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Abstract: Three novel Ni complexes with the Schiff base ligand 2-methoxy-6-(E-2-pyridyliminome-
thyl)-phenol (L1) are described. In comparison with the similar 2-(pyridine-2-ylimino-methyl)phe-
nol (pymp), the mode of coordination of L1 is altered due to the presence of methoxy substituent
introducing the sterical hindrance. During the synthesis of the complexes, partial hydrolysis of the
ligand was observed. Since such immediate hydrolysis of L1 was not detected during the reactions
of Zn(II) and Cu(Il) salts with L1, the DFT calculated structures of a series of similar Zn, Cu, Ni, and
Co complexes with L1 are compared to account for the phenomenon.
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1. Introduction

The first compounds that belong to imines or Schiff bases were synthesized by Hugo
Schiff in 1864 [1]. They have now found a broad range of applications, e.g., as reagents in
organic synthesis, chemosensors, dyes, and pigments, etc. Thanks to flexible structures
and a variable number and character of donor atoms, Schiff bases have the ability to co-
ordinate a wide range of metal ions including both main group and transition metals as
well as lanthanides and actinides. The complexes were reported to possess electrolumi-
nescent, fluorescent and nonlinear optical properties, and biological activities (e.g., anti-
viral, antibacterial, antifungal, etc.) [2]. Reviews on the Schiff bases and their complexes
are numerous and they usually focus on certain classes of Schiff bases such as derivatives
of specific compounds, e.g., 4-aminoantipyrine [3] or equally specific applications such as
cell imaging [4]. Compounds with certain coordination properties are often selected such
as ligands of definite denticity [2].

We undertook a study of the coordination properties of relatively unexplored o-van-
illin derivatives (Scheme 1). In 2019, we described their coordination properties towards
copper(ll) and zinc(Il) as well as magnetic and catalytic properties of the obtained cop-
per(Il) complexes [5] and now, encouraged by potential catalytic properties [5-8], we ini-
tiated studies on the reactions of L1 with nickel(II) salts. Knowing that application of sim-
ilar hemisalen ligands (Scheme 1) returned a variety of coordination modes with a wide
choice of metal ions including nickel(II) [5,9-26], we assumed that the synthesis would be
simple and efficient. In this paper we describe the crystal structures of the obtained dis-
crete and polynuclear products and unexpected synthetic problems that influenced the
yield of the seemingly simple reaction.
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Scheme 1. Formula of ligand L1 [5,27] and selected similar hemisalen ligands: 2-(pyridine-2-ylimino-methyl)phenol [9-
17,19,23-25]; 4-bromo-2-(pyridine-2-yliminomethyl)phenol [21,22]; and 2-[(E)-(quinolin-3-yliminomethyl)]phenol [7].

2. Materials and Methods
2.1. Syntheses

Substrates: 2-hydroxy-3-methoxybenzaldehyde (o-vanillin, OV), Ni(NOs)2-6H20, and
aminopyridines (APs) were purchased from commercial sources. L1 was synthesized as
described [27].

2.1.1. Tetranuclear Complex 1

The solution of L1 (0.114 g, 0.50 mmol) in 3.5 mL of methanol or ethanol was slowly
added to the solution of Ni(NOs)2:6H20 (0.073 g, 0.25 mmol) in methanol (4.0 mL). Then,
EtsN (0.15 mL, 1.00 mmol) was added to the reaction mixture. After 30 min, a solution of
2-AP (0.046 g, 0.50 mmol) in methanol (2 mL) was added. All operations were carried out
at RT. Subsequently 15 min later, 100 ul H20O was introduced into the reaction mixture.
Crystals for X-ray diffraction analysis were obtained at RT as a first crop of crystals ap-
peared during the slow evaporation of the solvent. The synthesis was repeated at least
five times to collect more crystals. Yield of a single attempt: 0.024 g (5.3%). Elemental anal-
ysis: anal. caled. for CzsH7sN14Ni4O24 (we assumed the presence of the cluster (NOsz)2(H20)4
accompanying complex cation): C 51.18; H4.30; and N 10.71, anal. found C 50.48; H: 4.35;
and N: 10.79.

This procedure was also repeated several times, with the change of 2-AP to: 3-ami-
nopyridine, 3-(aminomethyl)pyridine, pyridine, 2-hydroxy-6-methylpyridine, pyrazole,
2-methylimidazole, 4(5)-methylimidazole, 2-ethylimidazole, and diantipyrylmethane.
Only in the case of pyridine did we obtain a product in which pyridine would partially
replace the terminal 2-AP.

FT-IR: 3649(w), 3630(w), 3393(s), 3298(s), 3184(m), 3091(m), 3069(m), 2983(m),
2952(m), 2928(m), 2921(m), 2826(m), 2786(w), 1607(vs), 1605(vs), 1597(vs), 1587(vs),
1563(s), 1539(s), 1483(w), 1479(m), 1463(s), 1437(vs), 1433(vs), 1394(vs), 1374(s), 1366(s),
1330(vs), 1311(vs), 1293(m), 1279(m), 1254(m), 1215(vs), 1213(vs), 1194(vs), 1165(s),
1109(m), 1075(w), 1065(m), 1058(w), 1029(m), 991(m), 985(w), 981(m), 952(m), 882(w),
881(vw), 859(w), 847(w), 825(vw), 796(w), 771(w), 747(m), 731(s), 658(w), 637(w), 610(w),
581(vw), 550(w), 525(w), 518(w), 498(w), 464(vw), and 427(w) cm™.

Evans pett (DMSO-ds, 298 K): 6.6215.

2.1.2. Trinuclear Complex 2

The methanolic solution (3.5 mL) of L1 (0.114 g, 0.50 mmol) was slowly added to the
methanolic solution (4.0 mL) of Ni(NOs)2:6H20 (0.073 g, 0.25 mmol). Then, EtsN (0.15 mL,
1.00 mmol) was added to the reaction mixture. Crystals for X-ray diffraction analysis were
obtained at 247 K. The synthesis was aimed at complex 1 but we also found complex 2
among the products. This was a side product, obtained only once and hence only
characterized by X-ray diffraction.


http://mostwiedzy.pl

A\ MOST

Crystals 2021, 11, 512

30f15

2.1.3. Mononuclear Complex 3

The OV (0.076 g, 0.50 mmol) in methanol (2.0 mL) was added dropwise to the solution
of 2-AP (0.023 g, 0.25 mmol) in methanol (2.0 mL). The mixture was introduced to the
solution of Ni(NOs)2-6H20 (0.073 g, 0.25 mmol) in 2.0 mL of methanol/100 uL water. After
15 min of stirring, EtsN (0.07 mL, 0.50 mmol) was added to the clear willow-green solution.
After ten minutes, a willow-green precipitate began to form. The precipitate was collected
after 15 min of further stirring. Yield: 0.064 g (0.13 mmol, 54%). Elemental analysis: anal.
calcd. for C21H22N2NiOy7: C 53.31; H 4.69; and N 5.92, anal. found C 53.13; H 4.76; and N
6.01. Crystals for X-ray diffraction analysis were obtained at RT by slow evaporation of
the remaining solvent.

FT-IR: 3432(m), 3316(m), 3064(w), 3047(w), 3031(w), 2996(w), 2946(w), 2923(w),
2911(w), 2858(w), 2827(w), 2817(w), 2814(w), 1618(vs, sh), 1583(w), 1537(m), 1460(m),
1445(m), 1441(m), 1429(s, sh), 1408(m), 1398(w), 1367(w), 1365(w), 1335(w), 1334(m),
1264(vw), 1238(s, sh), 1205(s, sh), 1180(w), 1172(w), 1154(w), 1136(w), 1102(vw), 1072(w),
1046(w), 998(vw), 967(m, sh), 943(vw), 873(vw), 853(w), 769(vw), 761(w), 725(m, sh),
643(w), 574(vw), 562(vw), 539(vw), 509(vw), 498(vw), 435(w), and 425(vw) cm™.

Evans pett (DMSO-ds, 298 K): 3.33 1.

XRD powder diagram is presented in Supplementary Material as Figure S3.

2.1.4. Cubane 4

Since the compound was often described by other researchers [28-32], we present the
synthesis and the experimental data obtained for 4 in Supplementary Materials as Table
S1 and Figures S1-S3.

2.2. Physicochemical Measurements
2.2.1. FT-IR Measurements

FT-IR spectra were determined with a Nicolet iS50 FTIR spectrometer equipped with
the Specac Quest single-reflection diamond attenuated total reflectance (ATR) accessory.

2.2.2. Elemental Analysis
Elemental analysis was performed at the Vario El Cube CHNS apparatus.

2.2.3. X-ray Diffraction

The crystal structure analyses were performed on an STOE IPDS II diffractometer
using Mo Ka radiation of a microfocus X-ray source for complex 2 and Cu Ka radiation
of a microfocus X-ray source for compounds 1 and 3. Crystals were cooled using a
Cryostream 800 open flow nitrogen cryostat (Oxford Cryosystems). Data collection and
image processing was performed with X-Area 1.75 (STOE & Cie GmbH, 2015) [33].
Intensity data were scaled with LANA (part of X-Area) in order to minimize differences
in intensities of symmetry-equivalent reflections (multi-scan method). Structures were
solved by direct methods and all non-hydrogen atoms were refined with anisotropic
displacement parameters by full-matrix least squares procedure based on F2 using the
SHELX-2014 program package [34]. The Olex [35] and Wingx [36] program suites were
used to prepare the final version of CIF files. Olex [35] and Mercury [37] were used to
prepare the figures. Hydrogen atoms were usually refined using the isotropic model with
Uiso(H) values fixed to be 1.5 times Ueq of C atoms for -CHs or 1.2 times Ueq for -CHz, —
NH, and —-CH groups. A disordered group of atoms consisting of nitrate anion and solvent
molecules in the crystal structure of 1 was removed from the final refinement and solution
with the program PLATON, and its SQUEEZE algorithm [38]. A summary of
crystallographic data is shown in Table 1 and Table S1 in Supplementary Materials. CCDC
2063920-2063922 and 2072194, 2072195 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.
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Table 1. Crystallographic data for complexes 1-3. Crystallographic data for cubane 4 are
presented in Supplementary Materials in Table S1.

Complex 1 2 3
Empirical formula C7sHesN11Ni4O14 CesH64N14Ni3O16 C21H22N2NiO7
Formula weight 1618.27 1461.42 473.11
Wavelength [A] 1.54186 0.71073 1.54186
T [K] 120 120 120
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2i/c C2/c
a[A] 12.434(4) 10.968(2) 26.1635(18)
b[A] 13.457(7) 11.3388(10) 8.2172(4)
c[A] 14.017(8) 25.401(4) 22.5523(16)
al°] 110.93(4) 90.00 90.00
BI°] 96.74(4) 92.286(14) 124.023(4)
v [°] 107.61(4) 90.00 90.00
VA3 2019.8(18) 3156.5(8) 4018.5(5)
Z 1 2 8
Dc [g cm™] 1.327 1.538 1.564
p [mm-] 1.60 0.97 1.82
F [000] 837 1516 1968
Reflection collected 25249 16009 16348
Unique reflections 6972 6136 3605
Parameters 491 443 298
Rint 0.033 0.073 0.051
GOOF 1.105 1.006 1.071
Ri[I>25(1)] 0.0674 0.0626 0.0492
wRo (all data) 0.0843 0.1392 0.0683

To confirm the identity of 3 and 4, which were also obtained as powders, we
measured their XRD powder spectra in capillary on an STOE IPDS II diffractometer using
Mo Ka radiation of a microfocus X-ray source. These results are presented in
Supplementary Materials as Figure S3.

2.2.4. Magnetic Susceptibility Measurements in the Solution: Evans Method

The effective magnetic moment pett of the samples obtained in the pure form (1 and
3) was determined in the solution by '"H NMR spectroscopy using the Evans method [39]
with solvent (DMSO-ds) as internal reference and diamagnetic contributions according to
the equations presented below [40]. A capillary with deuterated solvent was placed in the
NMR tube containing a working solution prepared by dissolving the Ni compound 1 or 3
in DMSO-ds (d = 1.190 g/mL at 25°C). Deuterated solvent was used without further
purification. 'H (internal standard MesSi) spectra were recorded on a Bruker AV400 MHz
spectrometer at 298 K and processed using Bruker’s Topspin 3.5 software:

Xmeas = Xp + Xa 1)
3-Af
Xmeas=4_n__F_C )
— M 10—6
Xd = > 3)
Xp = Xmeas — Xd 4)
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Hefr = /8 T - x (5)

where Ymeas is total measured magnetic susceptibility (emu-mol™); xp is the paramagnetic
susceptibility (emu'mol™); x4 is the diamagnetic susceptibility (emu-mol?); Af is the
chemical shift difference between the solvent in the presence of paramagnetic compound
and in the pure solvent (Hz); F is the operating frequency of the NMR spectrometer (Hz);
c is the concentration of the paramagnetic solution (mol'-mL-'); M is the molar mass of the
paramagnetic compound (emu-mol); T is the temperature during measurement (K); and
ett is the effective magnetic moment (us). The ‘emu’ is the most widely used unit for the
magnetic susceptibility (1 emu = 1 cm?® = 1 mL). Furthermore, = 3.14 was used in
calculations.

2.2.5. Computational Details

Geometry optimizations were performed with the TPSSh density functional [41],
which is known to provide accurate geometries and electronic structures for transition
metal compounds [42—44]. Scalar relativistic effects were included with the zeroth-order
regular approximation (ZORA) [45-47]. ZORA-recontracted [48] basis sets of the def2-
TZVP family [49] were used for all atoms, with removal of the f polarization functions
from main-group elements. All calculations were performed with ORCA [50]. Increased
integration grids (Grid5, GridX7) and tight convergence criteria were applied throughout.

The Hirshfeld surfaces [51] and 2D fingerprint plots were generated with Crystal
Explorer ver. 17.5 [52].

3. Results and Discussion
3.1. Synthesis and FT-IR Measurements

The initial reaction was carried out by simple mixing of the solutions of substrates:
Ni(NOs)2 and imine L1 and triethylamine in methanol, which were allowed to react for a
certain amount of time. In some of the attempts, 2-aminopyridine (2-AP) and o-vanillin
(OV) were used separately instead of L1. As usual, we tried to isolate the products by
crystallization; either the slow evaporation of solvent or lowering the temperature. During
measurements of the FT-IR spectra of products isolated at various stages of evaporation
of the solvent, we noticed that each time we obtained several different coordination
complexes: 1, 2 and 3 (Figure 1). As revealed by X-ray measurements (see Section 3.2.), all
obtained complexes contained as ligands not only the imine L1 but also products of imine
hydrolysis; either 2-AP or both 2-AP and OV. The formulas of the complexes are shown
in Scheme 2. The presence of 2-AP and OV as ligands did not depend on the time of
crystallization since we always obtained tetranuclear complex 1 as the first product with
all of the ligands: L1, 2-AP, and OV. We tried to increase the yield of complexes 1 and 2
by adding 2-AP to the reaction mixture, but it did not work. Interestingly, the attempts to
replace the terminal 2-AP with some other heterocyclic nitrogen bases were rather
unsuccessful (despite pyridine). Therefore, we repeated the synthesis several times in
order to collect enough 1 to analyze FT-IR spectra and EA. The elemental analysis was in
accordance with its calculated composition (we assumed presence of nitrate ions and
water molecules in the crystals on the basis of FT-IR spectra). From the same reaction
mixture, we were able to obtain and identify by a single crystal diffraction complexes 2, 3,
and cubane 4’; however, they always appeared together as a mixture during the
evaporation of solvent. Each of the complexes contained as ligands the products of
hydrolysis of L1 (see Scheme 2 and Supplementary Materials Figure S1).
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Figure 1. FT-IR spectra of 1 and 3.

We did not previously observe such immediate hydrolysis of ligand L1 during the
synthesis of its zinc and copper(Il) complexes [5], but a similar phenomenon has been
reported for the reactions of nickel complexes with imines [53]. We tried to analyze the

effect by the DFT calculations described in Section 3.4.

~0-NO, ~O-NO,  nH,0?
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Ny N
= |
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Scheme 2. Formulas of the complexes 1-3 obtained as a result of the reaction between the nickel

nitrate and ligand L1 in methanol.
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In order to obtain pure 3 and correlate the FT-IR spectrum with its molecular
structure, we successfully carried out separate synthesis from Ni(NOs)z, 2-AP and OV in
molar ratio 1:1:2, and triethylamine in methanol. It is important to preserve the described
sequence of the addition of the reagents to produce 3 in this reaction (see Materials and
Methods). Complex 3 could be easily distinguished from 1 by means of FT-IR
spectroscopy and characteristic colors: olive for 1 and fluorescent willow-green for 3. The
FT-IR spectrum of 1 features the presence of strong bands associated with the nitrate ion
around 1350 cm™, which is absent in the FT-IR spectrum of 3 (Figure 1). On the other hand,
complexes 1 and 2 could not be differentiated by these simple tests because of their similar
composition, and 2 could not be separated from 3 or 1, thus we neither obtained a FT-IR
spectrum of pure 2, nor characterized it differently than an X-ray diffraction of a single
crystal.

During this separate synthesis of 3 from nickel(Il) nitrate, OV and 2-AP, the
formation of different products was also observed. After isolation of the first crop of
crystals of 3, we found crystals of the cubane 4 in the residual solids (see Supplementary
Materials for details). Interestingly, cubane 4 can also form as the first product of the
reaction between nickel(Il) nitrate, OV, and 2-AP if the sequence of the addition of the
reagents is altered (see Supplementary Materials). It has been the fourth product isolated
within the system: nickel nitrate, OV, and AP, which points to the complexity of the
equilibria in the studied reaction mixture. Moreover, there are even more possible
reactions taking into account different complexes of nickel(Il) and OV described in the
literature; however, these were not isolated during our attempts [54].

3.2. Crystal Structures

Since the crystal structures can be measured for individual, small crystals we were
able to characterize the structures of all products of the reaction between Ni(NOs)2 and
imine L1, even if they were not obtained in larger amounts. The molecular structures of
two polynuclear complexes 1 and 2 are shown in Figure 2 and Figure 3 and the analysis
of Hirshfeld surface of complex 1 is shown in Figure 4. The mononuclear complex 3 that
does not contain imine but only products of its hydrolysis, 2-AP and OV, is presented in
Figure 5 and its Hirshfeld surface in Figure 6. In some of the syntheses carried out with
the addition of certain heterocyclic nitrogen compounds we isolated previously known
cubane 4 (see Supplementary Materials). Important bond lengths and angles are shown
in the captions of Figures 2, 3, and 5 and crystallographic data are presented in Table 1 in
the Materials and Methods.

Polynuclear complexes 1 and 2 are centrosymmetric with the inversion center located
between two inner Ni atoms in 1 and at the inner Ni atom in 2. The coordination geometry
of both crystallographically independent Ni atoms within 1 and 2 is a slightly distorted
octahedral. In the tetranuclear complex 1 nickel atoms are bridged by at least one
phenoxide oxygen of imine L1 or OV. Two inner Nil atoms are connected by two
phenoxide O atoms of L1 and their separation is shorter than that between the inner and
terminal Ni atoms, which are linked by a single phenoxide of OV. Both L1 and OV utilize
three donor atoms to coordinate to Ni, in the case of L1 these are one oxygen and two
nitrogen atoms and OV utilizes three oxygen atoms to realize the bonding with Ni. The
octahedral coordination of terminal Ni is completed with pyridine nitrogen of 2-AP. The
inter-metal distances of over 3 A do not suggest strong metal-metal interactions and are
longer than these in complexes with ligands that impose close proximity of the metal
atoms, e.g., pentanuclear Ni complexes of tripyridyldiamine [55] or tetranuclear Ni
complexes with 2-(a-(5-phenyl)pyridylamino)-1,8-naphthyridine [56]. The Ni-Ni
distances are also longer than in a tetranuclear Ni complex bridged by phenoxide atoms
of N,N’-dimethyl-N,N’-bis(2-hydroxy-3-methoxy-5-methylbenzyl)ethylenediamine [57].
Contrary to the mentioned examples, the chain in 1 is not linear but bent with the Ni-Ni-
Ni angles 149.66(3)°.
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Figure 2. Molecular structure of 1. Thermal ellipsoids at 30%. Numbering given for the Ni and heteroatoms of the
independent part. In the insert the ligands are indicated with separate colors: L1 —magenta; OV —blueish; and 2-AP—
greenish. Important bond lengths and distances [A]: Nil-Ni2 3.406(2); Ni1-Nili3.132(2); Ni1-O1 2.041(3); Ni1-O3 1.999(3);
Nil-04 2.106(3); Nil-N1 2.054(4); Nil-N4 2.124(4); Ni2-O3 2.000(3); Ni2—-O5 2.232(4); Ni2-06 1.969(3); Ni2-N2 2.137(4);
Ni2-N3 2.081(4); and Ni2-N5 2.140(4). Important angles [°]: O3-Nil-O1 177.22(12); O3-Nil-N1 93.38(14); O1-Nil-N1
86.91(14); O3-Nil-O4 84.15(13); O1-Nil-O4 95.67(13); N1-Nil-O4 176.66(14); O3-Nil-N4 88.98(14); O1-Nil-N4
88.24(14); N1-Nil-N4 92.56(15); O1-Nil-N4 168.94(13); O4-Nil-N4 89.63(14); O6-Ni2-O3 168.19(13); O6-Ni2-N3
91.82(15); O3-Ni2-N3 99.26(14); O6-Ni2-N2 87.84(15); O3-Ni2-N2 87.22(14); N3-Ni2-N2 94.53(15); O6-Ni2-N5 93.49(15);
0O3-Ni2-N5 89.88(14); N3-Ni2-N5 93.79(15); N2-Ni2-N5 171.53(15); O6-Ni2-05 93.73(14); O3-Ni2-0O5 75.31(13); N3-Ni2—
O5 174.26(14); N2-Ni2-O5 87.15(15); and N5-Ni2-O5 84.42(15). i: 1-x, 1-y, 1-z.

The tetranuclear complex cation in 1 is accompanied by the disordered nitrate anions
and molecules of solvent. However, we were not able to build the correct model of
disorder and therefore decided to remove the relevant electron densities from the
refinement. Accordingly, we were not able to establish the exact nature of the interaction
between these large complex cations and the anions. In the Supplementary Materials we
illustrate the packing of the cation that shows the voids around Wyckoff's special
positions, which are occupied by the disordered anions and solvent molecules (Figure 54).

The ligand composition of trinuclear 2 is different from 1 because the complex cation
does not contain OV (Scheme 2, Figure 3). It contains only four anions of deprotonated
imine L1 and 2 molecules of 2-AP. Therefore, we think that it must form independently
when the concentrations of ligands change as a result of evaporation of the solvent.
Complex 2 is centrosymmetric with the inversion center located at the central Ni, therefore
it is linear. Every two nickel atoms are triply bridged by imine molecules. Likewise, in 1,
the distances between nickel atoms do not indicate metal-metal interactions. Although
the composition of 2 is very similar to the formerly described
(Nis(pymp)s(pya)2)(NOs)2(CHsOH):2 [12] and other trinuclear complexes with this ligand
[19,25], it features a different coordination pattern of the central and terminal nickel atoms.
The presence of the additional methoxy substituent in L1 “inverts” the position of the
ligand within the complex and phenoxide oxygen coordinates to the terminal Ni (and
forms bridges), whereas pyridyl rings are bonded to the inner Ni atom. Therefore, instead
of a N20s coordination mode of the inner metal atom described for trinuclear pymp
complexes of transition metals [12,19,25], the coordination of the inner Ni atom in 2 is
N4Oz. The change in the coordination mode of the imine must have an influence on the
Ni-Ni distances which are longer in 2 compared with the pymp complex.
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Figure 3. Molecular structure of 2. Thermal ellipsoids at 30%. Numbering given mainly for the nickel and heteroatoms of
the independent part. In the insert the ligands are indicated with the separate colors: L1 —magenta; 2-AP —greenish;
nitrate—blue; and methanol —yellow. Important bond lengths and distances [A]: Ni1-Ni2 3.436(2); Ni1-O1 1.951(4); Nil-
03 2.001(3); Nil-O4 2.188(4); Ni1-N1 2.040(4); Nil-N4i 2.178(5); Ni2-03 1.973(4); Ni2-N2 2.222(4); and Ni2-N3 2.144(4).
Important angles [°]: O3-Nil-O1 165.05(15); O3-Nil-N1 93.38(14); O1-Nil1-N1 92,69(16); O3-Nil1-O4 76.47(14); O1-Nil-
04 89.60(15); N1-Nil-O4 177.33(15); O3-Nil-N4' 86.95(16); O1-Nil-N4 86.91(16); N1-Nil-N4i 91.83(17); O1-Nil-N4!
86.91(16); O4-Nil-N4! 86.90(16); O3-Ni2—O3i 180; O3-Ni2-N3 85.85(16); O3-Ni2-N2 90.37(15); and N3-Ni2-N2 94.21(16).
ir 1-x, 1-y, 1-z.

The positions of nitrate anion and methanol in 2 are well established and in Figure
S5, which illustrates crystal packing, we can see that the clusters of nitrate anions and
methanol molecules do occupy special positions within the unit cell as was also suggested
for 1. Nevertheless, the analysis of Hirshfeld surface presented in Figure 4 indicates that
the most important interactions between molecules in complex 2 are van der Waals forces.
The decomposed fingerprint plot shows that the hydrophobic H--H (48.7%) interactions
are the major factor in the crystal packing with C--H (31.2%) interactions representing the
next highest contribution. Red areas on the Hirshfeld surface correspond to strong
interactions between N6—-H:--O5 and weaker C18-H---O8.

b) N—H  other

2,50% 0,10%

Figure 4. (a) Hirshfeld surfaces of a complex 2. Red color: normalized contact distances dnorm shorter than the sum of van
der Waals radii (dnorm = —0.414), white color: van der Waals contacts (dnorm = 0.502), and blue color: normalized contact
distances exceeding the sum of van der Waals radii (dnom = 1.406). (b) Hirshfeld surface fingerprint decompositions
showing the main types of interactions for complex 2.
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One more product of the reaction(s) was a mononuclear complex 3 with OV, 2-AP,
and water illustrated in Figure 5. The non-centrosymmetric arrangement of OV ligands in
this octahedral complex is probably imposed by the intramolecular interactions of the
water molecule. In the given conformation of ligands, it forms two bifurcated hydrogen
bonds with the OV ligands of the adjacent molecule complex. The hydrogen bonded
dimers are kept together by four bifurcated H-bonds. There is one intramolecular H-bond
within the complex and one rather weak bond judging from the donor acceptor distance
between the dimers. The hydrogen-bonded dimer of 3 is shown in Figure 5. On the
Hirshfeld surface of 3 shown in Figure 6, we see the red spots that represent the above-
mentioned strong bifurcate O7-H--O1, O7-H--O4 contacts between dimers, while the
blue regions correspond to weak interactions such as C—H---H contacts. The decomposed
fingerprint plot shows that similar to compound 2, the H---H (50.7%) interactions are the
major factor in the crystal packing with C--H (22.6%) and hydrogen bonds O---H (18.3%)
as second and third highest contributions, respectively.

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

Figure 5. Left side of the figure shows molecular structure of 3. Thermal ellipsoids at 30%. Numbering given mainly for
the nickel and heteroatoms of the independent part. On the right side of the figure, hydrogen-bonded molecules within
the dimer are indicated with separate colors. Important bond lengths and distances [A]: Ni1-Ni2 3.436(2); Ni1-O1 1.995(2);
Ni1-02 2.044(3); Ni1-O4 2.001(4); Ni1-O5 2.049(2); and Ni1-O7 2.151(3). Important angles [°]: O1-Ni1-O4 89.19(10); O1—
Ni1-02 91.31(10); O4-Ni1-02 176.45(10); O1-Ni1-O5 176.27(10); O4-Nil-05 90.63(10); O2-Ni1-O5 88.64(10); O1-Ni1-N1
93.72(10); O4-Ni1-N1 94.08(11); O2-Ni1-N1 89.39(11); O5-Ni1-N1 90.01(10); O1-Ni1-O7 88.64(10); O4-Ni1-O7 88.49(11);
02-Ni1-07 88.02(11); O5-Ni1-O7 87.64(10); and N1-Ni1-O7 176.54(11).

b) 55 e

N--H
1,70% 0,20% 0,10%
c—H

Figure 6. (a) Hirshfeld surfaces of a complex 3. Red color: normalized contact distances dnorm shorter than the sum of van
der Waals radii (dnorm = —0.557), white color: van der Waals contacts (dnorm = 0.431), and blue color: normalized contact
distances exceeding the sum of van der Waals radii (dnom = 1.303). (b) Hirshfeld surface fingerprint decompositions
showing the main types of interactions for complex 3.
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3.3. Magnetic Properties by Evans Method

Our final attempt to characterize the obtained complexes experimentally employed
H NMR measurements of the effective magnetic moment p of the pure, crystalline 1 and
3 redissolved in DMSO-d6 using the Evans method (see Materials and Methods). The
NMR spectra for complexes 1 and 3 are presented in Supplementary Materials as Figures
56-59. The obtained values of magnetic moments et for complexes 1 and 3 are 6.62 us
and 3.33 us, respectively (Table 2). As we see in Table 2, the experimental magnetic
moment for 1 does not exactly agree with the value predicted for typical octahedral tetra-
nickel(Il) systems with S =4 (8.94 us, 8 unpaired electrons). The observed reduction of the
magnetic moment resulted either from the coupling between bonded Ni atoms, or from
the formation of a mixture of complexes in the prepared solution. On the other hand, the
value of the magnetic moment established for complex 3 seemed to be in good accordance
with the anticipated magnetic moment that equals 2.83 s for Ni(Il) systems with S=1. It
is also comparable to the available experimental data for similar octahedral Ni(II)
complexes, which may exhibit magnetic moments in a range of 3.15-3.60 us [58,59].

Table 2. Effective magnetic moments pets of crystalline 1 and 3 redissolved in DMSO-ds determined by 'H NMR
spectroscopy using the Evans method.

Complex 1 3
Formula C78H7sN14Ni4O2  C21H22N2NiO7
Mass (g-mol) 1830.31 473.10
Mass of the redissolved Ni compound (g) 0.0143 0.0061
Mass of DMSO-ds (g) 0.8328 2.7337
Af (Hz) 326.8 41.5
Effective magnetic moment peit based on the conducted NMR measurement (5) 6.62 3.33
Number of unpaired electrons (predicted magnetic moment (us)) 8 (8.94) 2 (2.83)

3.4. DFT Calculations

To identify the possible electronic origins of the divergent reactivity observed for the
different metal ions, we performed density functional theory calculations with the TPSSh
functional [41] and scalar relativistic corrections for the series of Co, Ni, Cu, and Zn
complexes with ligand L1. Geometry optimizations of the M(L1)2 complexes in various
conformations of the ligand resulted in a unique favored geometry for each metal ion. The
calculated geometries are illustrated in Figure 7. The optimized geometries and
corresponding electronic structures reveal that the Zn and Cu complexes have distinct
coordination preferences from the Ni and Co analogues. In the zinc complex, the closed-
shell Zn(II) ion adopts a geometry that is almost perfectly tetrahedral, with the chelating
planes of the two ligands (as defined by the two O-Zn-N angles) arranged almost
perpendicularly to each other (twist angle of 86° in the optimized structure). In the copper
complex, the Cu(Il) is also highly symmetric, but the ligands are now rotated towards
coplanarity (twist angle of 41°). The end result is a coordination geometry intermediate
between tetrahedral and square planar, a feature that is frequently encountered in Cu(II)
chelates [60]. The single unpaired electron occupies a molecular orbital that is identifiable
as the dx2-2 orbital of Cu with o-antibonding character with respect to the four ligating
atoms. The singly occupied frontier orbitals of Cu, Ni, and Co complexes are depicted in
the Supplementary Materials in Figure S10.
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Figure 7. DFT-optimized structures of M(L1)2 models. From left to right: M = Zn, Cu, Ni, and Co.

For the Zn and Cu complexes, no interaction is observed between the metal and the
pyridine nitrogens. In contrast, the optimized structures of the Co and Ni complexes fea-
ture a distortion of either one (Co) or both (Ni) of the L1 ligands to bring the pyridine
nitrogen(s) in close proximity to the metal ion. In the case of the cobalt complex, this re-
sults in a quasi-5-coordinate (distorted square pyramidal) arrangement, with one close
Co-N(pyridine) distance of 2.53 A. Regarding the nickel complex, both pyridine nitrogens
have Ni-N distances of 2.49 A, leading to a distorted octahedral coordination sphere
where both ligands function approximately as tridentate fac-O,N,N-donors. Although the
short distances between metal and pyridine nitrogens are ca. 0.5 A longer than the two
other metal-N distances, they clearly represent weak bonding interactions, particularly in
the case of the Ni complex where the Mayer bond orders for the Ni—pyridine interactions
are greater than 25% of the bond order of the two other Ni-N or Ni-O bonds. Presumably,
it is only the highly unfavorable energetics of the four-membered ring that prevent any
closer interaction of the pyridine nitrogen with the metal. This weak interaction is accom-
panied by the distortion of the ligand compared to the conformation adopted in the gen-
uine 4-coordinate Cu and Zn complexes: the pyridine bends toward the metal by ca. 10°
away from its non-interacting conformation, while the imine C=N bond is shortened by
up to 0.05 A to facilitate the interaction. The above observations strongly suggest that
M(L1)2 complexes of Co and Ni are coordinatively unsaturated systems, in contrast to the
Cu and Zn complexes. The strong propensity of Ni(II) to adopt an octahedral coordination
sphere and the inability of L1 to act as an efficient tridentate ligand to a single metal site
are consistent with the observed formation of oligonuclear species. At the same time, M-
O/N Mayer bond orders explicitly adopt the lowest values for Ni complexes consistent
with the increased coordination number as illustrated in Table 3.

Table 3. Calculated Mayer bond orders for complexes M(L1)2.

Bond/Metal Ion M=Zn M=Cu M =Ni M =Co
M-O 0.70/0.58 0.73/0.69 0.53 0.68/0.62
M-N 0.63/0.54 0.72/0.69 0.54 0.65/0.57

4. Conclusions

We have found that in the presence of nickel cations the imine ligand L1 immediately
begins to hydrolyze, which results in the formation of various heteroligand nickel com-
plexes. The difference between the reaction of nickel(Il) and previously described reac-
tions of copper(ll) and zinc(II) with L1 [5] is ascribed to the coordinative unsaturation of
stoichiometric Ni(L1)2 complexes, indicated by DFT calculations.
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Supplementary Materials: The following are available online at www.mdpi.com/2073-
4352/11/5/512/s1. Synthesis of Cubane 4. Table S1. Crystallographic data for cubane 4 and 4'. Figure
S1: Molecular structures of 4. Numbering given for the independent part. Important bond
lengths/distances [A]: Ni1-O1 2.0059(19); Ni1-O2 2.028(2); Ni1-O4 2.0355(19); Ni1-O4i 2.0406(19);
Ni1-04i 2.0593(19); Ni1-O5 2.096(2); Nil-Nili 3.0659(6); Ni1-Nili 3.0872(6); 'y + 1/4, - x +3/4, -z +
3/4;ii—x+1,-y+1/2, z. Figure S2: FT-IR spectrum of 4. Figure S3. XRD powder spectra of (a) 3 and
(b) 4. Simulated spectra were calculated with Mercury and re-calculated to Mo Ka using the Bragg
equation (the Default calculation in Mercury returns the values for Cu Ka). Figure S4: Crystal pack-
ing of 1. Figure S5: Crystal packing of 2. Darker blue—methanol, lighter blue—nitrate. "H NMR
DATA of isolated Ni complexes. Figure S6: 'H NMR of 1 at room temperature in DMSO-des. Abbre-
viations in the figure: g—grease, h—H20 in deuterated solvent DMSO-ds, s—residual signal of deu-
terated solvent DMSO-ds. Figure S7: "H NMR of 3 at room temperature in DMSO-ds. Abbreviations
in the figure: g—grease, h—H20 in deuterated solvent DMSO-ds, m —methanol, s—residual signal
of deuterated solvent DMSO-ds, ® —unidentified compound. 'H NMR spectra for the effective mag-
netic moment determination in solution (Evans method). Figure S8: "TH NMR of DMSO-ds in the
presence of paramagnetic compound 1 solution in DMSO-ds at room temperature. Abbreviations in
the figure: out—outer tube, in—inner tube/capillary. Figure S9: "TH NMR of DMSO-ds in the presence
of paramagnetic compound 3 solution in DMSO-ds at room temperature. Abbreviations in the fig-
ure: out—outer tube, in—inner tube/capillary. Figure S10: Singly occupied orbitals of the M(L1)2
models of (a) Cu, (b) Ni, and (c) Co.
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