3)
7 (deg) 90 90 90 90 91.258(2) 91.228(3)
Volume (A%) 1889.34(16) 1910.4(4) 2085.1(3) 23937(3) 3950.7(5) 3943.8(5)
zZ 2 2 2 24 2 2
Deate (g cm™) 1.577 1.560 1.505 1.540 1.404 1.406
4 (mm™) 1.205 1.193 1.096 1.144 1.008 1.010
F(000) 936 936 984 11616 1772 1772
0 range (deg) 1.919-27.174 1.927-27.138 1.496-29.193 1.334-25.832 2.079-29.195 2.236-27.984
Reflections collected 16252 15382 27011 38367 190619 196 862

Independent
reflections (Rjn)

Observed reflections

[1 > 20(1)]

Restraints/parameters
Goodness-of-fit on F*

Final R indices
[T > 20(1)]
R indices (all data)

Largest diff. peak/hole

(€A™
Flack value

end or end-on NCO™ for complexes 2 and 6 are found in the
while the asymmetric and
symmetric stretching vibrations of dicyanamide ions in 3 are
observed in the range 2195-2303 cm ."*™*® The IR spectra of
1-4 also display two strong bands; one broad band at around

range 2171-2222 cm -,

4197 (0.0692)
2927

1/249

1.015

Ry = 0.0452
WR, = 0.0912
R, = 0.0789
WR, = 0.1054
0.908/-0.414

-1 16-22

4222 (0.0644)
2773

1/249

1.026

R, = 0.0501
WR, = 0.1035
R, = 0.0930
WR, = 0.1184
1.313/-0.566

5580 (0.0453)
4182

0/267

1.059

R, = 0.0368
WR, = 0.0746
R, = 0.0580
WR, = 0.0824
0.472/-0.442

Twisted Boat

11119 (0.0791)
7773

0/665

1.024

R, = 0.0974
WR, = 0.2413
Ry = 0.1392
WR, = 0.2733
1.987/-0.674

0.45(5)

21354 (0.0440)
17043

6/1004

1.026

R, = 0.0323
WR, = 0.0733
R, = 0.0500
WR, = 0.0811
0.834/-0.570

18959 (0.0535)
15699

12/1000
1.036

R, = 0.0323
WR, = 0.0695
R, = 0.0464
WR, = 0.0756
1.092/-0.504

1076 cm™ and a sharp band at 621 cm™', which can be
assigned to the stretching and bending vibrations of
perchlorate counterions. The broadening of the stretching
band may be attributed to the involvement of perchlorate
ions in hydrogen bonding interaction in the solid state. In

Fig. 1 Crystal structure of 1 (left) and a partial set of 4 (right) showing selected atom numbering scheme. Ellipsoids are drawn at the 30%
probability level. The weak interactions are displayed as dashed lines. Symmetry code: a = 2 - x, -y, -z.
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addition, the IR spectra of all the complexes consist of
common bands in the region 1619-1653 c¢cm™', which are
attributable to the V(C=N) stretching frequency of the
azomethine bond of the Schiff base ligands in 5 and 6. The
additional bands at around 1600 cm ™" for complexes 1-4 are
attributed to the pyridyl groups.

Description of crystal structures

[Nio(L)a(11,5N3)2](Cl04), (1) and [Nia(L)a(p1,5-NCO),](ClO,),
(2) are isostructural and isomorphous compounds and both
crystallized in the monoclinic space group P2,/n (Fig. 1 and
2). The centrosymmetric dimeric complex cations of 1 and 2
lie about an inversion centre and are constructed with doubly
EE bridged pseudohalides (N3~ and NCO"), and the Ni(u) ions
in these complexes are hexacoordinated with a distorted
octahedral geometry. The coordination sites of Ni(u) ions in 1
are fulfilled by the {N¢} donor set whereas it is {N5O} in 2.
Each Ni(u) centre in 1 or 2 is bonded with four nitrogen
donor atoms of the Schiff base ligand and two nitrogen
donor atoms from one each of the centro-symmetrically
related EE bridging azide ions in 1 and one oxygen atom and
one nitrogen atom from two centro-symmetrically related EE
bridging cyanato groups in 2. In both complexes, three
N-atoms (imine, secondary amine and tertiary amine N-
atoms) from the triamine part of the Schiff base ligand
facially coordinate the Ni(u) centre. The Ni-N bond distances
of pyridine, imine, secondary amine and tertiary amine of
the Schiff base ligand vary in the range 2.072(3) to 2.135(3) A
in 1, which are comparable to the literature reported values
in closely related Ni(u) complexes.'”*® The bridging region is
slightly asymmetric as can be seen from the Ni-N bond
distances of 2.120(3) and 2.185(3) A of the bridging azide
ions. Similar bond lengths are observed in 2 (see Table 2),
but the bridging region is more asymmetric as reflected from
the different Ni-N (2.045(3) A) and Ni-O (2.217(2) A) bond
distances of bridging cyanato ligands, which should be due

Fig. 2 Crystal structure of complex 2 along with local coordination
geometry of Ni(i) ions.

This journal is © The Royal Society of Chemistry 2021
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to the presence of hetero bridging atoms (oxygen and
nitrogen atoms) in the cyanate ion in 2. The EE pseudohalide
bridges are almost linear with an angle N7-N6-N5 of
177.2(3)° for azide ions in 1 and an angle N5-C15-O1 of
176.3(5)° for cyanate ligands in 2. The N6-N5-Ni angle of
133.5(2)° differs considerably from N6-N7-Nila of 116.7(2)°
in 1 and the Ni1---Nila separation is 5.203 A (symmetry code:
a =2 - x, -y, —Z). Meanwhile in 2, the C15-N5-Nib bond
angle of 152.0(4)° differs significantly from C15-O1-Ni1 of
111.6(3)° with a Ni1---Ni1b separation of 5.326 A (symmetry
code: b =1 - x, 1 -y, 2). These values are consistent with the
structural results obtained for other EE azido- and cyanato-
bridged Ni(n) complexes."**"*°3% The two bridging
pseudohalides in both 1 and 2 lie in the same plane and two
Ni(u) centres deviate slightly out of that plane in either side,
leading to a chair-like arrangement of the eight-membered
{Ni(u; 3-N3/NCO),Ni} core. The dihedral angle (6) between the
plane defined by two pseudohalide ions and N-Ni-N (in 1) or
N-Ni-O (in 2) are 34.51° and 17.74°, respectively. Further
inspection of the crystal structures discloses that two edges
of Ni(u) polyhedra are connected by EE bridging
pseudohalides (see Fig. 2). Moreover, in both 1 and 2, the
secondary amine hydrogen atom of the Schiff base ligand
participates in hydrogen bonding interaction with the oxygen
atom of the perchlorate counter ion with N---O distances of
3.164(4) and 3.162(4) A in 1 and 2, respectively. The crystal
packing is further stabilised by C-H:--n interaction involving
the C-H proton of the pyridyl group and = electrons of the
pseudohalide ligands as shown in Fig. 1 and 2 for 1 and 2,
respectively. It is worth noting that, unlike azido bridged
compounds,’*~** the doubly EE cyanato-bridged dimeric Ni(u)
complexes are rare with only a limited number of examples
reported in the literature,"® "

[Niy(L")2{ty 5 N(CN),},](ClO,), (3) crystallised in the
monoclinic space group P2,/n where the asymmetric unit
contains half of the dinuclear complex cation on an inversion
centre and a perchlorate counter ion on a general position to
balance the charge. The structure of complex 3 (Fig. 3) is very
similar to the structures of 1 and 2, but the central {Ni(y s-
N(CN),),Ni} core in 3 is somewhat different from {Ni(y, s-
N;),Ni} in 1 or {Ni(p, 5-NCO),Ni} in 2. The Ni---Ni separation
(7.346 A) through the five-atom dicyanamide bridges is
significantly larger in 3 than that found in three-atom
bridged pseudohalides in 1 and 2 as expected. The
coordinating fashion of the Schiff base ligand to the metal
centre is exactly the same as that found in 1 and 2. The Ni(u)
ion in 3 is therefore again hexacoordinated in a distorted
octahedral geometry with all four N donor atoms of the Schiff
base ligand together with two N donor atoms from two
symmetry related end-to-end bridging dicyanamide groups at
cis positions (Table 2). The two N-C-N bond angles of the
bridging dicyanamide group are 174.3(2)° (N5-C15-N6) and
175.0(2)° (N7-C16-N6), while the C16-N6-C15 angle is
118.91(17)°, which are typical for p;s-dicyanamide
bridges."'™ Like in 1 and 2, the secondary amine hydrogen
atom of the Schiff base ligand in 3 is hydrogen bonded with
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Table 2 Selected bond distances (A) for 1-6

Bond 1 2 3 a4 51 61

Ni(u)-N(pyridine) 2.125(3) 2.124(3) 2.1331(17) 2.057(14) — —

Ni()-N(imine) 2.072(3) 2.067(3) 2.0704(17) 2.066(14) 2.0468(14) 2.0620(15)

Nl(n) N(secondary amine) 2.102(3) 2.100(3) 2.0892(17) 2.074(12) 2.1192(14) 2.1095(15)
Ni(i)-N(tertiary amine) 2.135(3) 2.116(3) 2.1662(15) 2.164(13) 2.1949(14) 2.2164(16)
Ni(u)-O(phenolate) — — — — 2.0226(12) 2.0078(12)

Ni(u1)-O(pseudohalide) — 2.217(2) — — —

Ni(1)-N(pseudohalide) 2.120(3) 2.045(3)° 2.1380(16) 2.164(13) 2.1192(14) 2.1143(14)

2.185(3)" 2.0693(16)° 2.207(13)¢ 2.2048(14)° 2.2560(14)°

Symmetry codes:a=2-x,-y,-z;b=1-x,1-y,-z;¢c=1-x,-y,1-2;d=-x, -y, z;,e =1 - x, -y, -z and # denotes that the bond parameters

of one of the crystallographically independent molecules are presented.

the oxygen atom of the perchlorate counter ion with N3---O
bond distances of 3.223(2) and 3.320(3) A. The solid-state
packing is further stabilised by C-H---n interaction involving
the C-H proton of the pyridyl group and = electrons of the
bridging dicyanamide as shown in Fig. 3.
The crystallographic study reveals that similar to complex
, [Niy(L?)s(1t1,5-N3),](ClO,), (4) is also composed of doubly
W z-azido-bridged dinickel(u) cations and two ClO, ions
(Fig. 1 and S1f and Table 2). But complex 4 crystallised in
the orthorhombic Fdd2 space group in which the asymmetric
unit has one cation dimer in a general position as well as
half of a cation dimer lying about a two-fold axis, and two
perchlorate ions are in general positions and another two
have their chlorine atoms on two-fold axes. Each Ni(u) ion is
again six-coordinated, being bonded with four nitrogen
atoms of ligand L* and two nitrogen atoms from two bridging
azide ions in cis positions. However, the essential differences
in these structures originate from the presence of different
symmetry elements i.e. an inversion centre in 1 and a two-
fold rotation axis in 2. This brings different hydrogen

o1

02 -

2 m)l’i
& i 1
2612 &%

Fig. 3 Crystal structure of complex 3 with selected atom numbering
scheme. Ellipsoids are drawn at the 30% probability level. The non-
covalent interactions are shown as dashed lines.
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bonding patterns in these structures as shown in Fig. 1.
Secondary amine groups connected to Ni(u) centres in 1 are
placed in opposite sides of the central {Ni(p, 3-N3),Ni} core
and thereby interact with different perchlorate ions through
hydrogen bonds, while they reside at the same side, leading
to a cooperative hydrogen bonding interaction with a
perchlorate ion in 4 (Fig. 1). Remarkably, the {Ni(y; 3-N3),Ni}
core structure is quite different in two cases as it adopts a
chair-like arrangement in 1 where both azide ions lie on the
same plane, while the two azide bridges are non-coplanar
and cross linked the Ni(u) ions with a twisted boat-type
arrangement of the {Ni(p,;3-N;3),Ni} core in 4. The
intramolecular Ni---Ni separations in two crystallographically
independent dimeric units are 5.255(3) and 5.271(3) A,
whereas the closest intermolecular separation between the
Ni(n) centres is 8.510(3) A. It is noteworthy that the two
bridging azides with cross-linked and non-coplanar (p; 3-N3),
structure are unusual, as the planarity is a common feature
of dinickel(ir) complexes with double i, ;-N; bridges,**® and
for the dinickel(u) system only four such compounds are both
structurally and magnetically characterized.**™** The Ni-(p 3-
N3)-Ni (Ni-N---N-Ni) torsion angles () are 66.24, 71.55 and
74.33°, which are close to those found in similar systems.**"*°

Fig. 4 Crystal structure of complex 5 along with local coordination
geometry of Ni(i) ions.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ce00202c

Published on 29 March 2021. Downloaded by National Institute of Science Education & Research on 8/4/2021 8:01:57 AM.

CrystEngComm

Fig. 5 Crystal structure of complex 6 with selected atom numbering
scheme. Ellipsoids are drawn at the 30% probability level. The non-
covalent interactions are shown as dashed lines.

Compounds  [Niy(L*),(1t1,1-N;3),]-0.5MeCN ~ (5)  and
[Niy(L%),(1t1,1-NCO),]-0.5MeCN  (6) are isostructural and
isomorphous (Fig. 4 and 5), and they crystallised in the
triclinic space group P1 in which four crystallographically
independent neutral complex molecules sit on inversion
centres together with an acetonitrile molecule on a general
position. In both complexes, the Ni(u) centres are
hexacoordinated with a distorted octahedral structure. The
coordination numbers of the Ni(n) ion are satisfied by three
N donor atoms and one phenolate-O atom of the
deprotonated Schiff base ligand and two N-atoms from either
of the EO bridging azide ions (in 5) or cyanate ions (in 6).
These cis disposed pseudohalide ions share common edges,
leading to the edged-sharing bioctahedral structures (see
Fig. 4). Like 1-4, three N-atoms (imine, secondary amine and
tertiary amine N-atoms) of the deprotonated Schiff base
ligand facially coordinate the Ni(u) centres in 5 and 6. The
Ni-N bond distances in 5 and 6 are comparable to those
observed in 1-4 (Table 2) and to related complexes reported
in the literature."®*®%*™% The central {NiN,Ni} cores are
planar in both complexes as dictated by the centre of
symmetry with the Ni-N-Ni bridging angles spanning the
range 100.74(6)-101.28(5)° and 97.84(6)-97.45(6)° in 5 and 6,
respectively. The azide and cyanate ions are nearly linear with
N-N-N and N-C-O bond angles of 178.55(18)° and 179.3(2)°,
respectively. The doubly EO pseudohalide bridges in both
compounds are slightly asymmetric with Ni-N bond
distances of 2.1192(2) and 2.2048(2) A in 5 and 2.116(2) and
2.256(2) A in 6. The average separations of the metal centres
in the dimeric units are 3.377 A in 5 and 3.284 A in 6. The
secondary amine hydrogen atom is involved in hydrogen
bonding interaction with the phenoxido oxygen atom within
the dimeric unit with average N---O distances of 3.033 and
3.002 A in 5 and 6, respectively, to provide the solid-state
stability of these compounds. Additional stability in the

This journal is © The Royal Society of Chemistry 2021
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solid-state is gained by n-m interaction involving the
n-electrons of the acetonitrile molecule and the aromatic ring
of the Schiff base ligand (not shown). It is worth noting that,
unlike azido bridging,**®* the doubly EO cyanato-bridged
dimeric Ni(u) complexes are scarce, and only a few dinuclear
nickel(r) compounds with such a bridging motif are available
in the literature."®'#%*

From the structural studies, it is clear that just by fine
tuning of the organic ligands, diverse bridging modes of
pseudohalides can be achieved. For example, an additional
methyl group in ligand L affords the crossed linked and
nonplanar double EE azido-bridged Ni(u) dimer in 4, while
EE bridging azides are planar in complex 1. The central
{Ni(n; 3-N;3),Ni} core structures in two cases are also
significantly different as it is a chair like arrangement in 1
while a twisted boat like arrangement is observed in 4
(Fig. 1). Further inspection of the crystal structures reveals
that although the connectivity of both ligands L' and
deprotonated HL® to the metal centres is similar, leaving two
cis positions of the metal centre for bridging azides, the
bridging modes of azide ions are different in these systems
i.e. EE (ny3) in 1 and EO (1) in 5. It is reasonable to point
out that the hydrogen bonding interaction between
phenolate-O as an acceptor and secondary amine as a donor
from either of the organic ligands in the dimeric unit could
overcome the increased steric crowding in the system when
azides bridge the metal centres in an EO fashion. In the
absence of the hydrogen bond acceptor ability of the pyridyl
group in 1, the azide ions prefer to bridge the metal centres
in an EE fashion to minimize steric repulsion in the system.

Magnetic studies

The temperature dependence of the magnetic properties of
complexes 1 and 2 as yy and yyT product vs. T plots (ym
being the molar magnetic susceptibility per dimer) under a
constant magnetic field of 1.0 kOe is displayed in Fig. 6 and
7, respectively. At room temperature, the y\T values of 2.20
and 2.25 cm® mol™ K for 1 and 2, respectively, are slightly
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Fig. 6 Plots of ym and ymT vs. T for complex 1. Symbols and solid lines
represent experimental data and the best theoretical fits, respectively.

CrystEngComm, 2021, 23, 3371-3382 | 3377


https://doi.org/10.1039/d1ce00202c

Published on 29 March 2021. Downloaded by National Institute of Science Education & Research on 8/4/2021 8:01:57 AM.

Paper
0.10
24
L 0.08
M o
< ® T F0.06 .
B T g
E ——PHI fit -
] £
£ 5
214 Loos4
= &5
=
=
L 0.02
0 0.00

T T T
0 100 200 300
T/K

Fig. 7 Plots of ym and ymT vs. T for complex 2. Symbols and solid lines
represent experimental data and the best theoretical fits, respectively.

higher than the calculated value of 2.0 cm® mol™ K for two
isolated Ni(u) ions with S = 1 and g = 2, which is due to the
spin-orbit coupling of the Ni(u) ion at room temperature.
The T values decrease continuously from room
temperature and approach zero at 2 K for both cases. This
magnetic behaviour is typical for an intramolecular
antiferromagnetic interaction between two Ni(un) ions. The
Curie-Weiss analysis (Fig. S2 and S3f) of the magnetic
susceptibility data above 100 K with negative Weiss values
(-15.01 and -7.36 K, respectively) as well as the presence of
distinct maxima in yy vs. T plots in 1 and 2 agrees well with
the antiferromagnetic interaction between the metal centres.
The isothermal magnetisation of 1 and 2 as depicted in Fig.
S4 and S5,f respectively, justifies the diamagnetic ground
state at low temperature, and therefore zero-field splitting
(zFS) does not have much influence on the magnetic
properties of these systems. A full-matrix diagonalization
approach assuming an isotropic spin exchange Hamiltonian
(-2J8:-S,), Zeeman interaction (gn;, average), and
intermolecular interaction (z/') was further employed to
analyse the magnetic data using the PHI program.®® The best
fittings afforded the following set of parameters: J = -6.95(1)
em™, gni = 2.13(1), and zJ' = 0.39(10) em ™" for complex 1 and
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Fig. 8 Magnetic data for 3. Thermal dependence of ym and ymT
product measured at 1.0 kOe dc field (left) and magnetisation data at
different temperatures (right). Symbols and solid lines represent
experimental data and the best fitted data, respectively.
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J = -271(2) em™, gy = 2.17(1) and z' = -0.48(6) cm™" for
complex 2.

The yuT versus T plot per dimeric unit of 3 is shown in
Fig. 8. At room temperature, the yT value of 2.24 cm® mol™
K is again usual for two isolated Ni(u) ions. The y\T values
remain almost constant down to 60 K and thereafter
gradually decrease with lowering the temperature to attain a
minimum value of 1.51 em® mol™" K at 2 K. This magnetic
behaviour is characteristic of very weak antiferromagnetically
coupled Ni(m) ions through p, s-N(CN),-bridges."'™ In
addition, the isothermal field dependent magnetization data
measured at 2 and 5 K are also depicted in Fig. 8, showing
regular paramagnetic behaviour. The magnetic data were
fitted simultaneously using the PHI program, assuming
isotropic  exchange Hamiltonian (-2/8;-S,), Zeeman
interaction (gy;) and axial zero-field splitting (D), and
neglecting intermolecular interaction (zJ'). The best-fitting
offers J = -0.15(14) em ™", gx; = 2.13(1) and D = 2.64(5) cm ™
for 3. The negligibly small exchange interaction is consistent
with the intramolecular Ni---Ni separation of 7.346 A through
the bridging dicyanamide ligands. In fact, the analysis of the
magnetic data, considering only the presence of single ion
anisotropy and ignoring the exchange interaction, resulted in
identical fitting with the best fit parameters gy; = 2.12(1) and
D=2.97(2) em™.

The magnetic property per dimeric unit of 4 as y and
xmT product vs. T plots and the molar magnetization as a
function of applied dc magnetic field (M/NB vs. H) are
displayed in Fig. 9. The y\T product at room temperature for
4, ca. 2.34 cm® mol™ K, is again typical for two magnetically
isolated Ni(u) ions. Upon cooling, the y\T product increases
continuously to a maximum of 3.18 cm® mol™ K at 19 K and
thereafter decreases sharply to a value of 2.35 cm® mol™ K at
2 K. This behaviour is characteristic of an intramolecular
ferromagnetic exchange between two Ni(u) ions together with
the influence of an intermolecular interaction and/or zero-
field splitting (ZFS) of the ground state (S = 2), manifested at
low temperature. The Curie-Weiss plot (Fig. S61) of the
magnetic susceptibility data above 100 K with a positive

T 7 cm® K mol™”!
N
M/NB

A/ cm® mol”!
°
a

T/K

0 100 200 300
T/K H/kOe

Fig. 9 Magnetic data for 4. Thermal dependence of yq and ymT

product measured at 1.0 kOe dc field (left) and magnetisation data at

different temperatures (right). Symbols and solid lines represent

experimental data and the best fitted data, respectively.
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Weiss value (12.92 K) further supports the ferromagnetic
coupling between the metal centres. Analysis of the magnetic
data applying isotropic exchange Hamiltonian (-2J3;-S,),
Zeeman effect (gy;, average), axial zero-field splitting (D), and
intermolecular interaction (zJ') yielded the following set of
best fit parameters: J = 13.21(1) cm™', gni = 2.09(1), D =
7.20(1) em™ and zJ' = -0.011(8) cm™ for complex 4.

The yym and yyT product vs. T plots per dimeric unit of 5
and 6 and the molar magnetization as a function of applied
dc magnetic field (M/Np vs. H) are shown in Fig. 10 and 11,
respectively. The y\T product at room temperature for 5 and
6 is ca. 2.89 and 2.63 cm® mol™" K, respectively, which are
slightly higher than those calculated for two magnetically
non-interacting Ni(u) ions. The yyuT product increases
continuously with decreasing temperature, reaching a
maximum of 3.57 cm® mol™ K at 50 K for 5 and 3.22 cm’®
mol™ K at 15 K for 6, and then yyT decreases sharply to
attain a value ca. 1.38 and 1.69 cm® mol™ K at 2 K for 5 and
6, respectively. This feature is again typical for an
intramolecular ferromagnetic exchange between two Ni(u)
ions with the influence of intermolecular interactions and/or
zero-field splitting (ZFS) of the ground state (S = 2),
particularly at low temperature. The Curie-Weiss analysis
(Fig. S7 and S8t) of the magnetic susceptibility data above
100 K is also consistent with ferromagnetic interaction.
Analysis of the magnetic data considering isotropic spin
exchange Hamiltonian (-2JS;-S,), Zeeman effect (gy;, average),
axial zero-field splitting (D), and intermolecular interaction
(/") afforded the following set of best fit parameters: J =
28.79(2) em™, gni = 2.23(1), D = 14.23(2) em ' and z'
-0.085(4) em™ for complex 5 and J = 3.70(2) em™", gy =
2.28(1), D = 8.05(4) em™ and z' = -0.067(2) cm " for
complex 6.

A handful of examples of double EE azido-bridged
dinickel(n) complexes with [Niy(ty 3-N3)J*"
and planar bridging azides are known in which azide ions
propagate AF interaction between the Ni(n) ions.**”** The
main factor that determines the magnitude of the J value in
such systems is the dihedral angle (J) between the planes

core structures
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Fig. 10 Magnetic data for 5. Thermal dependence of ym and ymT
product measured at 1.0 kOe dc field (left) and magnetisation data at
different temperatures (right). Symbols and solid lines represent
experimental data and the best fitted data, respectively.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

H=2kOe

N
I~
®

amT / cm® K mol™!

-

0 25 75 100

50
T/K

0 100 200 300
T/K

Fig. 11 Magnetic data for 6. Thermal dependence of ym and ymT
product measured at 1.0 kOe dc field (left) and magnetisation data at
different temperatures (right). Symbols and solid lines represent
experimental data and the best fitted data, respectively.

defined by the six azide-N atoms and the N-Ni-N plane: the
more planar the structure (6 is close to 0°), the more
antiferromagnetic the interaction and hence the higher the |
J| value, whereas the Ni-N(azide) distance and other
structural parameters are less important.>* In complex 1, the
dihedral angle 6 of 34.51° should account for the relatively
small J value of -6.95 cm™', which agrees well with the
magneto-structural data available in these systems.**™®
Unlike azido-bridged analogues, the examples of double EE
cyanato-bridged dinickel() complexes are limited (Table 3
).19721 It was also well predicted that cyanate ions transmit
similar magnetic interaction between the metal centres but
weakly, and the comparatively lower j values found for
cyanato bridges as a consequence of the lower spin density
on the N and O atoms."® The relatively high ¢ value of 17.74°
is responsible for the loss of overlap derived from the lower
planarity of the bridging region and as a consequence the
lowest J value of —2.71(2) cm™ for 2 perfectly lies in the range
of J values reported until now.

Although the general formula of [Ni,(L?),(1y,5-N3),](Cl0y),
(4) is identical with [Niy(L")y(1t15N3),](ClO,), (1), the
magnetic properties of these compounds are significantly
different. Unlike in 1, the interaction between the Ni(u)
centres in 4 is ferromagnetic in nature through double EE
bridges. The difference in the magnetic properties arises
essentially from the different connectivity in the bridging
region. In 4, two bridging EE azides are not planar and
crosslinked, and in such cases the nature of the magnetic
interaction may be either F or AF, mainly depending on two
structural parameters in the bridging region such as the Ni-
N-N bond angles and the Ni-p; 3-N3;-Ni (Ni-N---N-Ni) torsion
angle.®® Maximum coupling was expected for a Ni-N-N angle
of 108° and decreases when the Ni-N-N angle increases and
the exchange interactions would be ferromagnetic if the
angle exceeds 155°. Similarly, for a fixed Ni-N-N angle, AF
coupling is expected to be maximum for a Ni-N---N-Ni
torsion angle of 180° (or 0°) and decreases when the Ni-
N---N-Ni torsion angle deviates from linearity and the
interaction would be ferromagnetic if the torsion angle
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Table 3 Selected structural and magnetic data of doubly EE cyanato bridged Ni(i) dimers (following A = -2J$,-S, convention)”

Compounds J(em™) g Ni-O-C (°) Ni-N-C (°) Dihedral angle (4, ©)° Ref.
[Ni(L*)(NCO)],(BF,), -5.35 2.30 122.0 150.1 4.8 19

[Ni (tren)( CO)]5(BF,), -4.4 2.28 117.1 155.0 9.1 20
[Ni(L®)(NCO)],(PF6), -3.1 2.16 110.9/111.4 147.9/152.0 18.6/20.8 21

2 -2.71 2.17 111.6(3) 152.0(4) 17.74 This work

¢ L' = p1-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, tren = 2,2',2"-triaminotriethylamine; L°> =

ylmethyl)aminomethylpyridine. ?

N,N-bis(3,5-dimethylpyrazol-1-

The angle between the planes defined by the six azide-N atoms and the N-Ni-N plane.

Table 4 Selected structural and magnetic data of doubly crosslinked EE azido-bridged Ni(i) dimers (following H = -2J5,-S, convention)”

Compounds J(em™) D (em™) g Ni-N-N (°) Torsion angle (z, ©) Ref.
{[NI(LE)N;J,(C1O,),(CH OH), } +8.45 6.0 2.28 117.14-118.83 78.80 39
[Nia(L7)5(11,3-N3),](C1O,), +7.13 — 2.18 117. 8-127.7 69.2 40
[Ni(L®)(11,5-N3)](C10,),-8CH;0H -29 10 2.1 130.0 46.7 41
[L°,Niy(N3),(11,5-N3)] -36.4 0 (fixed) 2.04 124.5-128.2 34.28 42

4 +13.21 7.20 2.09 123.7-127.1 66.24-74.33 This work

¢ L° = N,N'-bis-(3,5-dipiperidin-1-yl-[2,4,6]triazin-1-yl)-pyridin-2-ylmethylethane-1,2-diamine; L’ = N,N',N"-tris(4-methoxylbenzyl)tris(2-aminoethyl)

amine; L® = 2,6-dimethyl-2,3-bis(2-pyridyl)quinoxaline; L° = 1,4,7-trimethyl-1,4,7-triazacyclononane.

angle.

b The Ni-p; 5-N5-Ni (Ni-N---N-Ni) torsion

Table 5 Selected structural and magnetic data of doubly end-on cyanato bridged Ni(i) dimers (following H = -2J5;-S, convention)®

Compounds J(em™) D (ecm™) g M-N (&) M-N-M (°) Ref.
[Ni(L1) (11 - NCO)](CIO ), +1.7 +3.6 2.23 2.125, 2.090 94.4, 95.8 16

[Ni,(L'), (111 1-NCO),](CIO,), 2.8 +3.6 2.23 2.099, 2.115 95.33, 95.79 16
[Nia(terpy). (11, NCO)(Hz0): |(PF), +4.59 ~12.32 2.23 2.044, 2.195 97.7 18

[NIZ(L )2(“1 1-NCO),] +6.85 +7.18 2.19 2.107, 2.244 2.115, 2.280 97.84, 98.74 17
[Ni,(L'%),(111.1-NCO), ] +5.31 +5.00 2.19 2.225, 2.201 98.47 64

6 +3.70 +8.05 2.28 2.119, 2.205 97.45, 97.84 This work

@ L' = [N,N"-bis(2-pyridinylmethylene)]propane-1,3-diamine; L'" =
and L"® = tetradentate N, donor ligands.

approaches 90°.°® In general, the Ni-N-N angle does not
exceed 155° and it is found that if the Ni-N-N angle exceeds
120° and the Ni-N--*N-Ni torsion angle approaches 90°, a
ferromagnetic coupling between the metal centres is
observed. The average Ni-N-N angle of 124.54° and the
average Ni-N---N-Ni torsion angle of 70.92° nicely agree with
the overall ferromagnetic interaction in complex 4. It is
interesting to note that only four structurally and
magnetically characterised crosslinked double EE azido-
bridged systems are known in which only in two cases was
the Ni-N---N-Ni torsion angle close to 90°, leading to a
ferromagnetically coupled system (Table 4),°>**° and thus
compound 4 is a valuable addition to this series with perfect
agreement of the magneto-structural data.

Unlike 1 and 4, in complex 5, two Ni(u) ions are
bridged by double EO bridging azides, and working with
such a system Ruiz et al theoretically predicted the
ferromagnetic interaction in all ranges of Ni-N(u;,-N;)-Ni
angles, with J increasing upon increasing the bridging
angle, reaching a maximum at 104° approximately.*® In
fact, all the reported p,q-azido bridged Ni(u) dimers
exhibit ferromagnetic interaction with only one exception

3380 | CrystEngComm, 2021, 23, 3371-3382

[N,N"-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine; terpy = terpyridine; L'>

where a very low bridging angle of 90.41° transmits AF
interaction between Ni(u) centres.*” The average Ni-N-Ni
angle found in 5 is 101.39°, which falls within the range
where strong ferromagnetic interaction prevails between
two Ni(u) ions, and therefore the J value of 28.79(2) cm™
found in 5 is quite reasonable. However, unlike theoretical
prediction, the experimental data do not show a clear
relationship with Ni-N-Ni angles as a small variation of
Ni-N-Ni angles in a narrow range ca. 98-103.9° shows a
large variation of the J values from 1.91 to 43.9 cm™*,**%
leaving an wunsolved challenge which will require
consideration of more than one structural parameter at
once. In contrast to p;,-N; bridged Ni(u) complexes, only
five doubly p,,-NCO bridged dinickel(n) complexes are
known.'®*®%* The magnetic and crystallographic data of
these complexes are presented in Table 5, which shows
that J values span a narrow range of 1.7 to 6.85 cm '
The sign and magnitude of the J value of 3.70(2) em™ in
6 is again reasonable for such complexes in which a
general tendency is that the J value increases with
increasing bridging angles, similar to the theoretical
prediction carried out for azide analogues.”

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ce00202c

Published on 29 March 2021. Downloaded by National Institute of Science Education & Research on 8/4/2021 8:01:57 AM.

CrystEngComm

Conclusion

We have synthesized and characterized six novel dinuclear
Ni(n) complexes with different bridging modes of
pseudohalides. The pyridyl containing neutral ligands favour
EE bridged complexes 1, 2 and 4, while the phenolate
containing anionic ligand stabilizes the EO bridged
compounds 5 and 6. Their magnetic properties were
discussed based on their structures. For the isostructural and
isomorphous compounds 1 and 2 with EE bridging
pseudohalides, an  intramolecular  antiferromagnetic
interaction is observed in which the doubly EE cyanato-
bridged dimeric Ni(n) complexes are scarce in the literature.
The magnetic behaviour of compound 3 is characteristic of
weak antiferromagnetically coupled Ni(u) ions through p, -
N(CN),-bridges. For complex 4, an additional methyl group in
ligand L”> affords crossed and nonplanar double EE azido-
bridges, which transfer ferromagnetic coupling between the
metal centres. Unlike 1, 2 and 4, the Ni(u) centres of both
complexes 5 and 6 are linked by doubly EO bridging modes.
Apparently, complex 5 represents strong ferromagnetic
interaction through the bridging azides as the average Ni-N-
Ni angle (101.39°) falls within the range where strong
ferromagnetic interaction prevails. Also, complex 6 expressing
a positive J value is rational according to the similar
theoretical prediction available on azide systems. Overall,
there still exists an unsolved challenge to synthesize and
study the rare linked motifs of the Ni(u) dimer to perfect the
discipline.
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A novel triple aqua-, phenoxo- and carboxylato-
bridged dinickel(n) complex, its magnetic
properties, and comparative biomimetic catalytic
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This paper describes the synthesis and structures of three dinickel() complexes, namely [Niy(p-L)-
(L-OHI(ClO4), (1), [Nix(u-HoL)(u-OH)INCS)INCS) (2), and [Nix(u-HL)(u-OB2z)(u-HO)NOB2)I(ClO4)»-2.5H,0
(3) (where HOBz = benzoic acid), with an end-off compartmental ligand (HL) obtained via the Schiff base
condensation of 2,6-diformyl-4-methylphenol and N,N-dimethyldipropylenetriamine in methanol.
Structural characterization reveals that both 1 and 2 are phenoxo- and hydroxo-bridged compounds,
while complex 3 is a unique triple aqua-, phenoxo- and carboxylato-bridged dinickel(l) complex. Although
similar bridging patterns to that found in 3 are known, the combination of aqua-, carboxylato- and
phenoxo-bridging in a dinickel(n) complex has not been reported in the literature. Variable temperature
magnetic susceptibility analysis reveals that the two nickel centres are antiferromagnetically coupled, with
J values ranging from —12 to —143 K, in these complexes. The phenoxazinone-synthase-like activities of
these complexes have been investigated using o-aminophenol as a model substrate in a methanol

Received 10th February 2021, medium, as this area is yet to be explored for nickel(i) systems. Mass spectrometry and EPR spectroscopic

Accepted 25th March 2021 studies were further carried out to gain insight into the course of the reaction, and the reactivity trend
has been further explored. The present work highlights the novel triply bridged dinickel() complex and

its magnetic properties and demonstrates a comparative biomimetic catalytic study relating to
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rsc.li/njc phenoxazinone synthase.

6-positions of a phenolic group. These ligands are capable of

Introduction
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The synthesis and structural studies of transition metal complexes
with a variety of bridging ligands still attract considerable research
interest worldwide, mainly because of their relevance in biological
systems, catalysis, and molecular magnetism."” The literature
has witnessed the vast development of studies on the coordina-
tion chemistry of compartmental ligands that consist of two
symmetrical or asymmetrical pendent arms at the 2- and
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7602 | New J. Chem., 2021, 45, 7602-7613

producing both homo- and hetero-metallic phenoxo-bridged
dinuclear transition metal complexes in which metal centres
are simultaneously bridged by the phenolate group.*” In some
cases, the presence of additional bridges, such as hydroxide,
carboxylate, and pseudohalide ions, may lead to doubly or triply
bridged dinuclear metal complexes in which two metal ions are
placed in close proximity of 2.9-4.0 A.**° In many of these
compounds, the metal centres are coordinatively unsaturated
and/or bonded with substitutionally labile ions or groups,
making these types of compounds attractive candidates for bio-
mimetic studies; consequently, they have been extensively
employed in the structural and functional modelling of various
metalloenzymes, like catechol oxidase,'**" catalase,'* urease,"?
purple acid phosphatases,’* phosphoesterases, and DNA
nucleases,” to gain insight into the mechanistic aspects of
metalloenzymes. In addition to modelling the structures and
functions of the active sites of metalloenzymes, these com-
pounds could provide a large number of ferro-/antiferromagne-
tically coupled discrete dinuclear metal complexes; this could
help to provide insight into the fundamental aspects of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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pairwise exchange interactions, knowledge of which could at
least allow qualitative assessments of the magnetic coupling
in high nuclearity systems for the betterment of the field of
molecular magnetism.*®

We have been using N-/O-donor Schiff bases derived from
N,N-dimethyldipropylenetriamine for quite some time for the
synthesis of transition-metal complexes with intriguing mag-
netic properties’”'® and biomimetic catalysts, modelling the
function of phenoxazinone synthase.'*>" The diverse coordina-
tion abilities of this triamine have further prompted us to
explore the coordination abilities of ligands derived from this
triamine. We have also recently explored the coordination
chemistry of a Schiff base ligand (HL, Scheme 1), resulting
from the condensation of 2,6-diformyl-4-methylphenol and
N,N-dimethyldipropylenetriamine, with Ni(u) salts in the
presence of azide ions of different stoichiometries; these com-
plexes exhibited diverse magnetic properties, ranging from
antiferromagnetic to ferromagnetic.”> Phenoxazinone synthase
is a multicopper oxidase that catalyses the oxidative coupling of
two substituted o-aminophenols to the phenoxazinone chromo-
phore through the catalytic activation of dioxygen in the final
stage of the biosynthesis of a naturally occurring antitumor
drug actinomycin D,** which is used clinically for the treatment
of various cancers,>*® and several other transition metal
(mostly manganese and cobalt) complexes have been proved
to be excellent functional models of this metalloenzyme.® Ni(u)
complexes, on the other hand, have been extensively studied as
biomimetic catalysts for other oxidase metalloenzymes, like
catechol oxidase, but the phenoxazinone synthase abilities of
these metal complexes are yet to be explored.'® Therefore, in
the present endeavour, three dinickel(u) complexes, [Ni,(pu-L)(p-
OH)](CIOy), (1), [Niz(n-H,L)(1-OH)(NCS);](NCS) (2), and [Ni,(p-
HL)(p-OBz)(1-H,0)(0Bz)](C10,),-2.5H,0 (3) (where HOBz =
benzoic acid), have been synthesised using a compartmental
Schiff base ligand (HL). The crystal structures, magnetic properties,
and biomimetic catalytic activities when modelling the function of
phenoxazinone synthase of these complexes were further investi-
gated and discussed. Interestingly, complex 3, consisting of triple

/ \
[:/——~N OH N‘—-\:]

NH HN
S,
\ /

HL
Scheme 1 The Schiff base HL employed in the present study.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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aqua-, phenoxo-, and carboxylato-bridges, is a unique example of
dinickel(n) chemistry.

Experimental section
Materials

2,6-Diformyl-4-methylphenol (DFMP) was prepared following a
literature-reported method,>” and N,N-dimethyldipropylene-
triamine was purchased from Aldrich. All other chemicals
(metal salts and solvents) were analytical or reagent grade
and used as received.

Warning! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small quantities of the
compounds should be prepared, and these should be handled with
great care.

Synthesis of the Schiff base ligand HL

The Schiff base was prepared via the condensation of N,N-
dimethyldipropylenetriamine and 2,6-diformyl-4-methylphenol
in methanol, as reported earlier.>>

Synthesis of [Ni,(p-L)(n-OH)](ClO,), (1)

Ni(ClO,4),-6H,O (0.366 g, 1.0 mmol), HL (0.5 mmol), and
triethylamine (0.5 mmol) were mixed together in 30 ml of
methanol and were allowed to reflux for about 1 h. After
cooling, the reaction mixture was filtered, and the clear deep-
green solution was kept at room temperature for slow evapora-
tion. Dark-green single crystals suitable for X-ray analysis were
obtained from the filtrate after a few days. The crystals were
collected via filtration, washed with methanol/ether, and air
dried. Yield: 0.339 g; 87%. Anal. calcd for C,5H,6Cl,NgNiyOq0:
C 38.55%, H 5.95%, N 10.79%; found: C 38.34%, H 6.04%,
N 10.66%. Selected FTIR bands (cm ™ "): 625 (s), 1088-1116 (vs)
(1ClO47), 1635 (s) (LC=N).

Synthesis of [Ni,(p-H,L)(p-OH)(NCS);](NCS) (2)

Ni(NO3),-6H,0 (0.290 g, 1.0 mmol), the Schiff base ligand
(0.5 mmol), and triethylamine (0.5 mmol) were combined in
30 ml of methanol. The resulting green solution was allowed to
reflux for ca. 1 h. Thereafter, a solution of sodium thiocyanate
(2.0 mmol, 0.162 g) dissolved in a minimum amount of
methanol was added to the resulting green solution dropwise
over a period of 5 min under constant starring. The reac-
tion mixture (bright dark-green) was stirred under reflux for
ca. 30 min, and it was filtered to remove any minute quantities
of precipitate. The clear dark-green filtrate was kept undis-
turbed at ambient temperature, affording dark-green crystals of
2 within a week, which were appropriate for single crystal X-ray
diffraction measurements. The crystals were collected via filtra-
tion, washed with methanol/ether, and air dried. Yield: 0.327 g;
78%. Anal. calcd for C,oH,gN;oNi,0,S,: C 42.77%, H 5.94%,
N 17.20%; found: C 42.64%, H 6.01%, N 17.01%. Selected FTIR
bands (cm™'): 1634 (s), 1644 (s) (LC=N), 2068 (vs), 2092 (vs)
(VNCS").
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Synthesis of [Ni,(pu-HL)(p-OBz)(p-H,0)(0Bz)](ClO,),-2.5H,0 (3)

Ni(ClO,4),-6H,0 (0.366 g, 1.0 mmol), the Schiff base ligand
(0.5 mmol), and triethylamine (0.5 mmol) were combined in
30 ml of methanol. The resulting green solution was allowed to
reflux for ca. 1 h. Thereafter, a methanolic solution of benzoic
acid (0.122 g, 1.0 mM) and triethylamine (1.0 mmol) was added
under stirring, and this was further allowed to stir for another
30 min. The resulting dark-green reaction mixture was filtered
and left at room temperature for crystallisation. Green crystal-
line single crystals were separated out from the solution within
a couple of days with quality suitable for X-ray single crystal
diffraction analysis. The crystals were then filtered and washed
with methanol/ether and air dried. Yield: 0.395 g; 74%. Anal.
caled for CsoHgsCLNGNi,Oq6.5: C 43.85%, H 5.94%, N 7.87%;
found: C 43.99%, H 6.01%, N 7.71%. Selected FTIR bands
(em™): 623 (s), 1094 (vs) (»ClO, "), 1601-1645 (s) (vC=N and
vCOO0™).

Kinetic studies of the oxidation of o-aminophenol

The phenoxazinone-synthase-like activities of 1-3 were examined
via UV-vis spectrophotometry using o-aminophenol (OAPH) as
a model substrate. Kinetic experiments for the formation of
2-aminophenoxazin-3-one were carried out via monitoring the
increase of the spectral band at ~435 nm (¢ =9095 M " cm™')*®
as a function of time in air-saturated methanol at ambient
temperature (25 °C). Detailed kinetic studies were performed to
gain insight into the reaction kinetics for the catalytic oxidation
of OAPH and, for this purpose, varying amounts of the sub-
strates (5 x 107* to 1 x 107> M) were allowed to react with a
fixed complex concentration (5 x 10> M), maintaining pseudo-
first-order reaction conditions. The rates of the reactions were
calculated via adopting the initial rate method. The kinetic
parameters Kyy, Vinax, and ke, were determined via applying the
Michaelis-Menten equation. The turnover number (k. value)
was obtained via dividing the V},,,« values by the concentration
of complex used.

Physical measurements

Elemental analyses for C, H, and N were carried out using a
PerkinElmer 240C elemental analyser. IR spectra were recorded
using a Thermo Scientific Nicolet iS5 FTIR spectrometer with
a universal ATR sampling accessory from 4000 to 400 cm .
UV-vis spectra were recorded using an Agilent Carry-60 diode
array UV-vis spectrophotometer at room temperature with a
1 cm path-length cuvette. The X-band EPR spectra were mea-
sured in methanol using a JEOL JES-FA 200 instrument at
liquid nitrogen temperature (77 K). Electrospray ionization
mass spectrometry (ESI-MS positive) was carried out using a
Micromass Q-Tof-Micro Quadruple mass spectrometer. DC
susceptibility data were measured using a Quantum Design
MPMS-XL-5 magnetometer in a constant magnetic field of
2 kOe between 2 and 300 K. All the presented data were
corrected taking into account the contribution of the
sample holder and the diamagnetic susceptibility of inner-shell
electrons.
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X-ray crystallography

Single crystal X-ray diffraction data from 1-3 were collected
at 150 K using a Bruker Kappa Apex-II CCD diffractometer
operating with graphite monochromated Mo-Ka radiation
(. = 0.71073 A) via applying ¢- and o-scan methods. The
intensity data were processed in the Bruker APEX-II suite
(v2.0-2) program and the data were corrected for Lorentz and
polarization effects with Bruker SAINT plus. The multi-scan
absorption correction method was applied for data correction
using the SADABS program.> The structures were solved and
refined by means of the full matrix least-squares technique
based on F° using SHELXT 2014/5 and SHELXL2018/3,*°
respectively. All non-hydrogen atoms were refined with inde-
pendent anisotropic displacement parameters. Hydrogen
atoms were added geometrically and refined as riding atoms
with fixed thermal parameters 1.2- or 1.5-times those of the
corresponding parent atoms, with the exception of aqua
ligands and molecules of water of crystallisation, whose H
atoms were located in the difference Fourier map and further
refined with O-H constrained distances if needed. The methyl
groups associated directly with one of the tertiary amine
nitrogen atoms and the oxygen atoms of one perchlorate ion
in 1 and the sulphur atom of one of the coordinated thio-
cyanate ions in 2 were refined using a disordered model. One of
the molecules of water of crystallisation in 3 was allowed to
freely refine, and it was then rounded up with 0.33 occupancy
to make it reasonable. The crystal structures of the complexes
were generated through the program MERCURY-4.3.1. Data
collection and structural refinement details for the complexes
can be found in Table 1.

Results and discussion
Synthesis and general characterization

The reaction of a methanolic solution of the compartmental
Schiff base ligand HL with Ni(ClO,),-6H,0 at a 1:2 molar ratio
in methanol afforded [Ni,(p-L)(n-OH)](ClO,), (1). The corres-
ponding reaction with Ni(ClO,),-6H,O in the presence of
benzoic acid at a 1:2:1 molar ratio resulted in [Niy(u-HL)-
(n-OBz)(1-H,0)(OBz)](Cl0,),-2.5H,0 (3). A similar reaction with
Ni(NO3),-6H,0 in the presence of NaSCN at a 1:2:2 molar ratio
in refluxing methanol solution produced [Ni,(p-H,L)(n-OH)-
(NCS);](NCS) (2). An equimolar amount of triethylamine was
added for the deprotonation of the Schiff base ligand in all
cases and also that of benzoic acid in 3. These complexes were
obtained in high yields, and the phenolic group of the ligand
that is deprotonated bridges two metal ions, leading to
dinickel(n) complexes. X-ray-quality single crystals of 1-3 were
obtained via the slow evaporation of the reaction mixtures. The
isolated complexes were characterized via elemental micro-
analyses, IR and UV-vis spectroscopy (Fig. S1 and S2, ESL¥
respectively), and single-crystal X-ray diffraction studies, and
these complexes are fairly soluble in common organic solvents
like methanol, acetonitrile, and DMF. A thermogravimetric
study was performed to check the number of molecules of
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Table 1 Crystal details and structure refinement parameters of complexes 1-3

1 2 3
Empirical formula C,5H46Cl,NgNi, 04 CuoH N1 oNi, 0,5, C30Hg3Cl,NGNi,O46 5
Formula weight (g mol ) 779.00 814.43 1068.27
Crystal system Monoclinic Triclinic Triclinic
Space group P24/n P1 P1
a(A) 18.1138(11) 9.2680(4) 12.8331(12)
b (A) 9.9392(6) 11.2105(4) 14.2244(13)
c(A) 19.5105(10) 18.8811(7) 15.4895(15)
« (deg.) 90.00 87.895(2) 63.296(3)
B (deg.) 108.764(2) 78.990(2) 72.834(3)
7 (deg.) 90.00 77.785(2) 77.698(3)
Volume (A%) 3325.9(3) 1882.01(13) 2402.7(4)
zZ 4 2 2
Deae (2 cm™?) 1.556 1.437 1.477
@ (mm™1) 1.354 1.264 0.969
F(000) 1632 856 1122
0 range (deg) 2.205-29.196 1.099-29.196 2.494-26.459
Reflections collected 113948 96578 38722
Independent reflections (Rint) 8997 (0.0469) 10151 (0.0363) 9821 (0.0361)
Observed reflections [I > 24(I)] 7329 8735 8027
Restraints/parameters 0/480 0/459 4/640
Goodness-of-fit on F* 1.051 1.040 1.027

R, = 0.0292, WR, = 0.0648
R; = 0.0441, wR, = 0.0706
0.431/—0.487

Final R indices [I > 20(J)]
R indices (all data) X
Largest diff. peak/hole (e A™?)

water of crystallisation in 3 and it is found that the mass loss is
comparable to the presence of about three molecules of water
of crystallisation in bulk 3 (Fig. S3, ESIT); however, the single
crystal X-ray crystallography study suggests that one of them is
partially occupied.

The IR spectra of the complexes (Fig. S1, ESIT) display some
common features, such as a band due to an N-H stretching
vibration in the range of 3244-3278 cm ™!, an O-H stretching
vibration at 3444-3465 cm ™" due to bridging hydroxide and/or
water of crystallisation (in 3), and an azomethine (C=N) band
from the Schiff base in the range of 1601-1645 cm ™ *. However,
the azomethine and carboxylate bands are hardly distinguish-
able in 3. Additionally, the IR spectra of 1 and 3 display the
stretching vibration of ClO, ™~ ions as a split band over the range
of 1088-1116 cm™'. The splitting of the »(Cl-O) band is
attributed to the involvement of counter ClO, ions in
H-bonding interactions in the solid state. Moreover, the bending
vibration of ClO,~ ions is observed at 623-625 cm ™! in the IR
spectra of these complexes."®?! The IR spectrum of 2 also displays
a bifurcated band at 2068 and 2092 cm ™%, which is characteristic
of the asymmetric stretching vibrations of NCS™ ions. The appear-
ance of two strong peaks in the IR spectrum in 2 is consistent with
the presence of both coordinated and non-coordinated NCS™
ions, as evidenced by the structural characterization.>*!

Description of the crystal structures

Crystal structures of all the complexes were determined via
single-crystal X-ray diffraction studies. The data collection and
structural refinement details for the complexes are assembled
in Table 1, and selected bond distances and angles can be
found in Table 2 and Table S1 (ESIY), respectively. Complex 1
crystallized in the monoclinic P2,/n space group, and the crystal
structure consists of a dinuclear [Ni,(u-L)(1-OH)]** cation and
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R, = 0.0248, WR,, = 0.0587
R; = 0.0326, R, = 0.0623
0.391/—0.357

R, = 0.0321, R, = 0.0726
R; = 0.0456, wR, = 0.0794
0.538/—0.590

Table 2 Selected bond distances (A) for complexes 1-3

Bond 1 2 3

Ni1-01 2.0315(11) 2.0829(9) 2.0406(14)
Ni1-02 1.9675(12) 2.0484(9) 2.1691(15)
Ni1-03 — — 2.0000(14)
Ni1-05 — — 2.0785(14)
Ni1-N1 2.0307(13) 2.0370(11) 2.0460(17)
Ni1-N2 2.0782(14) 2.1301(11) 2.1107(17)
Ni1-N3 2.0806(14) — —

Ni1-N7 — 2.0628(12) —

Ni1-N8 — 2.1327(12) —

Ni2-01 2.0328(11) 2.0188(9) 2.0221(14)
Ni2-02 1.9727(12) 2.0257(9) 2.2545(15)
Ni2-04 — — 2.0683(14)
Ni2-N4 2.0305(14) 2.0124(11) 2.0640(17)
Ni2-N5 2.0605(14) 2.0570(11) 2.0991(18)
Ni2-N6 2.0812(14) — 2.1620(17)
Ni2-N9 — 2.0129(12) —

two ClO,~ anions (Fig. 1). Within the dimeric unit, Ni(u) ions
are bridged by the phenoxo group of the Schiff base ligand
together with an exogeneous hydroxo ligand, with a Ni-Ni
distance of 3.154 A and phenoxo and hydroxo bridging angles
of 101.78(5) and 106.33(6)°, respectively. Both Ni(u) centres
exhibit a NiN3;O, coordination sphere, which is made up of
the bridging phenoxo and hydroxo oxygen atoms and three
nitrogen atoms from the triamine part of the ligand. The
coordination polyhedrons around the metal centres are best
described as distorted square pyramidal structures, as indi-
cated by the structural parameter t (square pyramid: t = 0,
trigonal bipyramid: t = 1; t = (« — f)/60°, where o and f are the
two largest angles around the central atom) values of 0.05 and
0.15.>> The Ni(n) centres are displaced out of the least squares
planes constructed from the exogenous hydroxo group and
phenoxo oxygen atom and the imine and secondary amine
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Fig.1 The crystal structure of 1 displaying the labelling scheme of
selected atoms and hydrogen bonding interactions. Ellipsoids are drawn
at the 30% probability level, and most of the hydrogen atoms are omitted
for clarity. Only one of the positions of disordered atoms is shown.

nitrogen atoms from the Schiff base ligand towards the apically
coordinated tertiary amine nitrogen atom, with a deviation of
0.357 A. The bond distances around the metal coordination
spheres are usual for Ni(i) complexes (see Table 2)."***7* Both
perchlorate counter-anions form moderate to strong hydrogen
bonding interactions, one of them with the secondary amine
group (N5---O4; 3.147(3) A) only, and the other with both the
secondary amine group (N2- - -07; 3.009(3) A) and the bridging
hydroxo group (02 --09; 3.104(2) A), as shown in Fig. 1 and
Fig. S4 (ESIt). The closest separation between Ni(u) centres in
neighbouring dimeric units is 8.550 A.
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Complex 2 crystallized in the triclinic P1 space group, and
the crystal structure (Fig. 2) consists of a dinuclear [Ni,(u-H,L)-
(L-OH)(NCS);]" cation and a thiocyanate anion. Like 1, within
the dinuclear unit, Ni(u) ions are bridged by the phenoxo group
together with an exogeneous hydroxo ligand, with a Ni-Ni
distance of 3.149 A and phenoxo and hydroxo bridging angles
of 100.30(4) and 101.25(4)°, respectively, but the two metal
centres are in different coordination environments, i.e., there
is a NiN,O, coordination sphere for the Ni1 ion and a NiN;O,
coordination sphere for the Ni2 centre. In addition to the
bridging hydroxo and phenoxo groups, the coordination sphere
around Ni1 is made up of two N-bound trans-disposed thio-
cyanate ions and imine and secondary amine nitrogen atoms
from one arm of the Schiff base, while the coordination sphere
of Ni2 is made up of one terminal N-bound thiocyanate ion and
imine and secondary amine nitrogen atoms from the other arm
of the Schiff base ligand with the usual bond distances
(Table 2)."*337*8 The coordination polyhedron around the Ni1
centre is best described as a distorted octahedron, as reflected
by the significant deviation of the cisoid (78.19(4)-96.62(4)°)
and transoid (166.87(4)-174.46(5)°) angles from the ideal
values, while the geometry around Ni2 centre is close to square
pyramidal, with a structural parameter t value of 0.27.>* Unlike
1, the tertiary amine groups in 2 are protonated and, thus, are
involved in H-bonding interactions, as depicted in Fig. 2,
in which one protonated tertiary amine is connected with
the oxygen atom of the bridging hydroxide through an intra-
molecular hydrogen bond with an N3- - -02 distance of 2.585(2) A,
while the other protonated tertiary amine group establishes
an intermolecular hydrogen bond with the nitrogen atom of a
non-coordinated thiocyanate ion with an N6---N10 distance of
2.824(2) A. The sulphur atom of the non-coordinated thiocyanate
ion is further involved in bifurcated hydrogen bonding with the
bridging O-H (02---54 = 3.414(1) A) and secondary amine N-H
protons (N5---S4 = 3.5773(12) A) from a neighbouring complex
cation, leading to the formation of a supramolecular hydrogen-
bonded dimer of dimers, as depicted in Fig. 2 and Fig. S5 (ESIt).

Fig. 2 The crystal structure of 2 showing the atom numbering scheme and hydrogen bonding interactions. Ellipsoids are drawn at the 30% probability
level and most of the hydrogen atoms are omitted for clarity. Only one of the positions of disordered atoms is shown.
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The closest separation between Ni(u) centres of neighbouring
dimeric units is 9.268 A, which is slightly higher than that
found in 1.

Complex 3 crystallized in the triclinic P1 space group, and
the crystal structure (Fig. 3) consists of a dinuclear [Ni,(u-HL)(p-
OBz)(u-H,0)(OBz)]*" cation, two ClO,~ anions, and a few water
of crystallization molecules. In this dimeric entity, both Ni(u)
centres are in an octahedral environment, being triply bridged
by a phenoxo group from the Schiff base ligand, a benzoate ion
in syn-syn configuration, and an aqua ligand, with Ni-Ni
separation in the dimeric unit of 3.217 A and phenoxo and
aqua bridging angles of 104.73(6) and 93.30(6)°, respectively.
The remaining coordination sites are filled by three nitrogen
atoms from one triamine arm of the Ni2 centre, while imine
and secondary amine nitrogen atoms from the other arm of the
Schiff base and one oxygen atom of the monodentate benzoate
ion fill the coordination sites around the Nil centre. The non-
coordinated oxygen atom of the monodentate benzoate ion in
turn is involved in strong hydrogen bonding interactions with
the bridging aqua ligand (O2---06; 2.544(2) A), as depicted
in Fig. 3, thereby stabilising the triply bridged structure.
Therefore, in the present case, the zwitterionic form of the
Schiff base ligand is coordinated to the metal centres; the
phenolic group is deprotonated and is bridged by the two metal
centres, leaving one of the tertiary amine groups protonated.
This protonated tertiary amine group participates in strong

Fig. 3 The crystal structure of the complex cation of 3, displaying the
labelling scheme of selected atoms and the hydrogen bonding inter-
actions. Ellipsoids are drawn at the 30% probability level and most of the
hydrogen atoms are omitted for clarity.
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hydrogen bonding interactions with one of the water of crystal-
lisation molecules (N3:--015: 2.675(3) A). Furthermore, the
solid-state structure of complex 3 is stabilised by a complex
network of moderate to strong hydrogen bonding interactions
with the involvement of perchlorate counter anions, lattice
water molecules, and secondary amine groups of the Schiff
base ligands, with donor-acceptor distances varying in the
range of 2.545(2)-3.245(3) A (Fig. S6, ESIt). Although it is a
triply bridged system, the Ni-Ni separation in the dimeric unit
of 3.217 A is slightly longer than that found in 1 and 2, while the
closest separation between neighbouring dimeric units is
found to be 7.740 A.

The structural studies reveal the diverse coordination abili-
ties of the Schiff base ligand HL in the present systems; the
monoanionic L~ form of the ligand is bonded to the metal
centres in 1, while monocationic H,L* and the zwitterionic
form of the ligand coordinate the metal centres in 2 and 3,
respectively. Another notable observation is the geometrical
differences around the metal centres in these complexes, as
both Ni(u) centres in 1 have a five-coordinated and square-
pyramidal structure, one Ni(un) ion adopts square-pyramidal
geometry and the other one adopts octahedral geometry in 2,
and both metal centres adopt octahedral geometry in 3.
However, the most remarkable structural feature is the unique
bridging pattern found in complex 3. Literature reports reveal
that aqua-bridged dinickel(n) complexes are not very abundant,
and they have generally involved examples of triple-bridged
systems, which are mostly associated with either double
phenoxo bridges**™° or double carboxylato bridges.*’™*°
A further observation is that when di(phenoxo) bridges are
involved, the bridging aqua angle is less than 90°, and when
two syn-syn carboxylate bridges are involved, the bridging aqua
angles are quite large and always greater than 100°. In the
present system (complex 3), an intermediate aqua bridging
angle of 93.30(6)° was observed, as it is associated with one
phenoxo and one syn-syn carboxylate bridge. The structure of 3
is very close to dinickel(n) complexes where the bridging
phenoxo is replaced by an alkoxo group.”” Despite all sorts of
notable dissimilarities, all these complexes are constructed
with edge-sharing bi-polyhedral structures; two bridging phenoxo
and hydroxo groups form the common edge in 1 and 2, while
it is formed from the bridging phenoxo and aqua ligands in 3 (see
Fig. S7, ESIt). Also, both bridging atoms occupy the equatorial
positions of the metal centres, irrespective of the geometry. The
syn-syn carboxylate bridge occupies the apical positions of the two
adjacent bi-octahedral structures in 3.

Magnetic properties

DC magnetic susceptibility data were measured using poly-
crystalline samples of 1-3 in the temperature range of
300-2 K under a constant applied magnetic field of 2 kOe.
The temperature dependent susceptibility per mole y and T
values are displayed in Fig. 4. As can be seen from the figure,
the susceptibility values increase with decreasing temperature
from room temperature, reach maximum values at approxi-
mately 130 K for 1, 45 K for 2, and 11 K for 3, and decrease
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Fig. 4 The temperature-dependent molar magnetic susceptibility data

for 1-3. The solid green lines are fitted using egn (1) and the parameters
shown in Table 3. The inset shows T vs. T plots.

thereafter, which is a clear indication of antiferromagnetic
interactions between the Ni(u) ions in the dimeric units. At
room temperature, the 3T values of 2.4 emu K mol ™" for 2 and 3
are slightly higher than the calculated value of 2.0 emu K mol ™"
for two noninteracting Ni(u) ions with S = 1 and g = 2, which is
due to orbital contributions from Ni(u) ions at room tempera-
ture. However, the T value of 1.8 emu K mol ™" for 1 is slightly
lower than the theoretical value, indicating that antiferro-
magnetic coupling between the two Ni(u) centres is operative
even at room temperature. The isotropic Heisenberg model,
H = —JS;-S,, where S; and S, are equal to 1 and J is an
interaction parameter, can be applied to describe the
temperature-dependent magnetic susceptibility values of these
systems using the following equation:*°

@ Naug® 2(e* + 5¢%) )

46> Na i
T kgT 1+ 3er 4 53

gl " &)

1-p)+

where x = J/kgT and the other symbols have their usual mean-
ings. The second term accounts for a small amount of non-
coupled magnetic moment, and p is the molar fraction of these
noncoupled species. The best fits to the experimental data were
obtained (solid green lines in Fig. 4) with J/kz = —143 K, g = 2.3,
and p = 1% for 1; J/kg = —42 K, g = 2.3, and p = 0% for 2; and
Jlkg = —12 K, g = 2.2, and p = 5% for 3.

As already described in the structural section, complexes 1
and 2 are dinickel(n) systems with phenoxo and hydroxo
bridges. Experimental and theoretical magneto-structural corre-
lations reveal that the major factor controlling the exchange
coupling in double phenoxo-/alkoxo-/hydroxo-bridged Ni(p-O),Ni
complexes is the bridging Ni-O-Ni angle, and ferromagnetic
coupling is expected when the Ni-O-Ni angle is close to 90°.>°
As the Ni-O-Ni angle deviates from 90°, the ferromagnetic
coupling decreases, and above the critical Ni-O-Ni angle of
~98° the coupling becomes antiferromagnetic and the strength
of the coupling constant increases upon increasing the angle.
The phenoxo and hydroxo bridging angles in 2 of 100.30(4) and
101.25(4)°, respectively, are significantly larger than the critical
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angle and, thus, the antiferromagnetic coupling between the
Ni(u) centres is quite reasonable. The same angles (101.78(5) and
106.33(6)°, respectively) in 1 are even larger than those found
in 2, which is consistent with the j/kg value of —143 K for 1.
Furthermore, the geometries of both metal centres in 1 are
square pyramidal, while they are octahedral and square pyramidal
for the metal ions in 2. Thus, the average bridging Ni-O distances
for equatorially coordinated bridging atoms in 1 (range:
1.9674(14)-2.0333(13) A) are somewhat shorter than those of 2
(range: 2.0188(9)-2.0829(9) A), which is expected to increase the
effective overlap in the super-exchange pathway executed through
the bridged atoms in 1, leading to stronger antiferromagnetic
coupling in 1 than in 2. The connectivity of the two Ni(u) centres
in 3 is significantly different from the cases of 1 and 2, as itis a
triply bridged system, comprising syn-syn carboxylato, phenoxo,
and aqua bridges. The syn-syn carboxylato bridge generally
propagates antiferromagnetic interactions between the two metal
centres.”* When it is coupled with an aqua bridge and the aqua
bridging angle is larger than 100°, the Ni(u) ions experience
stronger antiferromagnetic interactions due to the complemen-
tary effects of these bridging ligands. Similarly, almost all aqua
and phenoxo triply bridged systems transmit weak to moderate
ferromagnetic interactions, as all the bridging angles fall well
below the critical angle in these systems. In the present case,
antiferromagnetic coupling is expected as usual through the syn-
syn carboxylato bridge and also through the phenoxo bridge, as
the phenoxo bridging angle is 104.72(6)°. However, the bridging
aqua angle of 93.30(6)°, being significantly lower than the critical
angle, likely transmits ferromagnetic interactions between the
metal ions. Therefore, the counter-complimentary effect of the
aqua bridge is responsible for the weaker overall antiferro-
magnetic coupling in 3.*

The catalytic oxidation of o-aminophenol

The phenoxazinone-synthase-like activities of all the complexes
were examined using o-aminophenol (OAPH) as a model substrate.
The progress of the catalytic reaction of a mixture of OAPH
(0.01 mM) and a complex (5.0 x 107> M or 1.0 x 10~* M) in
dioxygen-saturated methanol is monitored via UV-vis spectropho-
tometry at ambient temperature (25 °C). The time-dependent
spectral profiles, as depicted in Fig. 5, disclose the gradual
development of a spectral band at ca. 435 nm, indicating the
catalytic formation of the phenoxazinone chromophore. Detailed
kinetic studies were further carried out to gain insight into the
catalytic efficiencies of these complexes; for that, all the complexes
(5.0 x 10~ M) were allowed to react with excess OAPH, maintaining
pseudo-first-order conditions, and the initial rates of the reactions
were extracted. Plots of the initial rates against the concentrations of
substrate (Fig. 6) follow rate-saturation kinetics, which can be
modelled using Michaelis-Menten kinetics and the double-
reciprocal Lineweaver-Burk plot (Fig. S8, ESIT) to extract the para-
meters Viax, Ky, and Keug; these values can be found in Table 4.

Reaction mechanism and comparative catalytic activities

Structural studies of metalloenzymes and several efficient
functional models have disclosed that available vacant sites

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 5 Absorption vs. wavelength plots for the biomimetic oxidation of o-aminophenol in methanol showing the increase in the 2-aminophenoxazin-3-
one product at 435 nm with the use of 1-3. Reactions were conducted under aerobic conditions with 1 x 1072 M OAPH, 5 x 10> M 1 or 2, and

1 x 107* M 3 in methanol at room temperature.
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Fig. 6 Michaelis—Menten plots for the oxidation of OAPH in dioxygen-
saturated methanol catalysed by complexes 1-3 at room temperature.
The points and solid lines represent the experimental and simulated
profiles, respectively.

or labile positions for substrate binding are a prerequisite for
efficient catalytic activity.'®**>? In complexes 1 and 2, the metal
centres are either coordinatively unsaturated and/or bonded
with substitutionally labile thiocyanate ions, favouring the
coordination of OAPH to the metal centres and leading to the
efficient catalytic conversion of the substrate to the product
2-aminophenoxazin-3-one. The observed rate saturation
kinetics further support the idea of complex-substrate adduct
formation in these systems. However, in complex 3, only one
Ni(u) centre (Ni1) is bonded with a monodentate benzoate ion,
which is strongly connected with the bridging aqua ligand
through intramolecular hydrogen bonding; therefore, the for-
mation of a complex-subtract adduct via the replacement of the
monodentate benzoate ion in 3 is not much more favourable,
leading to the weaker conversion of the substrate to the product.

Further information regarding the formation of the
complex-substrate intermediate and the course of the reaction
can be obtained from mass spectral studies, and for this, the
mass spectra of one of the most reactive complexes (complex 2)
alone and in the presence of an excess amount of OAPH
(20 equivalents) were recorded and are displayed in Fig. S9
and S10 (ESIt), respectively. The peaks at m/z values of 651.22,
664.20, 677.17, 701.49, and 736.17 are from dinickel species

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

Table 3 Magnetic parameters for 1-3

%T (emu K mol ™) py = /8%xT/2 (ug per Niion) J(K) g p (%)

1 1.8 2.7 —143 23 1
2 24 3.1 —42 2.3 0
3 2.4 3.1 —-12 2.2 5

Table 4 The kinetic parameters of the phenoxazinone-synthase-like
activities of 1-3

Vmax (M Sil) kcat (hil)

(7.57 £0.99) x 10> 12.30
(5.92 +£0.38) x 10°  16.70
(6.68 + 0.61) x 10~ 4.32

Catalyst Ky (M)

1 (3.41 + 0.24) x 108
2 (4.64 £ 0.15) x 107°
3 (1.19 4+ 0.06) x 10°®

with the compositions [Ni,y(L)(NCS)(MeOH)]", [NaNi,(L)(OH)-
(MeO)(MeOH)]", [Ni,(L)(NCS),]" or [NaNi,(L)(NCS)(OH)(OH,)]",
[NaNi,(HL)(NCS),]", and [NaNi,(HL)(NCS)(OH)(OH,)]", respec-
tively, and these assignments are well supported by the isotopic
distribution patterns. A mononuclear Ni species is also found
at m/z = 562.27, which is matched with a monocationic species
with the composition [Ni(HL)(NCS),]". Interestingly, when mass
spectra were recorded in the presence of excess OAPH, most of
the peaks relating to the complex itself disappeared. The new
major peaks are again well assignable, and these are either
substrate-, product-, or intermediate-related species. The peak
at m/z = 213.06 is consistent with a protonated species of the
product 2-aminophenoxazin-3-one (calculated m/z = 213.07).
The peak at m/z = 215.08 is quite interesting as it matched
with a protonated species of an important reactive inter-
mediate, II-B (calculated m/z = 215.09), generated during the
course of the oxidative coupling of o-aminophenol in the
penultimate step of the formation of 2-aminophenoxazin-3-
one, as depicted in Scheme 2. The peaks at m/z values of
950.96, 964.95, 982.99, and 1028.00 are the most important
peaks, as their peak-to-peak separation values and isotopic
distribution patterns match with those of complex-substrate
intermediate species with the compositions [NaNi,(L)(OH)(OAP),-
(NCS),(H,0)]", [NaNi,(L)(OH)(OAP),(NCS),(MeOH)], [NaNi,(L)-
(OH)(OAP),(NCS),(H,0)(MeOH)]", and [Na,Ni,(L)(OH)(OAP),(NCS),
(H,0),]", respectively. The peak at m/z = 514.50 is a dicationic

New J. Chem., 2021, 45, 7602-7613 | 7609
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species, as suggested by the peak-to-peak separation of 0.5 and,
therefore, this dicationic species is a conjugate acid of the mono-
cationic species found at m/z = 1028.00.

Therefore, mass spectrometry together with rate saturation
kinetics studies disclose that the coordination of the substrates
to the metal centres is the key step in the catalytic cycle, as
depicted in Scheme 2. The catalytic cycle starts with the
formation of a complex-substrate adduct in which two thio-
cyanate ions and two OAPH molecules are bonded to the metal
centres, as suggested by the mass spectrometry results where

7610 | New J Chem., 2021, 45, 7602-7613

all the complex-substrate intermediate species consist of two
thiocyanate ions and two OAPH molecules. Thereafter, intra-
molecular electron transfer occurs from the substrate to the
complex. In order to better understand the electron transfer
process, we have recorded the X-band EPR spectra at 77 K of
complex 2 both in the presence and absence of the substrate.
As usual, the compound itself is found to be EPR silent. But
when excess OAPH (20 equivalents) was added to the complex,
an isotropic signal at g = 2.008 appeared, indicating the gene-
ration of an organic free radical during the course of this

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 7 The X-band EPR spectrum of complex 2 in the presence of excess
OAPH.

reaction (Fig. 7). Therefore, the EPR study excludes the possible
redox-based participation of the metal centre in an electron-
transfer process, leaving ligand-centred base-reduction to be
involved in the formation of the imine radical anion inter-
mediate with the concomitant oxidation of OAPH to an OAP
radical. The present results are consistent with most previously
reported Ni(u) complexes with Schiff base ligands, showing
catechol-oxidase-like activity where the Schiff base undergoes
a one-electron reduction during the catalytic cycle.>® The
slightly higher reactivity of 2 over 1 could be due to the overall
positive charge of the ligand (H,L") in 2 compared to the
negative charge of the ligand (L) in 1, favouring the reduction
of the imine bond towards the formation of the imine radical
anion intermediate in the case of 2. The OAP radical is there-
after converted to o-benzoquinone monoamine (BQMI) in many
ways, including the disproportionation of the OAP radical itself,
finally producing 2-aminophenoxazin-3-one through multiple
steps, as shown in Scheme 2. However, H,O, generated in the
catalytic cycle was not detected, as it is probably utilised in the
non-catalytic pathway for the production of 2-aminophenoxazin-3-
one from o-benzoquinone monoamine, which requires a couple
of oxidative dehydrogenation steps, as depicted in Scheme 2.

Conclusions

In conclusion, three dinickel() complexes, namely [Ni,(p-L)(p-
OH)](ClO,), (1), [Ni,(p-H,L)(n-OH)(NCS);](NCS) (2), and [Ni(p-
HL)(p-OBz)(n-H,0)(0Bz)](ClO,),-2.5H,0 (3) (where HOBz =
benzoic acid), have been synthesized with an end-off compart-
mental ligand (HL) derived from the Schiff base condensation
of 2,6-diformyl-4-methylphenol and N,N-dimethyldipropylene-
triamine in methanol. X-Ray crystallography studies reveal that
both 1 and 2 are phenoxo- and hydroxo-bridged compounds,
while complex 3 is a unique triple aqua-, phenoxo-, and
carboxylato-bridged dinickel(n) complex. Although similar brid-
ging patterns to that found in 3 are known in the literature, the
combination of aqua, carboxylate and phenoxo bridges could be a
new addition to the field of dinickel(n) coordination chemistry.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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The synthesized complexes display weak to moderate antiferro-
magnetic coupling between the Ni(u) centres within the dimeric
units, with J values spanning the range of —12 to —143 K, and
magneto-structural correlation has been investigated to gain
insight into the exchange pathway. All these complexes exhibit
moderate catalytic activity in comparison to phenoxazinone
synthase and the extent of the catalytic reactivity has been further
explored, with substitutionally labile sites and/or vacant sites at
the metal centres being responsible for the higher reactivities
of 1 and 2. Mass spectrometry analysis further supports the
idea of complex-substrate adduct formation and EPR spectro-
scopy indicates the possible involvement of ligand-centre-based
reduction in the catalytic cycle; altogether, these studies pro-
vide mechanistic insight into the catalytic activity. Although a
number of examples of Ni(u)-based efficient models for other
metallo-oxidases, such as catechol oxidase, are available, the
present modelling of Ni(u) complexes in relation to phenox-
azinone synthase activity could be an important addition to the
field of biorelevant catalytic activity.
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B Nickel(ll) Clusters

@ Syntheses, Structures and Magnetic Properties of
Ferromagnetically/Antiferromagnetically Coupled Penta- and
Hexanuclear Azido-Bridged Nickel(ll) Coordination Compounds

Anangamohan Panja,*®P! Sarmistha Adak,®®! Paula Brandao,*!” Lubor DIhan, and

Roman Boca*!€l

Abstract: The use of the Schiff base ligand (HL) derived from
2,6-diformyl-4-methylphenol and N,N-dimethyldipropylene-
triamine in nickel(ll) coordination chemistry has been investi-
gated and two pentanuclear [Nis(H,L)2(11,1-N3)4(N3)2(p3-OH)»-
(H20)21(NO3)4:6H,0 (1), [Nis(L)2(q,3-OAC)2(H1,1-N3)4 (u3-OH),1
12H,0-2CH3;0H (2) and one hexanuclear [Ni(HLh(py,1-N3)s-
(17,7N3)5(N3)s (U3 -OH), (H,0),](CIO,) »4H,0 (3) clusters were iso-
lated under mild conditions. In these complexes, the nature of
the anion and stoichiometry of the reactants seem to play im-
portant roles in directing the formation of the metal clusters.
\lheir X-ray characterization shows that the Nig cluster can be

considered to be built from two triangular [Ni;(u-phenoxido)-
(M3-OH)(u-N3),] subunits with bis(u,; 5-N3) connectors, while
bowtie-shaped Nis clusters are formed by sharing a common
vertex. Variable temperature magnetic properties of the penta-
and the hexanuclear nickel(ll) spin coupled clusters have been
investigated and interpreted. According to the present results,
although the core structures of triangular Ni; units are identical
in these systems, the introduction of different bridges bring
overall diverse magnetic interaction (antiferromagnetic to ferro-
magnetic) in these nickel(ll) clusters.

_/

Introduction

The last few decades witnessed rapid development of poly-
nuclear coordination clusters with spin-coupled paramagnetic
transition metal ions not only because of understanding of their
fundamental magnetic phenomena but also for their potential
applications as single-molecule magnets (SMMs)!'-*and single-
chain magnets (SCMs),['-" and in magnetic refrigeration and
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quantum computing and nanotechnological devices.!">'® A ra-
tional approach to synthesize discrete exchange-coupled transi-
tion metal clusters depends on the synthetic strategy that in-
volves the use of transition metal ions, multidentate blocking
ligands in conjunction with the flexidentate bridging ligands
to propagate specific magnetic interactions between the metal
centers. In majority, the doubly or triply bridging anions like
N;~, NCS~, N(CN),~, CN~, G H;0,7, CgHsO™ and OH™ are used for
the construction of magnetically interesting coordination clus-
ters.'”! The sign and magnitude of the magnetic exchange in-
teractions between the metal centers in coordination clusters
depend on a number of factors; the most important of these
are the type of bridging ligands and bridge angles. Among all,
azido and hydroxo (phenoxido and alkoxido) bridges are the
most versatile mediators of magnetic exchange interactions
between paramagnetic ions due to their diverse coordination
ability.'® In most of the reported complexes, azido bridges
propagate antiferromagnetic (end-to-end, y, 3 bridges) or ferro-
magnetic interactions (end-on, Y, bridges) depending upon
the nature of the bridges.['

New ligands could provide us the opportunity to attain new
structural types and spin topologies. Schiff-base ligands have
been extensively used as blocking ligands in developing mag-
netically interesting compounds mainly because of their syn-
thetic simplicity and tremendous structural diversities. The
choice of ligands is always a major issue in the development
of new synthetic routes to produce such type of coordination
clusters?? Phenol-based dinucleating Schiff base ligands are
needed to be special mentioned as they are capable to bind
simultaneously two metal ions,?" leading to the formation of

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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M,L type complexes in absence of any bridging ligand. Intro-
duction of secondary bridging units, such as HO~ and N3, may
result in assembly of the transition metal coordination clusters
from two or more M,L units!?? Such clusters display a variety \
of topologies, such as, tetrahedron,?3! cubane* open dicu-
bane,!?’! fused defective open dicubane,?® pentanuclear ver-

N OH N
tex-shared double cubane,?”! and stepped cubane.®! We re- ( ]

cently initiated a project towards development of coordination NH HN

chemistry with Schiff bases derived from a triamine, N,N-di- b <’)
methyldipropylenetriamine, in which the diverse coordination N\ /N
adaptabilities of the triamine part of the ligands were ob-

served.”?! We speculated that the dinucleating Schiff base li- HL

qarwds derived from this triamine v'v?uld provi(?le enough flexi- Scheme 1. Schiff base HL employed in the present study.
bility to self-assembly of the transition metal ions when react
with additional bridging ligands to afford high nuclearity transi-
tion metal clusters. With this aim, a new dinucleating Schiff
base ligand (HL, Scheme 1) was synthesized in situ by the con-

densation reaction of 2,6-diformyl-4-methylphenol (DFMP) and
N,N-dimethyldipropylenetriamine, which thereafter yielded

Results and Discussion

Syntheses and IR Spectra

In the search for ligands that can induce new structural features

two pentanuclear and one hexanuclear Ni' coordination com-
pounds when reacted with Ni" salts in presence of azide
ions. Herein, we report the syntheses of three new
complexes, [Nis (HL)>(11,1-N3)a(N 3)2(13-OH) (H;0) 21(NO3 4-6H,0
(1), [Nis(L): (k,3-OAC)(11,1-N3) 4(1 OH) 5]+ 12H,0-2CH;0H  (2)
and [NigHL) o(p1,1-N3 )a(phr 3-N3) AN 3)4(p3-OH), (H20),1(ClO,),-
4H,0 (3), derived from multidentate dinucleating Schiff base
ligand (HL). The crystal structures and magnetic properties of
the complexes were further investigated and discussed.

and capable of synthesizing high nuclearity clusters, a Schiff
base ligand (HL) with a high degree of conformational flexibility
was prepared in situ by the reaction of 2,6-diformyl-4-methyl-
phenol (DFMP) and N,N-dimethyldipropylenetriamine in 1:2
molar ratio in methanol under refluxing conditions (Scheme 1).
This in situ generated Schiff base ligand was thereafter allowed
to react with different nickel(ll) salts and sodium azide in varied
stoichiometry and in presence of triethylamine base to obtain
diverse high nuclearity nickel(ll) clusters. One-pot four-compo-

Dr. Anangamohan Panja is an associate Professor at Gokhale Memorial Girls' College and was formerly an assistant Professor at Panskura
Banamali College. He studied chemistry at the University of Calcutta, India, and obtained his Ph. D. degree (2003) from Jadavpur University, India.
His post-doctoral studies were undertaken at Wichita State University, USA (2004-2006) and Université de Bordeaux, France (2009-2010) with
Erasmus Mundus postdoctoral fellowships. He also worked at Nara Institute of Science and Technology, Japan, with a Japan Society for the
Promotion of Science (JSPS) invitation fellowship (2010-2011). His main research activities concentrate on the synthesis of transition and inner-
transition coordination compounds for exploration of biorelevant catalytic activity and magnetic properties.

Sarmistha Adak received her B. Sc. degree in Chemistry from Vidyasagar University, India, in 2010. She obtained her M. Sc. in Chemistry from the
same university in 2012. After that she joined the group of Dr. Panja for pursuing her Ph. D. work and enrolled at Jadavpur University, India, for a
degree. Her research work is primarily focused on the synthesis of di- and polynuclear complexes of transition metals for magnetic studies.

Paula Branddo graduated in Biological Engineering from the University of Minho in 1993 and completed a Ph. D. degree in Inorganic Chemistry
at the University of Aveiro in 1999. Currently Paula is responsible for the single-crystal X-ray diffraction laboratory, its maintenance, as well as the
training of new users, contributing to the knowledge of the students not only to handle the single-crystal X-ray machine but also in solving
structures using different methodologies. Simultaneously to the research on crystallography, she is working in the design, synthesis and characteriza-
tion of polynuclear Cu and Fe complexes with different bio-ligands (DNA bases, Vitamin B; and Vitamin B,), and polypyridyl ligands as alternative
anti-tumoral drugs, including their cytotoxicity and DNA studies; bio-metal-organic frameworks as potential delivery vehicles for therapeutic nitric
oxide; multinuclear transition metal compounds with important magnetic properties.

Dr. Lubor Dlhari works at the Faculty of Chemical and Food Technology STU in Bratislava, Slovakia. He graduated in 1975, got RNDr. in 1981,
PhD in 2003. His scientific career was connected with Magnetic and electric properties of polymer compounds: The influence of thermal activation
on polarons interactions and magnetic, electric properties. He later switched to the magnetochemistry of coordination compounds: zero-field
splitting systems, spin crossover systems, clusters with high spin states, molecule-based magnets. He has published more than 60 papers.

Professor Dr. Roman Boca is affiliated with the University of SS Cyril and Methodius in Trnava, Slovakia. He graduated in 1973, got PhD in 1977,
DrSc (Doctor of Science) in 1987 and full Professor in Chemistry in 1993. His earlier carrier was connected with development and applications of
quantum-chemical methods for coordination compounds (PCILO2 and PCILO3, quasirelativistic CNDO and INDO, relativistic CNDO). More recently
he switched to theoretical and experimental magnetochemistry. He has published over 300 papers and 13 books, e.g. Theoretical Foundations of
Molecular Magnetism, Elsevier 1999, and A Handbook of Magnetochemical Formulae, Elsevier, 2012. Presently, he is leading a group dealing with
slow magnetic relaxation in metal complexes.

Eur. J. Inorg. Chem. 2020, 2362-2371 www.eurjic.org 2363 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1202/80/111 78 [$£000020T 913/2001°01/4Pd3/10P/ - 600°8T1°091 €01 - 22USLOS JO AMnsu [euoneN] Aq pajuL]



Chemistry
Europe

Eurapean Chernical
Socleties Publishing

Full Paper

Eur]JIC . "
doi.org/10.1002/ejic.202000045

European Journal of Inorganic Chemistry

nent reaction of Ni(NO3,-6H,0 with HL and NaNs in MeOH in
the presence of triethylamine base in 2:1:4 stoichiometry af-
forded a green solution which gave crystalline compound
[Ni5(H; L)A11,1-N3) 4(N3),(15-OH) ,(H,0),1(NO3),,-6H,0 (1). Similar
reaction when carried out using Ni(CH;CO,)»4H,0 instead
of Ni(NO3),*6H,0, [Ni(L),(1y 3-OAC) (H,1-N3) 4(11 3-OH) ]+ 12H,0-
2CH;0H (2) was isolated in crystalline form. Although the struc-
tures of both 1 and 2 are very similar, the distinct role of coun-
terions is noticed. The weaker coordinating nitrate ions involve
in balancing the charge of the complex cation in 1, while better
coordinating acetato ligand bridges nickel(ll) centers in 2, lead-
ing to the formation of an electroneutral complex. The stoichio-
metric ratio of the reactants also played crucial role in the com-
plex formation, such as when the similar reaction is carried out
using Ni(ClO,4)26H 50, HL and NaNs in MeOH in the presence of
triethylamine base in 3:1:6 molar ratio, it resulted only isolable
product [NigHL) 5(1y 1-N3)4(Hy 3-N3) AN 3)4(H5-OH), (H20),1(ClO,),
4H,0 (3) in reasonable yield. The presence of counterion in the
crystal structure of 3 suggests that, in addition to the stoichio-
metry of the reactants, use of perchlorate salt seems to have
significant role in the formation this complex.

Compound 2 is an electroneutral complex, while both 1 and
3 are ionic compounds having NOs;~ and ClO4 as counter an-
ions, respectively, to balance the charge of complex cations.
The characteristic stretching band of nitrate ion at 1384 cm™'
in the IR spectrum of 1 is consistent with the above fact. Simi-
larly, the stretching and bending vibrations of CIO,™ ion at 1076
and 621 cm~, respectively, in the IR spectrum of 3, ensure the
presence of ClO,4 ions in the crystal lattices. 3% The stretching
vibrations of the azomethine (C=N) bonds of the Schiff base are
located in the range 1627-1643 cm~"in the IR spectra of 1 and
3. However, the stretching vibration of the azomethine bond
together with the acetate ion is appeared at 1644 cm™'in 2.
The IR spectrum of 1 exhibits a bifurcated strong and sharp
band at 2051 and 2070 cm™', characteristic of the asymmetric
stretching vibration of the azido ligands. The bifurcation of the
band is indicative of the presence of at least two different kinds
of azido ligands, consistent with the structural characterization
of 1. Similar bifurcation of the asymmetric stretching vibration
of the azido ligands at 2053 and 2072 cm™' was also observed
in the IR spectrum of complex 3. Unlike 1 and 3, the IR spec-
trum of complex 2 is composed of a single strong and sharp
asymmetric stretching vibration of the azido ligands at
2061 cm™', indicating the presence of only one type of azido
ligand in this complex.

Description of Crystal Structures

The solid-state molecular structures of compounds 1-3 were
established by single-crystal X-ray diffraction analyses and the
perspective views the crystal structures of complexes 1-3 along
with partial atom numbering scheme are displayed in Figure 1,
Figure 2, and Figure 3, respectively. Selected bond lengths and
bond angles around the metal coordination spheres in 1-3 are
given in Table 1, Table S1 and Table 2, respectively. X-ray diffrac-
tion study reveals that compound 1 crystallizes in the mono-
clinic space group P2,/c, while complex 2 crystallizes in the

Eur. J. Inorg. Chem. 2020, 2362-2371
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triclinic space group P1. As the structures of both 1 and 2 are
very similar, only the structure of the representative compound
1 has been described in detail. The asymmetric unit of 1 is
comprised with a trinuclear Ni' cationic part, two nitrate ions
and three lattice water molecules in which all atoms are in full
occupancy except Ni1 that resides on an inversion center with
half occupancy. The symmetry operation through a crystallo-
graphic inversion center produces a full set of the
centrosymmetric compound  [Nis (H,L)2(11,1-N3)4 (N3 ) (p3-OH) »-
(H20)21(NO3) #6H,0 (1). Structural analysis discloses that the

Figure 1. (a) Crystal structure of 1 with partial atom numbering scheme.
Primed and unprimed atoms are related by the crystallographic inversion
center. Ellipsoids are drawn at the 30 % probability level. H atoms, NO5~ ions
and solvent molecules are omitted for clarity. (b) Skeletal representation of
the Nis core structure displaying magnetic coupling scheme.

Figure 2. Crystal structure of 2 with partial atom numbering scheme. Primed
and unprimed atoms are related by the crystallographic inversion center. El-
lipsoids are drawn at the 30 % probability level. H atoms and solvent mol-
ecules are omitted for clarity.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Crystal structure of 3 with partial atom numbering scheme.
Primed and unprimed atoms are related to the crystallographic inversion cen-
ter. Ellipsoids are drawn at the 30 % probability level. H atoms, CIO,~ ions
and solvent molecules are omitted for clarity. (b) Skeletal representation of
core structure displaying magnetic coupling scheme.

Table 1. Selected bond lengths [A] and angles [deg] for complex 1.

Distances

Ni1-01 2.062(2) Ni1-N10 2.126(3)
Ni1-N7 2.160(3) Ni2-N1 2.037(4)
Ni2-02 2.063(3) Ni2-01 2.086(3)
Ni2-N2 2.117(3) Ni2-N13 2.120(3)
Ni3-N4 2.025(3) Ni3-02 2.051(3)
Ni3-01 2.071(2) Ni3-03 2.095(3)
Ni3-N5 2.106(3) Ni3-N10 2.160(3)
Angles

O1-Ni1-N10 82.88(10) O1-Ni1-N7 81.59(11)
N10-Ni1-N7 87.54(12) 02-Ni2-01 79.46(10)
N1-Ni2-N2 96.59(14) 0O1-Ni2-N7 79.97(10)
02-Ni3-01 80.11(10) O1-Ni3-N10 81.84(10)
N4-Ni3-N5 97.25(13) 02-Ni3-N10 91.70(11)
Ni1-O1-Ni2 102.44(11) Ni1-N7-Ni2 95.60(12)
Ni1-O1-Ni3 99.95(10) Ni1-N10-Ni3 95.19(12)
Ni3-0O1-Ni2 98.90(11) Ni3-02-Ni2 100.31(11)

The core topology of five Ni'" atoms can be best described
as a symmetric bowtie in which two reverse triangles (Ni1-Ni2-

Eur. J. Inorg. Chem. 2020, 2362-2371
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complex cation is composed of five Ni" ions held together by  Table 2. Selected bond lengths [A] and angles [deg] for complex 3.

two doubly bridging phenoxido groups (u-02 and its symmetry 5o

equivalent) from Schiff base ligands, two triply bridging hydrox-

ido groups (p5-O1 and its symmetry equivalent), four end-on Ni2=NT 20093) Ni2-01 20616)
Ni2-02 2.074(3) Ni2-N13 2.108(4)

(EO) doubly bridging N5~ ions (N7, N10 and their symmetry  Nio_n2 2.150(4) Ni2-N7 2219(3)

equivalents). Peripheral ligation is provided by eight nitrogen  Ni3-N4 2.036(4) Ni3-02 2.057(3)

atoms from two Schiff base ligand H,L (N1, N2, N4 and N5 Ni3-O1 2.092(3) Ni3-03 2.113(3)

and their symmetry equivalents), two azido ligands (N13 and its Eﬁ:mg ;-;;28; m:?:gi i;g;g;

symmetry equivalent) and aqua ligands (O3 and its symmetry  \ii1_n10 2:068(3) NiT-N19 2:096(4)

equivalent). Four non-coordinating NOz™ ions are present in the  Ni1-N21 2.097(3)# Ni1-N7 2.145(3)

molecular structures along with six lattice water molecules. Angles

Therefore, the protonation of the tertiary amine-N atoms of the - -

Schiff base ligands is required to balance the charge of the 81:%:&0 g;:g?gﬁ; 211?,_\::12”__,\:\7‘7 :;:i?ﬂ?;

system. N1-Ni2-N2 95.71(15) 02-Ni2-N7 86.38(12)
01-Ni2-02 78.88(11) 02-Ni3-01 78.57(11)
02-Ni3-N10 90.39(11) N4-Ni3-N5 97.11(14)
01-Ni3-N10 80.77(12) Ni2-O1-Ni1 102.20(12)
Ni2-O1-Ni3 100.37(11) Ni1-O1-Ni3 98.64(12)
Ni3-02-Ni2 101.13(11) Ni1-N7-Ni2 94.81(12)
Ni1-N10-Ni3 97.81(13)

# Symmetry code: -x, 1 -y, -z

Ni3 and Ni1-Ni2’-Ni3’) share a common vertex Ni1.B1-331A| Nj"
centers reside on a same plane which is because of the pres-
ence of a crystallographic inversion center located at middle
Ni1 atom. Each triangle is best described as nearly isosceles
with Ni-Ni separations of 3.159 and 3.165 A and 3.233 A. Each
of the four end-on doubly bridging N5~ bridges the central Ni"
ion and one peripheral Ni" ion in asymmetric fashion, while
triply bridging p3-HO™ groups almost symmetrically links the
central Ni' atom with the two peripheral metal ions on either
side of the complex cation (see Table 1 and Figure 1). The pe-
ripheral metal ions are further connected by the doubly bridg-
ing phenoxido groups from the Schiff base ligands. Therefore,
the formation of Nis-cluster can be viewed as an aggregation
of two dinuclear [Niy(p-H,L)(N3)(H,0)] fragments with an addi-
tional Ni'ion from Ni(NO 3 »6H,0 salt supported by the exoge-
nous azido and hydroxido bridges. Further inspection of the
crystal structure reveals that the three-dimensional arrange-
ment of the [Nis(u-N3)4(pu-OH),(u-phenoxido),] core has the
shape of a defective vertex-shared (Ni1) dicubane where one
vertex is missing from each cubane. The bond angles in the
defective dicubane vary in the range 79.46 to 102.44°. In addi-
tion to the bridging atoms in [Nis(p-N3)4(u-OH),(u-phenoxido),]
core structure, Ni2 and Ni3 centers are further bonded with two
N-donor atoms from either arm of the Schiff base along with a
terminal azido and an aqua ligands, respectively. Same thing
is also applicable for their symmetry equivalents. Overall, the
coordination environments of Ni1 and Ni2 are comprised with
N4O, donor sets, while it is N3O; for Ni3 center. Thus, all of the
Ni" atoms are six-coordinated with slightly distorted octahedral
geometry in which the Ni-O and Ni-N bond lengths span in
the range 2.025(3) to 2.160(3) A (see Table 1).

The  structure  of  [Nis(L)y(H;3-OAC) (1 1 -N3) 4(u3-OH),J-
12H,0-2CH50H (2) is very similar to that of 1, with the essential
differences being the replacement of the terminal azido and
aqua ligands bonded to Ni2 and Ni3, respectively, by the bridg-

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ing acetato group (Figure 2). The Ni2--Ni3 distance in 2 is found
somewhat shorter (2.975 A) than that in 1 (3.159 A) because of
the presence of this additional bridging acetato ligand. As a
further consequence, the phenoxido- and hydroxido-bridging
angles are also reduced significantly (92.92° and 93.98°, respec-
tively) in comparison to 100.31° and 98.91°, respectively, that
found in 1. Moreover, the neutral complex molecule crystallizes
with twelve water and two disordered methanol molecules in
the crystal lattices in 2. The electroneutrality of the complex
molecule ensures that the non-coordinated tertiary amine-N at-
oms are not protonated in 2 but they remain protonated in 1
that resulted different hydrogen bonding patterns in the solid-
state structures of these compounds. Whereas the tertiary
amine nitrogen atoms in the Schiff base ligand are protonated
in 1, thereby participating in strong hydrogen bonding interac-
tion with the oxygen atoms of the nitrate counterions with
N--O distances of 2.802 and 2.885 A. The tertiary amine nitro-
gen in 2 is on the other hand not protonated, which is involved
in strong hydrogen bonding interactions as an acceptor with
the lattice water molecules with N--O distances of 2.748 and
2.851 A. Additionally, a large numbers of solvent molecules
present in the crystal lattices stabilize the solid-state structures
of 1 and 2 by the participation of moderate to strong hydrogen
bonding interactions as shown in Figures S1 and S2, respec-
tively.

Complex [Nig(HaL)2(11,1-N3)a(p 3-N3)2(N3)4(p 3-OH), (H,0), 1-
(Cl0Oy) 2+4H,0 (3) crystallizes in the monoclinic space group P2,/
n in which the crystallographic asymmetric unit is built up by
a trinuclear Ni'" fragment with triangular arrangements of the
metal centers with Ni-Ni separations of 3.155, 3.190 and
3.213 A, one perchlorate ion and two lattice water molecules
(Figure 3). The symmetry operation through an inversion center
generates the full set of 3 in which Ni1 atom and its symmetry
equivalent Ni1” center are connected by doubly bridging end-
to-end azido (y,5-N5) ligands and the inversion center is lo-
cated at the midpoint of the central [Ni,(,; 3-N3),] core, made
up with Ni1, Ni1” and doubly bridging end-to-end azido ligands.
Interestingly, the core structure of the Ni" triangle in 3 is identi-
cal as that found in 1 where triply bridging hydroxido group
(u5-O1) connects the metal centers in association with a doubly
bridging phenoxido group (u-O2) to connect the peripheral
metal centers and four end-on (EO) doubly bridging N5~ ions
to connect Ni1l either with Ni2 or Ni3. Metric parameters inside
the triangular unit in 3 are very similar to those found in 1
without significant differences (see Table 2). Now if we consider
all the bridging phenoxido-O, hydroxido-O and azido-N atoms
together with three Ni centers, it results a defective cubane
with a missing vertex, identical to that found in 1. Whereas in
1, a defective dicubane is formed by sharing a vertex (Ni1) of
symmetry related two defective cubanes, the two defective
cubes on the other hand in 3 are connected to each other by
Ni1 and its symmetry equivalent Ni1” through doubly p;3-N3~
bridges with Ni1-Ni1” distance of 5.174 A. In addition to bridg-
ing donor atoms constituting the core structure, Ni1 center is
bonded with a terminal azido ligand, while Ni2 and Ni3 are
bonded with two nitrogen donor atoms from either arm of the
Schiff base ligands and a terminal azido ligand to Ni2 and an
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aqua ligand to Ni3 atom. Overall, the coordination environ-
ments around the metal centers are NsO, N,O2 and N;O; for
Ni1, Ni2 and Ni3 atoms, respectively. Thus, all of the Ni" atoms
are six-coordinated with slightly distorted octahedral geometry
in which the Ni-O and Ni-N bond lengths are comparable to
that found in 1 and 2 and to the reported compounds having
closely related structures3'-33

A large number of pentanuclear Ni' coordination clusters
with different topological structures, such as linear, cross-like,
trigonal bipyramidal-like, ring-like, bowtie-like and pentagonal-
like motifs, are reported in the literature.>?! Among them bow-
tie/twisted bowtie is the most popular motif in Nis coordination
chemistry. Notably, only seven azido-bridged Nis clusters have
been structurally characterized with bowtie/twisted bowtie to-
pology.B3! Interestingly, the present core structure is unique in
that, although several azido-bound Ni-clusters have been re-
ported in the literature, the core found in 1 has not been ob-
served either in discrete Nis-clusters or as a recognizable sub-
fragment of high-nuclearity Ni'-clusters.[?”33] Therefore, com-
plexes 1 and 2 are important addition to the growing family of
Nis-cluster with bowtie-like topology. The hexanuclear azido-
based nickel(ll) clusters reported in the literature mostly belong
to a motif featuring four fused defective cubanes.l?®34 Some
cyclic or hexagonal topological displacements were also ob-
served in Nig clustersB! However, the topology found in 3 is
closely related to a Nigcluster reported recently where two Nis
triangles are connected by a singly p-1,5-bridged dicyanamide
ion.13®! The solid-state structure of 3 is stabilized by means of
strong hydrogen bonding interactions. As the tertiary amine-N
atoms of the Schiff base ligand are protonated to balance the
charge of the system, they participate in strong hydrogen
bonding interactions as hydrogen-bond acceptors. Interestingly,
one tertiary amine-N atom forms the intramolecular hydrogen
bond with a coordinated azido ligand with NN distance of
2.951 A, while other tertiary amine-N atom from other arm of
the Schiff base constitutes the intermolecular hydrogen bond
with a lattice water molecule (N0, 2.740 A), which simultane-
ously participates in the hydrogen bonding interactions with a
perchlorate counterion (0-+Q, 2.904 A) and a coordinated azido
ligand (O-N, 2.666 A) from the neighboring complex cation.
Several other hydrogen bonding interactions as shown in Fig-
ure S3 are responsible for overall stability of 3 in the solid state.

Magnetic Data

The effective magnetic moment for 1 at T = 300 K adopts a
value of pess = 7.25 pg (Figure 4). This matches five s = 1 uncou-
pled spins, for which the theoretical value is /U =
gl5s(s + 1)]/2 = 7.27 (typical g = 2.3). There is a slight increase
of the effective magnetic moment on cooling that can be
caused either by some uncompensated temperature-independ-
ent magnetism yqy or an exchange coupling of the ferromag-
netic nature (J; > 0). Below 40 K a marked drop of the u.¢
value is registered due to either the exchange interaction of an
antiferromagnetic nature (J, < 0) prevailing in this temperature
range, or the zero-field splitting (D) typical for the Ni" centers.
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Figure 4. Magnetic functions for 1. Left: temperature evolution of the effec-
tive magnetic moment (inset: temperature dependence of the molar mag-
netic susceptibility). Right: reduced magnetization (inset: the first derivative
at T = 2.0 K). Solid lines: fitted.

The magnetization per formula unit is temperature little de-
pendent and it does not show features of the saturation: it
adopts a value of My =49 at B=7.0 T and To= 2.0 K. Theoreti-
cal saturation limit for five uncoupled S = 1 spins is M; = 5g =
11.5. A considerable reduction is probably due to the intra com-
plex exchange coupling of an antiferromagnetic nature. More-
over, the first derivative of the magnetization is not a smooth
curve (Figure 4 - inset) pointing to the interplay of the antifer-
romagnetic and ferromagnetic portions of the exchange inter-
actions.

The magnetic data was analyzed by assuming the following
form of the isotropic spin Hamiltonian
H™ =—J(S,-8,)+(5,-S)n”

S, s . (N

IS, S0+ B gy (S, Oh

A=2 A=l
that involves the ferromagnetic interaction of the central Ni"
atom (1) with its neighbors J”, the antiferromagnetic interaction
between two distant pairs (2-3 and 4-5) J, along with the iso-
tropic Zeeman term. The corresponding interaction matrix of
the N = 3° = 243 size has been diagonalized and the field-
dependent energy levels inserted into the formulae of the sta-
tistical thermodynamics in order to get the magnetic suscepti-
bility and magnetization, respectively!3738 Both experimental
datasets have been processed simultaneously by minimizing
the common functional

e "
F=wt————+(1-w)(l/ m)3 (M — M) > min 2)

army i

with equal weights for the mean magnetic susceptibility and
squared Euclidean norm of the magnetization (w = 0.5); n and
m are the number of experimental points for the susceptibility
and magnetization, respectively. The optimization routine con-
verged to the following set of magnetic parameters: J”/hc =
+4.4(8) cm™, J'/hc = -10.8(9) cm~, and g = 2.31(9) with dis-
played standard deviations. Two additional corrections applied
to the magnetic susceptibility read: temperature-independent
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magnetism ytm = -15 X 102 m3 mol~" (Sl units) and molecular-
field correction (zj)/hc = 0.12 cm~. The discrepancy factors of
the fit are R(y) = 0.04 and R(M) = 0.09. Negative value of yrm
refers to the underlying diamagnetism.

The fit can eventually be improved by adding the anisotropic
zero-field splitting term

5 n -
H*® =H"+DY (8. -8,/3%7 (3

A=

However, in the present case the fitting procedure converged
to a negligible D-value, probably owing to a strong correlation
with the antiferromagnetic exchange coupling constant. Notice,
the applied model assumes uniform g-factors for peripheral and
central Ni" centers which, probably, causes that the fitted mag-
netization data are not perfect. In the other words, the capabili-
ties of the selected model are exhausted. A more serious prob-
lem arises from the fact that the model employed considers a
single exchange coupling constant between magnetic centers
despite the double (oxido-azido, and oxido-phenoxido) super-
exchange paths.

The ferromagnetic exchange coupling between centers 1-A
(A =2, 3, 4, 5) matches the end-on coordination mode of the
azido ligand. On the contrary, the antiferromagnetic coupling
of the peripheral pairs 2-3 and 4-5 is consistent with the p-O
bridge and obtuse angle Ni-O-Ni (99 and 100 deg).

Magnetic data for 2 reveal a considerable exchange interac-
tion of the ferromagnetic nature. The effective magnetic mo-
ment increases from its room-temperature value of .4 =
9.61 Ug tO Lesf = 11.7 Ug at T = 8.5 K and then it drops down
(Figure 5). The magnetic susceptibility on cooling is only in-
creasing and an eventual maximum is not registered. The mag-
netization per formula unit saturates to M; = 11.5at T=2.0K
and B=70T.

14
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Figure 5. Magnetic functions for 2. Left: temperature evolution of the effec-
tive magnetic moment (inset: temperature dependence of the molar mag-
netic susceptibility). Right: reduced magnetization (inset: the first derivative
at T= 2.0 K). Solid lines: fitted.

The data fitting with the help of the Hamiltonian (1) enlarged
to (3) gave J’/hc = +14.7 cm™, JS/hc = -1.6, g = 2.33(9),
D/hc = 3.0(8) cm™', and yrm = -17 x 102 m3mol ', (zj)/hc =
-0.007 cm~'; R(y) = 0.012 and R(M) = 0.016. There is a substan-
tial difference in the bond angles Ni-N;-Ni between 1 and 2;
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in 2 one of them is 93 deg that is very low and responsible for
the dominating ferromagnetic exchange. Negative value of ym
recovers the underlying diamagnetism.

The magnetic data for the hexanuclear complex 3 is dis-
played in Figure 6. The magnetic susceptibility on cooling is
only increasing and no maximum is registered. The effective
magnetic moment gradually decreases from its room-tempera-
ture value of pesr = 7.20 Pg 10 Hegr = 2.74 Y at T = 1.9 K. This
indicates a more effective exchange coupling of the antiferro-
magnetic nature when compared to 1. Also the magnetization
saturates to a lower value of M; = 1.20 at T = 2.0 K and
B =7.0 T. There are neither features of the remnant magnetiza-
tion nor of the slow magnetic relaxation. The fitting procedure
is based upon the isotropic spin Hamiltonian

!;r :-J(SI-N'[I . ‘S:Nil' h : =J7 (SN.: 'S:N..aJ + (S:N_"’ '-fw)lﬂ :
=J| (‘S:Nll ) sw.z)"’ (S:Nll ) 's:b-'u) +(‘§l\'|l' S‘{.:) +(.'§_\'.1' "S:Niy)ln : (4)

6.
+B pig ) (S, I
A=1

where J* and J” denote interactions within individual triangles
and J between edges of two triangles mediated by two p-1,3-
N3~ bridges. In such a case the interaction matrix of the total
size N = 3% = 729 is factored according to the total spin (S =0
through 6) to the blocks of the lower size: 15, 36, 40, 29, 15, 5,
and 1. This is a tremendous simplification that allows a fast
data-fitting when assuming uniform g-factors.l3® A continuous
decrease of the effective magnetic moment indicates the over-
all antiferromagnetic coupling. In such a case, however, the
magnetic susceptibility on cooling should pass through a maxi-
mum and then it turns to the zero. This effect is masked by a
minor fraction of the paramagnetic impurity xp, that often exists
in even-center complexes.

B=01T

Mol (N 15}

TIK (BIMITK")

Figure 6. Magnetic functions for 3. Left: temperature evolution of the effec-
tive magnetic moment (inset: temperature dependence of the molar mag-
netic susceptibility). Right: reduced magnetization (inset: the first derivative
at T = 2.0 K). Solid lines: fitted.

The fitting procedure yields the inter-triangle coupling con-
stant J/hc = =32 cm™', two times JS'/hc = -17 cm™!, four times
J’Ihec = =26 cm™, g = 2.38, 1 = -30 X 107 m>® mol™', zj/hc =
0.53 cm™', and X, = 0.03; R(y) = 0.026 and R(M) = 0.15. It can
be seen that the magnetic susceptibility is well recovered by
the present model which is not the case of the low-temperature
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magnetization. Large negative value of yu refers to the under-
lying diamagnetism.

Among the several structural parameters that can influence
the strength and sign of the magnetic exchange coupling con-
stant between the paramagnetic centers, the bridging angle is
largely considered the most crucial factor in determining the
net magnetic interaction. Two different types of exchange path-
ways between the Ni' ions are operative through double p-
phenoxido/ps-hydroxido and double ps-hydroxido/p;, -azido
bridges in complex 1. Experimental and theoretical magneto-
structural correlations carried out by different groups have
clearly shown that the magnetic coupling in hydroxido-, alkox-
ido- and phenoxido-bridged Ni(u-O),Ni complexes is expected
to be ferromagnetic when the Ni-O-Ni angles are close to 90°,
and a crossover from ferromagnetic to antiferromagnetic
exchange coupling corresponds to a Ni-O-Ni angle of about
96-98°.1401 The bridging angles of 98.90(11) and 100.31(11) are
nicely agree with the antiferromagnetic interaction between
the peripheral Ni'' centers in complex 1. As found in the most
of mixed p-phenoxido/u; r-azido bridges Ni" complexes, the
magnetic interaction in 1 through this mixed bridges is ob-
served to be ferromagnetic in nature."]

Again two different types of exchange pathways between
the Ni" ions are present in complex 2: (i) triple p-phenoxido/
pshydroxido/syn-syn acetato bridges (described by J), (i) dou-
ble pshydroxido/p ¢ 1-azido bridges (described by J”). The ferro-
magnetic coupling through the mixed p;-hydroxido/y;, -azido
bridges is found again usual. The Ni-O-Ni bridging angles of
p-phenoxido and p;-hydroxido bridges are significantly shorter
than that found in complex 1 and these angles are found to
be 93.37(7) and 92.92(7)°, respectively, which is because of the
presence of additional syn-syn p, s;-acetato bridge. It is well
known that the syn-syn carboxylate bridge mediates the anti-
ferromagnetic coupling between the paramagnetic metal cen-
ters.*? Therefore, whether the overall magnetic coupling would
be either ferromagnetic or antiferromagnetic that depends on
the Ni-O-Ni bridging angles. The Ni-O-Ni bridging angles of
93.37(7) and 92.92(7)° in 2 are more likely to transmit ferromag-
netic interaction between the Ni" centers as they fall well below
the crossover angles.*®! The observed almost zero coupling
constant value propagated through the triple p-phenoxido/
u shydroxido/syn-syn acetato bridged Ni" centers is most likely
due to orbital counter-complementary effects where the anti-
ferromagnetic coupling interaction between the Ni'" centers
mediated by the syn-syn y, ;-acetato bridge is counterbalanced
by the ferromagnetic interaction operating through p-phenox-
ido and ps-hydroxido bridges. 3!

In complex 3, the magnetic coupling proceeds through three
different bridges, namely (i) double p-phenoxido/p;-hydroxido
bridges (described by J), (i) double ps-hydroxido/u, -azido
bridges (described by J”) and (iii) double y, 3-azido bridges (de-
scribed by J). It is well studied that the y; 3-azido bridge propa-
gates antiferromagnetic interaction between the paramagnetic
interaction between the paramagnetic metal centers.!'93
Therefore, the negative value of the exchange coupling con-
stant value through this bridge is not unusual. Again, the mag-
netic coupling between the Ni' centers through p-phenoxido/
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pzhydroxido bridges with bridging angles 100.37(11) and
101.13(11)° is nicely agree with the antiferromagnetic in nature,
and somewhat larger Ni-O-Ni bridging angles in 3 compared
to 1 is responsible for higher magnitude of the coupling con-
stant value in 3. Although the sign of the coupling constant
through ps-hydroxido/p, ;-azido bridged Ni' centers is found
unusual in the present case, but the dominating antiferromag-
netic magnetic exchange interaction through p-phenoxido/
pzhydroxido bridges and double p, 3-azido bridges is consist-
ent with the overall antiferromagnetic nature in 3.

Conclusions

The present work extends the high nuclearity Ni'-cluster chem-
istry and emphasizes the ability of the Schiff base ligand (HL),
derived from 2,6-diformyl-4-methylphenol and N,N-dimethyldi-
propylenetriamine, to form interesting structural types. The use
of the Schiff base HL in Ni' chemistry has provided access to
two pentanuclear complexes (1 and 2) and a hexanuclear clus-
ter (3) under mild reaction conditions. It is also found that the
counter anions and the stoichiometric ratio of the reactants
played crucial role in the self-assembly processes, leading to
the diverse nuclearity in these systems. The X-ray structural
analyses reveal that the Nis or Nig clusters can be considered
to be built from the assembly of two triangular [Nis(p-phenox-
ido)(u3-OH)(u-N3 )] subunits in different manners. Whereas, two
bowtie-shaped Nis clusters (in 1 and 2) are formed by sharing
a common vertex (Ni1) of the triangular subunits, the Nigcluster
on the other hand can be considered to be built from two
triangular subunits by bis(u; 3-N3) connectors. X-ray crystallog-
raphy further shows that the tertiary amine nitrogen atoms re-
main either protonated or non-protonated to balance the
charge of the system, which not only influence the self-assem-
bly processes but participate in diverse hydrogen bonding pat-
tern to stabilize the solid-state structures of the resulting com-
plexes. Variable temperature magnetic properties of a penta-
and the hexanuclear nickel(ll) spin coupled clusters have been
investigated and the magnetic studies reveal overall dominat-
ing antiferromagnetic interactions in 1 and 3 as opposed to
2 where the ferromagnetic coupling prevails. The dominating
antiferromagnetic interaction between p-hydroxido- and
p-phenoxido-bridged Ni2 and Ni3 centers over the ferromag-
netic interaction between hetero p-hydroxido- and p; ;-N;™-
bridged Ni1 either with Ni2 or Ni3 is the governing factor in 1,
while the additional antiferromagnetic coupling between Ni1l
and Ni1” supported by bis(u;3-N37) bridges completely over-
shadowed the ferromagnetic coupling if any operating through
the hetero-bridges.

Experimental Section

Materials and Physical Measurements

2,6-diformyl-4-methylphenol (DFMP) was prepared according to lit-
erature reported method,** and N,N-dimethyldipropylenetriamine
was purchased from Aldrich. All other chemicals (metal salts and
solvents) were analytical or reagent grade and used without further
purification.
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Caution! Azido complexes of metal ions consisting of organic li-
gands are potentially explosive. Only small quantities of the com-
plexes should be prepared, and these should be handled with great
care.

Microanalyses were carried out with a PerkinElmer 240C elemental
analyzer. The infrared spectra of the samples as KBr pellets were
recorded in the range of 400-4000 cm~" on a PerkinElmer Spectrum
Two FTIR spectrophotometer.

Samples of the nominal mass about 20 mg have been encapsulated
into gelatine made containers and inserted into the SQUID magne-
tometer (MPMS-XL7, Quantum Design). At the external field
Bo= 0.1 T the magnetic data was taken between T = 1.9-300 K and
raw magnetic moment of the specimen has been converted into
the molar magnetic susceptibility, and displayed as the effective
magnetic moment g/ vs. T. The measured magnetic susceptibil-
ity was not corrected for the underlying diamagnetic susceptibility
because of high uncertainties and/or non-existence of the constitu-
tive Pascal constants in the present cases. The field scan between
B=0and 7T at low temperature (T, = 2.0 or 4.6 K) enables evaluat-
ing the molar magnetization that is expressed per formula unit and
bohr magneton, My = Mpo1/Nas VS. B.

Synthesis of Schiff Base Ligand HL

The ligand (HL) used in the present work was prepared by single
step Schiff base condensation method. Briefly, 1.0 mmol of
N,N-dimethyldipropylenetriamine (159 mg) and 0.5 mmol of 2,6-
diformyl-4-methylphenol (DFMP) (82 mg) were mixed in 20 mL of
methanol. The resulting solution was heated to reflux for ca. 1 h,
and cooled at room temperature. The dark orange methanol solu-
tion of HL was subsequently used for the synthesis of the following
complexes.

Synthesis of Ni' Compounds

[Nis(H2L)2(p1,1 -Ns)a (Ns )2(m3-OH)2(H0) 51(NOs) -6H, O (1):
Ni(NOs),:6H,0 (0.145 g, 0.50 mmol), dissolved in 20 mL of methanol
was added to a 20 mL of methanol solution of the Schiff-base li-
gand (0.25 mmol) dropwise with stirring, resulting in a green solu-
tion. A solution of sodium azide (NaNs) (1.0 mmol, 0.065 g) dis-
solved in minimum amount of methanol was added to the resulting
green solution dropwise over a period of 5 min with constant star-
ring. The reaction mixture (bright dark-green) was stirred under re-
flux for ca. 30 min, and it was filtered to remove if any minute
quantity of precipitate. The filtrate was kept undisturbed at ambient
temperature that afforded dark green crystals of 1 suitable for X-ray
diffraction within couple of days. The crystals of 1 were collected
by filtration and washed with methanol/ether and air dried. Yield:
0.31 g, 43.8%. Anal. calcd. for CgoH;1,N3NisO,,: C 32.21 %, H
6.06 %, N 25.56 %. Found: C 32.34 %, H 6.04 %, 24.46 %. Selected
FTIR bands (KBr, cm™): 1384 s (VNO5;7); 1627 s, 1643 s (vC=N); 2051
s, 2070 s(vN3).

[Nis(L) 2(pq,3-OAC) AM1,+-N3) 4(k3 -OH),1-12H, 0-2CH;OH  (2): Com-
pound 2 was synthesised following an identical procedure as that
described for 1 except the use of Ni(CHiCO,),-4H, O in place of
Ni(NOs3),:6H,0. Yield: 067 g, 43.8%. Anal. «calcd. for
GseH13oNoNisO,: C 3744%, H 7.09%, N 19.07 %. Found:
C 37.52 %, H 7.14 %, 18.96 %. Selected FTIR bands (KBr, cm™"): 1634
s, 1644 s (vC=N & vOAc"); 2061 s (VN;).

[Nig (Hy L)2(H1,1-N 3 4(p 1,3-N3)2(N3) 4(u3-OH)5(H0) 2 1(C104 ),-4H, O
1(3): Ni(ClO,)2:6H,0 (0.549 g, 1.5 mmol), and HL (0.5 mmol) were
mixed together in a 30 mL of methanol and were allowed to reflux
for about 30 min. To the resulting green solution 5 mL of methanol/
water (4:1. v/v) solution of NaN3 (0.185 mg, 3 mmol) was added
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Table 3. Crystallographic data and structural refinement parameters of 1-3.

1

2

3

Empirical formula
Formula weight [g mol™']

CsoH112N34NisO24
1867.28

Cs5H124N24Nis O 25
1767.32

CsoH104C1oN 4Nis Oig
200491

Crystal system Monoclinic Triclinic Monoclinic

Space group P2,/c PT P2./n

alAl 12.6955(7) 11.9859(9) 14.0521(2)

b [A] 22.6202(14) 12.9619(9) 15.2166(3)

clAl 14.2401(9) 15.3454(12) 20.1598(4)

aldeg] 90.00 93.929(3) 90.00

B [deg] 97.044(2) 97.194(3) 106.750(1)

vldeg] 90.00 116.601(3) 90.00

volume [A3] 4058.5(4) 2094.0(3) 4127.78(13)

Z 2 1 2

Dearc [g cm3] 1528 1.402 1.613

u [mm-1 1.229 1.182 1.493

F(000) 1964 938 2088

0 Range [deg] 2.220-29.203 2.074-27.171 1.576-26.442

Reflections collected 94041 35912 25465

Independent reflections (Riny) 10969 (0.0723) 9252 (0.0286) 8432 (0.0343)

Observed reflections [/ > 20(/)] 7414 7815 6155

Restraints/parameters 7/612 44/542 3/599

Goodness-of-fit on F2 1.069 1.051 1.034

Final R indices [/ > 20(/)] R, = 0.0524, R,=0.0390, R, = 0.0478,
WR, =0.1474 wR, =0.1116 wR,=0.1237

R indices (all data) R, = 0.0975, R,=0.0488, R, = 0.0722,
WR, =0.1808 WR, =0.1181 WR,= 0.1397

Largest diff. peak/hole (e A-3) 0.884/-1.060 1.524/-0.950 1.119/-0.691

with stirring for a period of 5 min and the solution mixture was ~ Acknowledgments

heated to reflux for about 30 min and filtered. The filtrate was kept
undisturbed at ambient temperature that afforded 3 containing
X-ray diffraction quality dark-green single crystals. They were col-
lected by filtration and washed with methanol/ether and air dried.
Yield: 0.67 g, 43.8 %. Anal. calcd. for CsoH;04ClN4oNigOqg C 35.40 %,
H 6.29 %, N 28.60 %. Found: C 35.52 %, H 6.14 %, 28.55 %. Selected
FTIR bands (KBr, cm™): 623 m, 1120 s(vClO,7); 1636 s (vC=N);
2053 5, 2072 (VN3 7).

X-ray Crystallography

X-ray diffraction data of the suitable single crystals of all complexes
were collected using a Bruker Kappa Apex-Il CCD diffractometer
equipped with fine focus sealed tube of monochromated Mo-K,
radiation (1 = 0.71073 A) at 150 K. The data were collected by scan-
ning over ¢ and o directions and were averaged during refinement
cycles. Bruker SMART software was used for data collection and
procession. Space group determination, data integration and reduc-
tion were performed with Bruker SAINT plus software. Reflection
intensities were corrected for absorption by the multi-scan method
using the SADABS program!#*! The structures were solved by a
combination of direct methods and refined by means of full-matrix
least-square technique based on P using the SHELX-2018 suite. 40!
All the non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms attached to carbon atoms were in-
cluded in geometrically idealized positions with given thermal pa-
rameters related to those they are attached (1.5 times for methyl
hydrogens and 1.2 times for others). While hydrogen atoms con-
nected to some nitrogen and oxygen atoms were located on the
difference Fourier map and isotropically treated with given thermal
parameters equivalent to 1.2 or 1.5 times of the parent atoms.
Drawings of the structures of 1-3 were generated with the program
MERCURY-4.1. Important crystallographic data and refinement de-
tails for the complexes are given in Table 3.

CCDC 1916987 (for 1), 1916988 (for 2), and 1916989 (for 3) contain
the supplementary crystallographic data for this paper.
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