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The exploration of the NiX,/py,CO/Et;N (X =F, Cl, Br, I; py,CO =

di-2-pyridyl ketone; Et;N = triethylamine) reaction system led to the tetranuclear
[Ni,CL{py,C(OH)O},{py.C(OMe)O},(MeOH),]Cl,-2Et,0 (1-2Et,0) and
[Ni,Br,{py,C(OH)O},{py,C(OMe)O},(MeOH),]Br,-2Et,0 (2-2Et,0) and the trinuclear
[Ni;{py.C(OMe)O},]I,-2.5MeOH (3-2.6MeOH), [Ni;{py,C(OMe)O},](NO;)o¢51,:5-2MeOH
(4-2MeOH) and [Ni;{py,C(OMe)O},](SiF)osFo4-3.5MeOH (5-3.5MeOH) aggregates. The presence of
the intermediate size Cl- and Br~ anions resulted in planar tetranuclear complexes with a dense
hexagonal packing of cations and donor atoms (tetramolybdate topology) where the X~ anions
participate in the core acting as bridging ligands. The F~ and I" anions do not favour the above
arrangement resulting in triangular complexes with an isosceles topology. The magnetic properties of
1-3 have been studied by variable-temperature dc, variable-temperature and variable-field ac magnetic
susceptibility techniques and magnetization measurements. All complexes are high-spin with ground

states S=4 for 1 and 2 and S =3 for 3.

Introduction

Polynuclear metal complexes based on paramagnetic metal ions
continue to attract attention due to their fascinating magnetic
properties.! Among the numerous metal clusters known today,
those which can be isolated in families emerge because they provide
the opportunity to draw structure-property relations.> Over the
last years, polynuclear metal complexes have also emerged as
building blocks for the construction of polymeric complexes
known as Metal-Organic Frameworks (MOFs).* Although only
a handful of pre-isolated clusters have been utilized as building
blocks for the construction of such materials,* there have been
developed some exceptional synthetic strategies which lead to
cluster-based MOFs where the clusters present in the frameworks
have been isolated in the past.>*

Our attention has recently turned toward the exploitation
of magnetically interesting metal clusters as building blocks
for the construction of supramolecular architectures.®’ To this
end, we exploited members of a family of trinuclear Mn™
complexes® of general formulae [Mn";O(R-sa0);(X)(L),] (saoH, =
salicylaldoxime; R = H, Me, Et etc; X = RCO,", ClO,; L =
solvent) as building blocks for constructing discrete and infinite
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supramolecular architectures by means of host—guest interactions
and coordination driven self-assembly.

Besides the salicylaldoximato Mn'™ complexes, we are also
exploring the chemistry of di-2-pyridyl ketone (py,CO, Scheme 1)
as a source of polynuclear metal complexes.® The rich coordination
chemistry of py,CO originates from its ability to undergo metal
assisted nucleophilic attack on the carbonyl carbon atom by small
molecules such as H,O and alcohols (ROH) resulting in the hydrate
[py.C(OH),, Scheme 1] and hemiacetal [py,C(OR)(OH), Scheme
1] of py,CO, respectively. That, in turn, enables py,CO to act as
a polynucleating ligand and has resulted in numerous polynuclear
metal complexes.

(py)2C(OR)O"
R =H: hydrate
R =Me, Et: hemiacetal

(py)2C(OMe)O

(py),C(OH)O"
Scheme 1 Ligands discussed in the text.
By exploring the py,CO/Co" chemistry we demon-

strated that the reactivity of the tetranuclear cubane clus-
ter [Co.{(py).C(OH)O}4(NO;);(H,O)INO;, [(py).C(OH)O~ is
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the monoanion of the hydrate of (py),CO], with 4,4-
bipyridine (4,4’-bpy), resulted in the tetranuclear assembly
[Co.{(py).C(OMe)O},(4,4'bpy),(MeOH),](NOs),, with the latter
being regarded as a dimer of dimers.” The transformation of
the cube to the dimer of dimers has meant that the utilization
of pre-isolated clusters as building blocks may result in discrete
assemblies instead of polymeric complexes, depending on the
stability of the cluster under the reaction conditions.

Following those results, we moved toward the Ni"/py,CO
chemistry. The py,CO/nickel halide chemistry (NiX,, X = F, Cl,
Br and ]) resulted in two planar tetranuclear and three trinuclear
aggregates with the tetranuclear clusters to adopt the known defect
double cubane topology while the trinuclear complexes adopt a
triangular isosceles topology which is new in the py,CO chemistry.
The synthetic aspects as well as the structural and magnetic
characterization are discussed.

Results and discussion
Syntheses

Following our previous work on Co(11)/py,CO chemistry,” our
initial goal was to synthesize a tetranuclear Ni" cubane clus-
ter in order to use it as a starting material for constructing
extended frameworks. The reaction of NiCl,-6H,0 with py,CO
in MeOH followed by the addition of Et;N resulted in a
green solution from which green plate crystals of [Ni,Cl,{py,C-
(OH)O},{py.C(OMe)O},(MeOH),]CL,-2Et,0 (1-2Et,0) were iso-
lated after Et,O diffusion. The single-crystal X-ray analysis
revealed that the planar tetranuclear assembly had adopted
the defect double cubane topology with a [NiClL,O,]** core
where two W,-Cl- anions bridge Ni" centres at opposite sites
of the core. That, in turn, prompted us to further explore the
py.CO/NiX, (X = F, Cl, Br and I) chemistry with the aim of
synthesizing a series of defect double cubanes with the [Ni,x,0,]**
core and study the influence of the halide in their magnetic

Table 1 Crystallographic data for complexes 1-5

properties. The next member of this family [Ni,Br,{py,C(OH)O},-
{py.C(OMe)O},(MeOH),]Br,-2Et,0 (2-2Et,0) was easily isolated
from the reaction of NiBr,-6H,0 with py,CO in MeOH in the
presence of Et;N following Et,O diffusion into the reaction mix-
ture. Trying to obtain the iodide analogue by reacting Nil,-6H,0O
with py,CO under the exact same reaction conditions as above
we isolated the trinuclear cluster [Ni;{py,C(OMe)O},]I,-2MeOH
(3:2.6MeOH). Changing the reaction conditions as well as
the metal to ligand ratios or even the nature of the base
(LiOH-H,0, MeONa) did not influence the identity of the
product. We then moved toward changing the nature of the
starting material and utilized Ni(NO;),-6H,0 followed by the
addition of an excess of either KI or Nal in MeOH in the
presence of Et;N. The result of these reactions was the trinuclear
complex [Ni;{py,C(OMe)O},J(NO;)yes1;35-2MeOH (4-2MeOH)
where the initial triangular core was maintained. Knowing the
presence of this trinuclear unit in the Ni'/py,CO chemistry,
we attempted to synthesize it by reacting Ni(NO;),-6H,O with
an excess of py,CO in the presence of NaCl or NaBr. The
results of these reactions were complexes having identical IR
spectra with 1 and 2 (with an exception of a band at ~1380
which is attributed to the presence of NO;™ anions), suggesting
that similar complexes had been obtained. The exploration of
the NiF,/py,CO/Et;N reaction system yielded green crystals of
[Ni;{py,C(OMe)O},](SiF4)osFo4-3.5MeOH (5-3.5MeOH) after a
period of a month. The trinuclear core of complex 5 is similar but
not exactly the same with the trinuclear core of 4. The long period
for the isolation of this cluster is associated with the extraction
of Si (for the SiF,*) from the borosilicate glass tube used for
crystallizing out the compound.

Description of structures

Complex 1 crystallizes in the monoclinic space group P2,/c
(Table 1). Selected distances and angles are listed in
Table S1.¥ A partially labelled plot of the tetranuclear cation

Compound reference 1 2 3 4 5
Chemical formula CssHes CLNgNi, O, CseHggBryNgNiy Oy, Csg.s0Hs; s NgNisOyg.50  CsoHisgus011.50N5.50Ni3041.50 - Cror Hios F19.40N16Nig O, Siy .60
Formula mMass 1421.82 1599.66 1368.68 1320.97 2476.84
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic
Space group P21/c P21/c P21/c P21/c Pbcn
al/A 14.098(4) 13.6786(3) 24.004(2) 24.0128(12) 23.105(5)
b/A 17.364(5) 17.2699(4) 15.6042(14) 15.6980(7) 22.054(5)
c/A 11.925(4) 11.9272(2) 15.6950(15) 15.7309(7) 23.008(6)
a(®) 90.00 90.00 90.00 90.00 90.00
B 100.253(5) 100.519(2) 99.9160(10) 101.010(2) 90.00

7 (%) 90.00 90.00 90.00 90.00 90.00
V/A3 2872.5(14) 2770.19(10) 5790.9(9) 5820.7(5) 11723(5)
Z 2 2 4 4 4
Radiation type Mo-Ka Mo-Ka Mo-Ko Mo-Ka Mo-Ka
Reflections measured 17328 34362 34516 33783 90131
Independent reflections 6827 5408 11340 9334 11494
R 0.0424 0.0419 0.0292 0.0325 0.0647
R, (I > 20(I))"* 0.0462 0.0488 0.0565 0.0778 0.0532
wR(F?) (I > 20(1))* 0.1195 0.1302 0.1700 0.2088 0.1612
R, (all data)” 0.0897 0.0603 0.0756 0.0991 0.0748
wR(F?) (all data) 0.1336 0.1338 0.1804 0.2183 0.1713
GOF on F? 1.049 1.050 1.078 1.077 1.068

“For observed data. * R1 =X ||F, | — | F.||/Z | Fo|.  wR2=[Zw(|F.>| = | F2|)*/Ew]|F*|*]".
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[Ni,CL{py,C(OH)O},{py,C(OMe)O},]** is shown in Fig. 1. The
structure consists of centrosymmetric tetranuclear molecules. The
cluster has a [Niy(U,-Cl),(1,-OR),(U3-OR),J** core (Fig. 2) with
the four Ni" atoms being coplanar. This core is frequently referred
as defective double cubane (two cubanes sharing one face and
each missing one vertex). The Ni" atoms bridged by means of two
W,-CI™ anions, two W,-O atoms from the (py),C(OMe)O™ and two
W;-O atoms from the (py),C(OH)O ligands (Scheme 2). Peripheral
ligation to the distorted octahedral Ni" atoms is provided by

Fig. 1 The molecular structure of complex 1. All hydrogen atoms have
been omitted for clarity. Symmetry code: #1 2—x, 2—y, 1-z.

Fig.2 The [Ni,(1,-Br),(1,-OR),(1;-OR),]** core of complex 2. Symmetry
code: #1 —x,1-y,1-z.

AN /
M/T\M
]

' ps-py,C(OMe)Or

n'm’ " p-py,C(OH)O

Scheme 2 The
(py).C(OH)O".

coordination modes of (py),C(OMe)O~ and

two O atoms of the terminal MeOH ligands and the N atoms
of the eight 2-pyridyl rings. Atoms O1 of two (py),C(OH)O~
ligands are triply bridging with distances to Ni'! atoms of 2.165(2),
2.028(2) and 2.106(2) A for Nil-O1, Ni2-O1#1 and Ni2-Ol, re-
spectively. The Ni1-O1-Ni2, Nil-O1-Ni2#1 and Ni2-O1-Ni2#1
(#1: 2—x,2-y,1-z) angles are 104.37(10), 95.36(9) and 99.33(9)°,
respectively. Atoms O3 of the two other (py),C(OMe)O~ ligands
are doubly bridging with distances of 2.019(2) and 2.126(2) A to
Nil and Ni2, respectively. The Nil-O3-Ni2#1 angle is 96.82(10)°.
One O atom of each (py),C(OH)O ligand remains protonated
and unbound to the metals. Therefore, the two (py),C(OH)O"
ions adopt the n':n*m':l; coordination mode and the other two
(py).C(OMe)O~ bind with the n':n*m':u, mode (Fig. 1, Scheme
2). Nil and Ni2 are also bridged by one w,-CI- ligand (CII).
The Ni-Cll and Ni2-Cl1 distances are 2.405(1) and 2.428(1) A,
respectively. The Nil-CI1-Ni2 angle is 88.55(4)°. The Ni---Ni
distances are 3.374, 3.101, 5.663 and 3.151 A for the Nil - -- Ni2,
Nil - - - Ni2#l, Nil - - - Nil#1 and Ni2 - - - Ni2#1, respectively.

Complex 2 also crystallizes in the monoclinic space group
P2,/c (Table 1) and is isostructural to complex 1. The values
of most of the bond distances and angles (Table S2) within
the [Ni,Br,{py,C(OH)O},{py,C(OMe)O},]** (Fig. 2) are very
close to those measured in complex 1 with an exception of the
Ni-Br distances and Ni-Br—Ni angles. Specifically, the Nil-Ol1,
Ni2-O1#1 and Ni2-O1 bond distances are 2.168(3), 2.035(3)
and 2.104(3) A, respectively, while the Nil-O1-Ni2, Nil-O1-
Ni2#1 and Ni2—O1-Ni2#1 angles are 106.19(14), 94.76(13) and
99.60(14)°, respectively (#1: —x,1-y,1-z). The Ni-Brl and Ni2—
Brl distances are 2.531(1) and 2.564(1) A, respectively, while
the Nil-Br1-Ni2 angle is 84.19(2)°. The Ni--- Ni distances are
3.416, 3.094, 5.700 and 3.161 A for the Nil - - - Ni2, Nil - - - Ni2#1,
Nil --- Nil#l and Ni2-- - Ni2#l, respectively and compare well
with those in complex 1. The most profound structural change
in the [Ni,(U,-Br),(1,-OR),(4;-OR),]** core, as compared with the
one in complex 1, is the increase of the Nil-O1-Ni2 angle from
104.37(10)° (in 1) to 106.19(14)° (in 2) which is accompanied with
the decrease of the Nil-X1-Ni2 [X = CI 88.55(4)° and X = Br
84.19(2)°] angle. The bigger size of the Br~, as compared with the
CI, forces the Nil and Ni2 to move apart from each other at about
0.04 A resulting in the increase of the Nil-O1-Ni2 angle of about
1.8°.

Complex 3 crystallizes in the monoclinic space group P2,/c¢
(Table 1). Selected distances and angles are listed in Table S3.
Three Ni" ions and four (py),C(OMe)O™ anions have assembled
to create a cationic trinuclear cluster comprising the [Ni;(u,-
OR),(13-OR),J** with the three Ni" ions being arranged at the
corners of an isosceles triangle (Fig. 3). All three Ni" atoms are
in a distorted octahedral environment with the N atoms of the
eight 2-pyridyl rings providing peripheral ligation. Two of the four
(py).C(OMe)O- ligands adopt the n':n*n':|; coordination mode
and the other two bind with the ':n?:m':u, mode (Scheme 2). The
Ni—O distances are in the range of 1.938(3) to 2.413(3). Two of
the Ni-O distances which involve the triply bridging p;-O atoms
[Ni2-03 2.413(3) A] and [Ni2-05 2.328(3) A] are distinguishably
longer than the others. The Ni--- Ni distances are 2.811, 2.815
and 3.187 A for the Nil---Ni2, Ni2---Ni3 and Ni3---Nil,
respectively. The [Ni;(O-R),J** core found in 3 is quite rare in
Ni" chemistry®*? and completely new in the py,CO chemistry of
any metal ion.
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Fig. 3 The molecular structure of complex 3. All hydrogen atoms have
been omitted for clarity.

Complex 4 crystallizes in the monoclinic space group P2,/c
(Table 1, Fig. S1t) and is isostructural to complex 3. Selected
distances and angles are listed in Table S4.7 The [Ni;(u,-OR),(u;-
OR),]** core is very similar to the one found in complex 3. The
three distorted octahedral Ni' atoms occupy the corners of an
isosceles triangle and are separated by 3.204, 2.823 and 2.822 A
for the Nil ---Ni2, Ni2---Ni3 and Ni3--- Nil, respectively (for
labelling see Fig. S11). Two of the Ni-O distances which involve
the triply bridging ;-0 atoms [Ni3-O1 2.319(5) A] and [Ni3-O5
2.420(5) A] are distinguishably longer than the others which range
between 1.946(6) and 2.149(5) A.

Complex 5 crystallizes in the orthorhombic space group Pbcn
(Table 1). Selected distances and angles are listed in Table S5.1
Although complex 5is not isostructural to 3and 4, it is very similar
and contains two half [Ni;] molecules in the asymmetric unit (Fig.
S27). Asin 3 and 4, the Ni" atoms in both [Ni;(l,-OR),(1;-OR),J*
cores in 5 are arranged at the corners of isosceles triangles. The
Ni- - - Ni separations are 2.849, 2.849 and 3.176 A for the first [Ni,]
and 2.844, 2.844 and 3.172 A for the second [Ni;], respectively. The
Ni-O distances and Ni-O-Ni angles are comparable within each
[Ni;] triangle and compare well with those in 3 and 4. As in 3 and
4, two of the Ni-O distances within each [Ni;] which involve the
triply bridging p;-O atoms are distinguishably longer (2.436 and
2.433 A) than the others.

Magnetic properties

The variable-temperature magnetic susceptibility data for 1,2 and
3 were recorded between 300 and 5 K in an applied field of 1.0 kG.
The magnetic data for complex 4 were the same with those of
complex 3 and will not be discussed. Complex 5 with two half [Ni;]
triangles within the asymmetric unit was not measured. The plots
of ymT versus T for 1 and 2 are shown in Fig. 4. The y\ T product
for complex 1 increases upon cooling from a value of ~4.6 cm’
K mol™ at 300 K to a maximum value of ~10.2 cm® K mol™ at 7K
and then slightly decreases to ~10.0 cm® K mol™ K at 5 K. The
low-temperature maximum indicates an S = 4 ground state and
suggests the presence of dominant ferromagnetic exchange.'* The
xmT product for complex 2 increases upon cooling from a value of
~5.2cm? K mol™ at 300 K to a maximum value of ~8.9 cm* K mol™

#,T (em® mol™" K)
~
1

. —
0 50 100 150 200 250 300
T(K)

Fig. 4 yuT vs. T plots for complex 1 () and complex 2 (O). The solid
lines represent simulation of the experimental data - see the text for details.

at 5 K. The low-temperature maximum indicates an S =4 ground
state, but the shape of the curve as well as the lower value of yy T
at low temperature as compared to those of complex 1 suggest
the presence of either weaker ferromagnetic interactions and/or
the presence of both ferro- and antiferromagnetic interactions
between the metal centers. The faint decrease in yy 7 below 7 K
can be assigned to either zero-field splitting within the ground state
or Zeeman effects. Considering the structural data, two exchange
pathways between the metal centers are possible (Scheme 3): J,
between the Ni" atoms bridged by double R-O~ ligands [Nil—
(0,0)-Ni2#l1, Ni2—(0,0)-Ni2#1 and Nil#1-(0,0)-Ni2, Fig. 1]
and J, between Nil and Ni2 which are bridged by one R—O~ and
one CI™ anion [Nil—(O,ClI or Br)-Ni2 and Nil#1-(O,Cl or Br)-
Ni2#1]. The experimental data were satisfactorily modeled using
the program MAGPACK™ and employing the spin Hamiltonian
in eqn (1) to produce the following values for complex 1: J, = +6.0
cm™, J, = +1.5 cm™ and g = 2.09, leading to a ground state of
S =4, with the first excited state (S = 3) located 12 cm™ above the
ground state.

I:I:_Z-]] (SI'SS + S2~§3 + Sz'SA) =27, (SI'SZ + S3'S4) (1
H=DS>+ guputoS-H (@)

H==2J, (5,8, + $,-85) =27, ($,-S5) 3)

The relevant values for complex 2 are: J, = +6.0 cm™, J, =
—1.5 cm™ and g = 2.22, leading to a spin ground state of S =
4 with the first excited state (S = 3) located only 2 cm™ above
the ground state. The value of J, is the same in both complexes,
since the relevant Ni-O-Ni angles and Ni---Ni distances are

NlZ#l
, Nil @g Ni3
Ty
Nil#l @ ‘ \ S Nil k %
b— Cl or Br N12
N12

Scheme 3 Schematic detailing the 2-J models employed to simulate the
experimental data for complexes 1, 2 (left) and 3 (right).
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of the same magnitude. J, in 2 is negative suggesting weak
antiferromagnetic interactions while J, in complex 1 is positive
suggesting weak ferromagnetic interactions. Magnetization data
were collected in the ranges 0.3-5 T and 2.0-7.0 K to determine
the spin ground state for both complexes. The plot of the reduced
magnetization (M /Nug) vs H/ T for complex 1 is shown in Fig. 5.
The data were fit with the aid of MAGMOFIT" by a matrix
diagonalization method to a model that assumes only the ground
state is populated, includes axial zero-field splitting (DS.?) and
the Zeeman interaction, and carries out a full powder average.
The corresponding Hamiltonian is given by eqn (2), where D is
the axial anisotropy, us is the Bohr magneton, y, is the vacuum
permeability, S. is the easy-axis spin operator, and H is the applied
field. The best fit gave S =4, D = +0.99 cm™ and g = 2.09. The
magnetization data for complex 2 could not be satisfactorily fit
with MAGMOFIT. Ac susceptibility measurements performed
in the 2-10 K range in zero applied dc field and a 2.5 G ac field
oscillating at 200-1000 Hz show neither in-phase nor out-of-phase
signal or frequency dependence of the susceptibility.

i T T T T T T T g T
0 5 10 15 20 25

HIT (KGIK)

Fig. 5 Plot of reduced magnetization (M/Nug) versus H/T for 1. The
solid lines correspond to the fits of the data - see text for details.

The yu T product of complex 3 increases upon cooling from a
value of ~3.8 cm? K mol™ at 300 K to a maximum value of ~6.5 cm?
K mol™ at 10 K and then slightly decreases to ~6.3 cm® K mol™ K
at 5 K (Fig. 6). The low-temperature maximum indicates an S =3
ground state and suggests the presence of dominant ferromagnetic
exchange.” The faint decrease in T’ below 10 K can be assigned
to either zero-field splitting within the ground state or Zeeman
effects. Inspection of the structural data reveals the presence of
two exchange pathways between the Ni" centres (Scheme 3): J,
between Nil - - - Ni2 and Ni2 - - - Ni3, where the Ni- - - Ni distances
are 2.811 and 2.815 A, respectively, and J, between Nil and Ni3
(Nil - --Ni3 = 3.187 A). Modelling of the experimental data with
the aid of MAGPACK and employing the spin Hamiltonian in eqn
(2) produced the following values: J, = +12.5cm™, J, =-0.5 cm™
and g = 2.13, leading to a spin ground state of S = 3 with the
first excited state (S = 2) located 23 cm™ above the ground state.
Magnetization data, collected in the ranges 0.5-5 T and 2.0-7.0 K,
are plotted as the reduced magnetization (M /Nyg) vs H/T in Fig.
7. The experimental data were fit with the aid of MAGMOFIT

6.5

6.0

5.5

5.0

#,T (em’ mol” K)

4.5 4

4.0 H

35 —
0 50 100 150 200 250 300
T (K)

Fig. 6 yuT vs. T plot for complex 3. The solid line represents simulation
of the experimental data - see the text for details.

5.5
5.0+
4.5
4.0
. o 5T
3.54 1 4T
o ]
3 304 o 3T
s | 12T
2.5 AT
] 0.5T
204
1.54
1.04
05 4———

LN LA I LA B B | T
10 12 14 16 18 20 22 24 26
H/T (KGIK)

T T
0O 2 4 6 8

Fig. 7 Plot of reduced magnetization (M/Nug) versus H/T for 3. The
solid lines correspond to the fits of the data - see text for details.

to produce the following values: S =3, D=+1.50 cm™ and g =
2.11. Ac susceptibility measurements performed in the 2-10 K
range in zero applied dc field and a 2.5 G ac field oscillating at
250 and 1000 Hz show neither in-phase nor out-of-phase signal or
frequency dependence of the susceptibility.

Discussion

The planar tetranuclear topology (also referred as defect double
cubane) is widely spread in Ni" chemistry. A Cambridge
Structural Database'® search reveals the presence of twenty four
planar tetranuclear Ni" complexes comprising the [Ni,L¢]"* core
(L = donor atom).’ Eighteen of those twenty four complexes
comprise the [Niy(1,-OR),(11;-OR),] core, six complexes comprise
the [Niy(1-N,iae)>(La-OR),(13-OR),] core, one comprises the
[Ni,(1-Nosige )s(U3-Nosige)-] core and only one complex comprises
the [Ni,(1,-Cl),(11,-OR),(1;-OR),] core'” that is similar to the
one found in complex 1. Di-2-pyridyl ketone has provided
access to six®? of the above mentioned twenty four Ni!

4594 | Dalton Trans., 2011, 40, 4590-4598

This journal is © The Royal Society of Chemistry 2011



Table 2 Spin ground states (S) and g for planar tetranuclear Ni"
complexes

Table 3 Structural and magnetic parameters for complexes [Nis(L*);],
[Ni3(L?)s(HL*)]NO; and 3¢

Core g S Ref. [Ni;(L%)3] [Ni;(L*)s(HL)]NO; 3
[Niy(,-Cl),(1,-OR), (13-OR), ] 2.09 4 — Reference 11 12 This work
[Niy(1o-Br)y (1,-OR), (13-OR), J° 222 4 —
[Niy(1,-OR ), (1;-OR ), ¢ 2.00 0 19 g 2.14 21,=2.183 2.13
[Ni,(11,-OR ), (15 -OR), J¢ 2.12 4 32 g3 =2.247
[Niy(1,-OR),(11s-OR ), ¢ 2.20 4 34 S 1 3 3
[Niy(1,-OR),(1s-OR), ¥ 2.19 4 34 A -2.65 +8.2 +12.5
[Ni,(11,-OR ), (13 -OR), J¢ 2.23 4 35 Ie -1.35 +5.5 -15
[Nis(o-Nyige)2(L-OR )5 (13-OR ), " 2.1 4 18 Nil - -~ Ni2 2.819 2.804 2.811
[Nis(1s-Nyige )2 (lo-OR )5 (13-OR ), | 2.136 4 20 Nil-O1-Ni2 88.21 88.74 89.50
[Ny (12-Noige ) (Uo-OR), (13 -OR ), ¥ 2.1 4 21 Nil-03-Ni2 82.65 80.92 76.51
[Niy(1s-Nyie)2 (Lo-OR )5 (1s-OR ), J* 2.11 4 36 Nil-O5-Ni2 81.90 81.73 79.76
[N (2-Noige)s (U3 -Noige )2 T 2.15 4 33 Ni2---Ni3 2.905 2.833 2.815
Ni2-03-Ni3 83.22 82.31 78.04
“Complex 1. *Complex 2. °[Ni,(0,CMe),{(py).C(OH)O}.]. “K¢Na,-  Ni2-05-Ni3 86.07 82.24 78.11
[Niy(PW,05),(H,0),]. ¢ [Nis(OH),(H,0)(ntp),]. /[Nis(OMe),(H,0)e-  Ni2-O7-Ni3 92.10 89.16 89.66
(ntp),], Hintp = nitrilotripropionic acid. ¢ Na,[H¢N,(CH,),],[Ni,- Nil - - - Ni3 3.384 3.164 3.187
{HiN2(CHy)s 1, (H.PW50s4)o]. * [NL(N3 ) {py.C(OH)O},{py.C(OMe)-  Ni1-03-Ni3 105.40 99.48 100.54
0},(H,0),](CIO,),. * [Niy(N3)4{py,C(OH)O0}.]./ [Ni,(N;)4 {py.C(OH)O},-  Nj1-O5-Ni3 99.49 96.83 99.49

{py.C(OMe)O},]. *[Niy(H,L),(OCH;),(CH;CO,),(Ny),], HiL = 2,6-
bis[(2-hydroxy-ethylimino)-methyl]-4-methylphenol.  [Ni,(N;)s(enbzpy).],
enbzpy = N,N-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine.

clusters. Five more planar tetranuclear aggregates are based
on Mn" (1)® and Co" (4)*2 and the various forms of py,CO.
The structural features of the planar tetranuclear Ni" clusters
which are based on the various forms of py,CO are very
similar. Among the 308 planar tetranuclear aggregates known
today (of any transition metal ion),"”® only four complexes
comprise the [M,(1,-X),(1,-OR),(1;-OR),]** core (X = halide)
found in 1 and 2. These complexes are: [Ni,CL(L"),(HL'"),],”
[Cuy(hpp),CLL* [Cuy(hpp),Br,]* and [Cuy(L?),(OMe),CLJ”
[H,L' = N-(2-hydroxymethylphenyl)salicylideneimine, Hhpp =
2-(hydroxypropyl)pyridine and HL? = (9-methyl-2,16,5,13,18,19-
dithiatetra-azatricyclo(15.2.2.17,11)docosa-1(19),5,7,9,11(22),12,
17,20-octaen-22-ol].

Table 2 summarizes the planar tetranuclear Ni'" aggregates that
have been magnetically studied. Although we can not directly
compare the values of the coupling constants (J) due to the
different models utilized, we can summarize the outcome of
these evaluations. All complexes listed in Table 2, except one,
are high spin (S = 4) as a result of the dominant ferromagnetic
interactions mediated between the metal centers. Unfortunately,
the only tetranuclear complex which is similar to 1 and 2,
[Ni,CL,(L"),(HL"),]," has not been magnetically studied. The
values of J; (+6.0 cm™ in both 1 and 2) are equivalent in magnitude
with the values obtained for other similar complexes (listed in
Table 5) with Ni-O-Ni angles between ~95° and ~99.° Although,
it has been documented that, in the case of mixed bridged
polynuclear species, the overall exchange coupling constant cannot
be ascribed on the basis of the algebraic sum of contributions
coming from different bridges,® the value of J, [+1.5 cm™ (1) and
-0.5 cm™ (2)] is in agreement with the increased Ni-O-Ni angles
of 104.37° (1) and 106.19° (2) which are at the upper limit of the
90° + 14° criterion for a Ni-O-Ni angle to tolerate ferromagnetic
interactions.”” There are only two mixed bridged Ni—(O,Cl)-Ni
dimers®*® with Ni-O-Ni and Ni—CI-Ni angles of 103.6° (O) and
83.76° (Cl) and 105.2° (O) and 85.35° (Cl) and both exhibit weak
ferromagnetic interactions. Kahn notes,* that, for doubly bridged

“ For labelling see Fig. 3 and Scheme 3. °J, = Jyi. nip = Inin-oniz- 2 =

JNAlu»NlB-

Ni—X-Ni (X = Cl, Br NCS) species, J is expected to be positive
when the Ni-X—Ni angles are close to 90° and negative for larger
Ni—X-Ni angles. In our case, both Ni-CI-Ni and Ni-Br—Ni angles
are close to and smaller than 90° [X = C1 88.55°(1) and X = Br
84.19°(2)].

There is only a handful of Ni" triangles with a [Ni;(u,-
OR),(13-OR),]™* core. These complexes are: [Nis(mq),],” [Ni;-
(Hmq)(mq)s]CIO,,”  [Niy(L*)s(MeOH)(EtOH)]CL™  [Niy(L*);]"
and [Niy(L%)s(HL*)]NO,,"? [Hmq = 2-methyl-8-quinolinol, HL? =
2-(2-hydroxyphenyl)benzimidazole, H,L* = N, N-bis(4,5-dimethyl-
2-hydroxybenzyl)-N-(2-pyridylmethyl)amine, HL’ = benzyl
2-amino-4,6-O-benzylidene-2-deoxy-a-d-glucopyranoside]. The
first two complexes have not been magnetically studied while
the third is weakly antiferromagnetically coupled. The fourth
complex, [Ni;(L*);]," is antiferromagnetically coupled with an S =
1 ground state while the fifth complex, [Ni;(L*)s(HL’)]NO;," is
ferromagnetic with an S = 3 ground state. The last two complexes
which are isosceles triangles were modelled by utilizing the same
two J model (Scheme 3) that we used to model complex 3. Table
3 summarizes the values of structural (distances and angles) and
magnetic (J, S and g) parameters for the last two complexes and
complex 3. Nil and Ni2 as well as Ni2 and Ni3 are bridged by
three R-O~ ligands with the relevant Ni-O-Ni angles spanning
a range of 15.59° (from 76.51° to 92.10°), making difficult the
correlation of the structural parameters (Ni-O-Ni angles) with
the values of the J parameters. We do notice, though, that the
acute Ni-O-Ni angles lead to higher J values. The value of the
J parameter falls from +12.5 cm™ for Ni-O-Ni angles between
76.51° and 89.66° to —2.65 cm™ for Ni-O-Ni angles between
81.90° to 92.10°. The same conclusion can be drawn for the
coupling constants between Nil and Ni3 which are bridged by
two R-O" ligands. The obtuse Ni-O-Ni angles lead to smaller J
parameters. The value of the J parameter rises from —1.35 cm™
for Ni-O-Ni angles between 99.49° and 105.40° to +5.5 cm™ for
Ni-O-Ni angles between 96.83° to 99.48°.
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Conclusions

To conclude, the chemistry of the nickel halides (NiF,,
NiCl,-6H,0, NiBr,-6H,0 and Nil,-6H,0) with di-2-pyridyl ke-
tone resulted in two new planar tetranuclear Ni(11) clusters and
three new Ni(11) triangles which are based on the hydrate and/or
the hemiacetal of di-2-pyridyl ketone. The tetranuclear complexes
comprise the [Ni,(U,-X),(1L,-OR),(13-OR),]** (X = Cl or Br) while
the presence of F~ and I" resulted in the triangles with a [Ni;(u,-
OR),(u3-OR),J** core. The study of magnetic properties of the
tetranuclear complexes indicated that ferromagnetic interactions
dominate resulting in high-spin S =4 ground state. The Ni" triangle
is also dominated by ferromagnetic interactions which result in a
high-spin S = 3 ground state. We are presently investigating this
reaction system further by incorporating other bi- or polydentate
bridging di- or poly-anionic ligands to target polymeric complexes.

Experimental
Materials and Methods

All manipulations were performed under aerobic conditions,
using materials as received. IR spectra were recorded as KBr
pellets in the 4000-400 cm™ range on a Shimadzu FT/IR
IR Affinity-1 spectrometer. Variable-temperature, solid-state direct
current (dc) and alternative current (ac) magnetic susceptibility
data were collected on a Quantum Design MPMS-XL SQUID
magnetometer equipped with a 5 T dc magnet (University of Crete,
UoC). Diamagnetic corrections were applied to the observed
paramagnetic susceptibilities using Pascal’s constants.

X-ray Crystallography

Data collection for compounds 1 and 3-5 was carried out at
room temperature using Mo-Ko. radiation (A = 0.71073 A)
on a Bruker SMART Apex-II diffractometer. Low temperature
data for compound 2 were collected on an Excalibur Cappa
CCD instrument. The crystals were sealed in glass capillaries to
minimize destruction caused by the release of clathrate solvents.
The structures were solved by direct methods. The coordinates
of nickel atoms were extracted from the initial solutions and
the other non-hydrogen atoms were located then in difference
Fourier syntheses. All non-hydrogen atoms were refined by full-
matrix techniques first in isotropic and then, where possible, in
anisotropic approximation. Hydrogen atoms coordinates were
calculated geometrically and included into the final refinement
in isotropic approximation. The details of data collection and
refinement can be found in Table 1. The specific difficulties
encountered in the structure studies of 1-5 are discussed here
below.

Compound 1. The clathrate nature of the product was in this
case not hindering data collection. Only solvent non-hydrogen
atoms were left isotropic in the final refinement. The clathrate
ether molecule is disordered between at least two positions, of
which the principal one defined by the oxygen atom O(50) was fully
identified, while the other, defined by O(50A) could be resolved
only partially in the view of low residual electron density.

Compound 2. The clathrate nature of the product required low
temperature data collection. Bigger voids for solvent imposed by

the bigger anion size resulted also in more pronounced thermal
disorder for the clathrate ether molecules. Only solvent non-
hydrogen atoms were left isotropic in the final refinement.

Compound 3. The peculiar disorder, resulting from partial
occupation of a void by iodide ion and by a methanol molecule
could be successfully resolved, but the non-hydrogen atoms in
the clathrate alcohol molecules were left isotropic. It should be
mentioned that the disorder of the iodide anions is practically
continuous in the void and the model introducing defined positions
describes it with only limited resolution as indicated by their
elongated thermal ellipsoids.

Compound 4. The structure contained considerable empty
voids that did not contain any residual electron density. Non-
hydrogen atoms in the located clathrate solvent molecules were
left in isotropic approximation. The peculiar disorder between
the iodide and nitrate anion in this structure could be partially
resolved, revealing even possibility for different orientations of
the nitrate ion in the huge empty voids present in this structure.

Compound 5. The disorder between the fluoride and hexaflu-
orosilicate anions and between the partially occupied positions
within the hexafluoride anion could be resolved successfully.
The anions [SiF,]* and F~ are situated in general positions and
their occupations were estimated from the corresponding electron
densities and refined as fixed values 0.8 for [SiF]*, producing
the charge of —1.6, and —0.4 for the fluoride F(1), which gives
the sum of negative charges —2, correlating with the positive
charge +2 of the [Ni;(1,-OR),(1;-OR),** cations. Packing effects
in this structure are apparently dominating over the possible
charge interactions, so that no “fluoride” bonding to other non-
hydrogen atoms in the structure could be revealed. The non-
hydrogen atoms within the clathrate alcohol molecules were left in
isotropic approximation.

Synthesis

[Ni,Cl, {py,C (OH)O}, {py,C (OMe)O}, (MeOH),] Cl,-2Et,0
(1-2Et,0). NiCl,-6H,0 (0.030 g, 0.125 mmol) and (py),CO
(0.023 g, 0.125 mmol) were dissolved in methanol (10 mL) to
produce a clear pale green solution. Et;N (0.018 mL, 0.125 mmol)
was then added and the solution darkens. X-ray quality green
crystals of 1-2Et,O were formed over a period of a week after
Et,0 (20 mL) diffusion. The crystals were collected by vacuum
filtration, washed with methanol (3 mL) and Et,O (2 x SmL) and
dried in air. Yield: 0.031 g, 77%. Elemental analysis (%) calcd for
1 C,sH;N;O,,CI,Ni,: C 45.27, H 3.80, N 8.80, found: C 45.33, H
3.85, N 8.90.

[Ni Br, {py.C (OH) O}, {py.C (OMe)O}, (MeOH),] Br,-2Et,O
(2:2Et,0). NiBr,-3H,0 (0.170 g, 0.624 mmol) and (py),CO
(0.115 g, 0.624 mmol) were dissolved in methanol (15 mL) to
produce a clear pale green solution. Et;N (0.089 mL, 0.624 mmol)
was then added and the solution darkens. X-ray quality green
crystals of 2-2Et,0 were formed over a period of two weeks after
Et,0 (30 mL) diffusion. The crystals were collected by vacuum
filtration, washed with methanol (3 mL) and Et,O (2 x 5 mL) and
dried in air. Yield: 0.118 g, 52%. Elemental analysis (%) calcd for
2 C,xH,sN:O,(Br,Ni,: C 39.72, H 3.33, N 7.72, found: C 39.80, H
3.40, N 7.80.
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[Ni;{py.C(OMe)O},]I,-2.6MeOH (3-2.6MeOH). Nil,-6H,0
(0.200 g, 0.475 mmol) and (py),CO (0.087 g, 0.475 mmol) were
dissolved in methanol (15 mL) to produce a clear pale green
solution. Et;N (0.067 mL, 0.475 mmol) was then added and
the solution slightly darkens. X-ray quality green crystals of
3.2MeOH were formed over a period of two weeks with Et,O
(30mL) diffusion. The crystals were collected by vacuum filtration,
washed with methanol (3 mL) and Et,O (2 x 5 mL) and dried
in air. Yield: 0.098 g, 47%. Elemental analysis (%) calcd for 3
CsHyuNgO I, Ni;: C44.66, H 3.44, N 8.68, found: C44.53, H3.71,
N 8.51.

[Ni; {PYz C(OMe)O }4](N03)0.6511.35 :2MeOH (4-2MeOH).
Ni(NO;),-6H,0 (0.138 g, 0.475 mmol), Nal (0.710 g, 4.74 mmol)
and (py),CO (0.087 g, 0.475 mmol) were dissolved in methanol
(15 mL) to produce a clear pale green solution. Et;N (0.067 mL,
0.475 mmol) was then added and the solution slightly darkens.
X-ray quality green crystals of 4.2MeOH were formed over a
period of two weeks after Et,O (30 mL) diffusion. The crystals
were collected by vacuum filtration, washed with methanol (2 x
3 mL) and Et,0 (2 x 5 mL) and dried in air. Yield: 0.08 g, 40%.
Elemental analysis (%) calcd for 4 CysHyyNg 4500051 35Ni;: C 46.17,
H 3.55, N 9.70, found: C 45.67, H 3.71, N 9.51.

[Ni;{py.C(OMe)O} J(SiF)ysFo4-3.5MeOH (5-3.5MeOH). A
methanolic solution (15 ml) of NiF, (0.100 g, 1.035 mmol) and
(py),CO (0.189 g, 1.035 mmol) was heated under reflux for 1 h to
produce a clear green solution. The resulting solution was cooled
to room temperature and Et;N (0.146 mL, 1.035 mmol) was added
to produce a clear blue-green solution. X-ray quality green crystals
of 5-:2.5MeOH were formed over a period of four to six weeks after
Et,O (30 mL) diffusion. The crystals were collected by vacuum
filtration, washed with methanol (3 mL) and Et,O (2 x 5 mL) and
dried in air. Yield: 0.06 g, 15%. Elemental analysis (%) calcd for
CyuHyy Ny O, Fs,SiggNiy: C 49.77, H 3.83, N 9.67, found: C 49.75,
H 3.73, N 9.71.
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