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Abstract: Four new Nill, Coll, Zn!I, and Cull complexes with the promising anti-tuberculosis
drug (E/Z)-N'-((5-Hydroxy-3,4-bis(hydroxymethyl)-6-methylpyridin-2-yl)methylene)-isonicotino-
hydrazide (LH) were synthesized and characterized by structural methods: single-crystal X-ray
diffraction, vibrational spectroscopy, and mass spectrometry. The Ni'l, Co'l, and Zn!! metal ions
form only amorphous phases with various morphologies according to mass spectrometry and IR
spectroscopy. The Cul! forms a crystalline 1D coordination polymer with the relative formula
L {[CuLCl]-0.5H,0}. Even though the LH ligand in the crystalline state includes a mixture of E-/Z-
isomers, only the tautomeric iminol E-/Z-form is coordinated by Cullin the crystal. The copper(Il)
complex crystallizes in the monoclinic P2; /n space group with the corresponding cell parameters
a=16.3539(11) A, b = 12.2647(6) A, and c = 17.4916(10) A; oc = 90°, p = 108.431(7)°, and y = 90°. DFT
calculations showed that the Z-isomer of the LH ligand in solution has the lowest formation energy
due to intramolecular hydrogen bonds. According to the quantum chemical calculations, the coordi-
nation environment of the Cul! atom during the transfer of the molecule into the solution remains the
same as in the crystal, except for the polymeric bond, namely, distorted trigonal bipyramidal. Some
of the complexes investigated can be used as effective sensors in biosystems.

Keywords: coordination compounds; hydrazones; d-metals; tuberculosis; structures; DFT calculations

1. Introduction

Although tuberculosis has been known for hundreds of years, there is still a need
for effective drug treatment, as the alarming emergence of multidrug-resistant strains
of Mycobacterium tuberculosis (Mtb) has led the scientific community to seek new effec-
tive anti-tuberculosis drugs. Some hydrazones are biologically active compounds. These
molecules can be obtained by condensing isonicotinehydrazide with pharmacologically ac-
tive carbonyl molecules to create prospective anti-TB drugs, such as pyridoxal isonicotinoyl
hydrazine (PIH) [1-6].

The crucial role of d-metals in biosystems is well known as they form coordination cen-
ters in metalloproteins and enzymes, bind organic and inorganic molecules, control reaction
rates, and enhance drug activity [7-9]. Therefore, the coordination chemistry of aroylhydra-
zone complexes with vital metals has received much attention due to their versatile ability
to bind to the complexes and potential pharmacological applications [10-13]. Meanwhile,
f-metals have no significant biological importance; their complexes with various types of
ligands, including hydrazones, have been widely studied as they can be effective sensors,
NIR emitters, and luminescent thermometers [14-16]. Depending on the substituents,
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metal ion, and reaction conditions, aroylhydrazones with multiple coordination centers
can function as neutral, anionic, bidentate, or tridentate ligands in keto- or enol-tautomeric
forms [12,13,17-20].

The anti-tubercular activity of Co(II), Ni(II), Cu(Il), and Zn(II) complexes is higher
than that of the parent ligand (salicyl-hydrazone). The anti-TB activity of the Co(Il) complex
against Mycobacterium tuberculosis H37Rv is equipotent to the standard drug isoniazid [20].
The antimicrobial activity of aroylhydrazone and Mn(lIl), Fe(II), Ni(II), Cu(Il), and V(II)
complexes against M. tuberculosis H37Rv was also established, and their potency level was
compared with isoniazid [21]. The results obtained indicated that the metal complexes
are more active than isoniazid itself. Metals that are out of place in the organism can also
be found in the form of central ions; for example, palladium(II) [19] and gold(III) [22]
complexes with modified hydrazones are being worked on.

In addition to studying the solid-state structure, it is necessary to know the behavior
of d-metal cations and hydrazones in solutions. The stability constants of the Cu(II), Zn(II),
and Au(Ill) complexes with isonicotinoyl hydrazone derivatives (pyridine-2-, -3-, and
4-carbohydrazones of pyridoxal-5-phosphate) were determined using titration. Cu(Il) ions
formed more stable bis-complexes than Zn(II), whereas zinc (II) ions easily bound to the
picolinic acid hydrazone derivative to form a 1:1 complex [10,11,22].

It was found that the newly synthesized compound (E/Z)-N’-((5-Hydroxy-3,4-bis(hydr-
oxymethyl)-6-methylpyridin-2-yl)methylene)-isonicotinohydrazide (LH) [23] showed out-
standing antimycobacterial activity against all strains whose MDR profile comprised first-
and second-line medicines, and it was more effective than PIH against the M. tubercu-
losis H37Rv strain. Human cells used in cytotoxicity assays of LH revealed that it is
1.5-2 times less harmful than ethambutol and moxifloxacin and 2-3 times less toxic than
isoniazid. The LH ligand exhibited weak complexation with Fe>* ions, minimal acute toxic-
ity (LDsg > 2.000 mg/kg per os in mice), and efficacy in a mouse model of drug-sensitive
tuberculosis comparable to that of isoniazid and considerably superior to that of ethambutol
and moxifloxacin [23].

This study is on the Co'!, Ni'l, Zn!', and Cu! complexes with LH, because it is urgent to
know how this promising anti-TB drug interacts with these crucial micro-elements, without
which human well-being is impossible. It should be specially emphasized that complexes
of transition metals with hydrazone derivatives can act as effective sensors, in particular in
biosystems [24,25].

2. Results and Discussion
2.1. Synthesis and Structural Analysis

Since LH is the condensation product of an aldehyde and a hydrazide, it has great
potential for isomerism and tautomerism (Figure 1). The synthetic method yields ligands
in E-/Z-forms with a 2:1 ratio [23], and this mixture was used to synthesize the complexes.
During the research, it was found that ligand is specific because of several reasons. Firstly,
the amide form of LH contains only weak and individual donors, so a chelate cycle cannot
be formed; secondly, a chelate cycle can be formed if the pyridoxine fragment is flipped,
but the rotation is inhibited by the presence of two methoxy groups; and thirdly, hydra-
zone/iminol equilibrium is shifted to the right in the presence of alkali, but hydrazone
may undergo hydrolysis to pyridoxine and isonicotine in alkaline medium. A possible
isomerization mechanism is shown in Figure S3: there is an equilibrium between the E- and
Z-forms of the ligand in solution, which can be shifted towards the formation of the E-form,
for example via complex formation. After that, only a proton shift is required, causing the
hydrazone/iminol tautomerism. Then, a rotation around the selected C-C and C-N bonds
in the resonance structures can occur, leading to the LH form required for complexation.
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Figure 1. Isomerism of the LH ligand. LH - ligand conformers designation.

The above explains why LH does not form solid-state complexes of Ni**, Co?*, and
Zn* but amorphous ones (Scheme 1), as the alkaline medium, which is required to create
iminol, also leads to the partial hydrolysis of metal ions. From statistical considerations,
forming E-/Z-tautomeric iminol is hampered due to the multistep process of compounding
and rotation around the Cpyridoxine—Cimine bond, although this form is probably the most
stable due to the minimal repulsion of the substituents at the double bonds (see DFT
calculations below). Cu?*, unlike the others, is a Jahn-Teller ion [26], resulting in its high
reactivity in solution, so the energy gain after complexation with LH can overlap the energy
demands of tautomeric transformation and conformational alterations.

MeOH, Et,N
OH 2 hours Ni-LH, amorpr:ou3 phase

OH 45%

HO, MeOH rCuLICI 0. 5H
MCI,-nH,O + B 0 3 hours A[Cu( )3;09-5 20}
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i N h MeOH, Et,N

M= N|, CO, H | N T’ Co_LH, amOrphOus phase

Zn, Cu LH ours 579%
w Zn-LH, amorphous phase
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Scheme 1. Synthetic route of the corresponding complexes.

The copper(Il) complex with its respective ligand is a one-dimensional (1D) coordina-
tion polymer, which crystallizes in the monoclinic P2, /n (¥#14) space group, and the unit
cell has eight structural units (Figure 2a). The Cu®* central ion has a coordination number
of five (Figure 2b), since it coordinates the pyridine and hydrazine nitrogen atoms, as well
as the hydroxyl group, of one LH molecule, chloride ion, and pyridine nitrogen atom from
another molecule, leading to polymer chain growth along the b axis.



Inorganics 2023, 11, 167

40f13

(b)

Figure 2. (a) View of a unit cell along the b axis of the corresponding crystal structure. (b) Complex
unit of L {{CuLCl]-0.5H,0}. Thermal ellipsoids describe a 50% probability level of atoms; hydrogen
atoms are omitted for clarity. The dashed Cu-N bond is a polymeric one.

The coordinated atoms form a disordered trigonal bipyramid, which is truly unique to
copper(Il) complexes with non-tripod ligands and more likely for Cu! [8,27,28]. Usually in
complexes with hydrazones, the Cu'! ion has a disordered square pyramidal environment
(Figure 3), which is consistent with the concept of the Jahn-Teller effect [12,17,20,24]. There
are two symmetrically inequivalent copper atoms in the unit cell, CulA and CulB, so the
distances between atoms coordinated to them are different. CulA and CulB interatomic
distances between Npyridines Cl, O, Nhydrazider and Npolymeric are shown in Table 1. The
Cu-Cl distance is the longest; the other four are close enough in value, and that generally
corresponds to a distorted square pyramid. However, the values of the valence angles are
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closer to the trigonal bipyramid: N1ga nydrazidey~Cu—Cl is 140.13°, Niga—Cu—Noza polymeric)
is 146.86°, Npolymeric—Cu—Cl is 101.41°, O-Cu-N3a pyridine) 18 158.02°, O-Cu—Nhydrazide
78.66°, O-Cu—Cl 91.82°, O-Cu—Npolymeric 89-14°, NpyridineCu—Cl 106.96°, Npyridine—Cu-
Nhydrazide 79-58°, and Npyridine—Cu—Npolymeric 97.97°. According to this, the oxygen and
Npyridine atoms are in the “axial” position, and Cl, Npydrazider and Npolymeric are in the
relative “equatorial” position. The results obtained are consistent with the theoretical
concepts of the Jahn-Teller pseudo-effect predicted for fast transitions between isomers of
copper(II) complexes [29,30].

Figure 3. Coordination polyhedron around Cu?* ion in the L, {[CuLCl]-0.5H,O} complex.

Table 1. Selected interatomic distances of &, { [CuLCl]-0.5H,0}.

Atom CulA CulB
Npyridine 2.073(4) {& 2.079(5) z§
Cl 2.280(2) A 2.248(2) A
o) 2.043(4) A 2.035(4) A
Nhydrazide 1.922(4) ;:A, 1.941(4) 1§
Npolymeric 2.134(5) A 2.150(4) A

Since the LH ligand is a potential drug, it will be necessary to find out the mechanism
of its liberation, which requires laborious experiments. Nevertheless, from general consid-
erations, the following mechanism can be proposed: Cu'! has a high rate of ligand exchange
in solution [26,29,30], and the concentration of the injected complex is usually low. In this
case, LH will be substituted either by H,O molecules or amino acids in the body, which
will result in the formation of a free ligand. However, a significant drawback of hydrazone
derivatives (particularly PIH) is known to be the removal of important ions such as Fe?*/3*
from cells [1,23]. The copper(Il) complex presented may not have this disadvantage due to
the strong binding of the ligand to the metal. It also cannot be denied that the copper(Il)
complex itself may exhibit anti-TB activity.

Previously (Figure 1), it has been shown that LH has many spatial isomers and con-
formers and two tautomeric forms. Interestingly, for synthesis, we used an isomer mixture
of hydrazone with a 2:1 E/Z ratio but only iminol in the E-/Z-form crystallized (Figure 1,
structure in the brackets). Since the reaction was performed in CH3;0H without alkali, we
can claim that Cu'' not only shifts the equilibrium towards iminol by complexation but also
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gives a stereoselective product, unlike other d-metals, which probably cannot react with
LH in an alkali-free medium.

A geometry check with “Mogul” [31] was performed to determine deviations from
the trends in the complex reported, and four interatomic distance values were marked
as “unusual”: Cu—Npyridine, Cu—Cl, Cu-O, and C-Ocarbony1 (1.262(7) A), but Cu—Npolymeric
had no matches within the CCDC database. The Cu—Npyrigine interatomic distance in
similar structures has a range of 1.970-2.056 A with a mean value of 2.022 A [17,32-34],
Cu—Cl has a range of 1.939-2.724 A with a mean of 2.518 A [17,33], Cu—O has a range of
1.918-1.983 A with a mean of 1.951 A [35], and C-O has a range of 1.234-1.326 A with a
mean of 1.288 A [12,36]. These deviations can be explained by the fact that the isonicotinic
fragment moves out of the plane of the rest of the molecule by ~35° (Figure S1), because the
nitrogen atom is responsible for the growth of the polymer chain, while the oxygen atom of
the deprotonated OH group, formed due to tautomerism, coordinates the copper(Il), which
is at an unusually large distance from the oxygen atom.

The CulA-Npolymeric and CulB-Npolymeric bonds form two polymer chains (Figure 4),
which produce “herringbones” inverted relative to each other and connected by a system of
intermolecular hydrogen bonds between the H atoms in the methoxy group and hydrazide
N atom (Figure S2). These contacts are rather short (1.856 Aand 1.875 A, respectively), so it
is obvious that they influence the relative orientation and crystal packing.

Figure 4. Polymeric expansion of L {{CuLCl]-0.5H,0} along the a axis. Cu—brown, Cl—green,

N

N—blue, O—red, C—grey. H atoms are omitted for clarity.

2.2. Mass Spectrometry

As it was not possible to obtain cobalt(Il), nickel(Il), and zinc(II) complexes in the
crystalline state, they were analyzed by high-resolution ESI-MS to confirm the ligand
binding and determine the molecular weight.

Thus, the most intense peak for the Co-LH complex was found at m/z = 689.1517
(Figure S4). The calculated molecular weight of the cobalt bis-complex C390H3zyCoNgOy is
689.1519; therefore, it can be stated that the [CoL;] structure is real.

For the Ni-LH complex, it was found that the most intense peaks are the protonated
ligand itself (found at m/z = 317.1248 (Figure S5); the calculated molecular weight of
Ci5H1yN4Oy is 317.1244) and the ligand acetonitrile solvate (found at m/z = 357.1561; the
calculated molecular weight of C15H;4N4O4-CoH3N is 357.1431). The two heaviest m/z
peaks are 411.0171 and 409.0212, indicating that the molecular ion contains a Cl atom, as it
is represented in nature by two isotopes, 35 and 37. The calculated molecular weight of
C15H716CINgNiOy is 409.0208, and it can be stated that the [NiLCl] structure is real.

For the Zn-LH complex, the most intense peak was found at m/z = 396.2113 (Figure S6).
The calculated molecular weight of C15H14N4O5Zn representing the hydroxo-complex
[ZnL(OH)] is 396.0423. The peak m/z = 663.4547 corresponds to the ligand dimer methanol
solvate (the calculated m/z ratio of C3;H35NgOq is 663.2532). The biggest m/z ratio of
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764.5744 could correspond to the molecule C15H,3N4011ClZnyK (calculated m/z = 764.7898),
representing the possible structure K[ZnsL(OH)¢Cl]-H,O.

In high-resolution mass spectroscopy, a structure can be considered real if the relative
error is around 0.01%. It was performed for the Co'" and Ni!! structures with errors of
around 0.003%, while for the corresponding Zn!! structures, they were 0.03% for both
supposed molecules.

2.3. IR Spectroscopy

In the IR spectrum of LH in the solid state, a strong band at 1640 cm ! is observed,
which can be attributed to carbonyl groups (Figure 5). Such a shift can be explained by the
conjugation with double bonds and an aromatic system, and an intermolecular H bond,
which can be realized in the Z-isomer. Narrow peaks at 1257 cm~! (va,_op) and 1077 cm !
show the presence of a hydroxyl group (vcuz-on). An intramolecular hydrogen bond
(N---HO), as well as crystalline H,O, are responsible for the broad band between 3250 and
3450 cm 1. Because of the presence of the group (-CH=N-NH-C(=0)-), the LH ligand can
exhibit hydrazone—iminol tautomerism. The presence of a strong signal characteristic of
the vibrations of the C=0O group and the absence of a band which could be attributed to
v(=C-OH) in the spectra of the free ligand indicate that the hydrazone stabilizes the keto-
tautomeric form, and it was also proved by single-crystal X-ray diffraction [23]. The doublet
band with maxima at 1579 cm~! and 1549 cm ! corresponds to the valence vibrations of
the azomethine molecule (C=N) and the skeletal (C-C) vibrations of the aromatic rings.
Due to the joint effect of the mode of stretching vibrations of the N-C=0O group and the N-H
bond strain, the signal is recorded at 1430 cm~!. The broad bands in the complexes’ spectra
can be explained by the presence of crystalline water and a large number of hydrogen
bonds, which complicates their interpretation. However, the disappearance of the amide
and carbonyl bands is observed for Cu'l, Ni'!, and Zn'! complexes, showing the loss of the
hydrazide proton as a result of complexation with the metal ion, which refers to the ligand
coordination in the iminol form [37]. For the CoX complex, a strong band at 1640 cm s
also observed, indicating that the bond between the central ion and the ligand occurs either
via hydrazide nitrogen or carbonyl oxygen, which corresponds to the constitution of the
bis-complex which was detected by high-resolution ESI-MS.

100 +

75

—

O S i —

80 4 Cu-LH
L e —

90

Co-LH

1001____‘\‘\\‘__,/ff”""——_
90 4
]— Ni-LH

100{-——~‘\\~__—#’__,__._

Transmittance, %

0470 1H

v v T v T v T v T v T
4000 3500 3000 2500 2000 1500 1000
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Figure 5. Solidstate IR spectra of the title compounds.
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2.4. Quantum Chemical Calculations

Studying the structure of a solid is necessary, but it gives no unambiguous insight
into how the system will behave in solution. The classical method for determining the
composition in solutions is titration, but with the development of computing power, it
is possible to estimate the stability and parameters of the molecule when it is moved to
a solvent medium [38-40]. Thus, we can estimate which LH isomer is more stable in
solution and therefore explain why only one form is coordinated and how it will change
the distances between the Cu'' and coordinated atoms.

The optimized structures and formation energies of LH E- and Z-isomers (Figures S7-511)
were calculated with ORCA [41] using the DFT method [42] on the B3LYP/def2-TZVPP
level, accounting for solvent effects in the C-PCM model and dispersion correction (D3B]J).
According to the calculations, the Z-isomer has a lower energy of formation when it
corresponds to the conformer with an intermolecular hydrogen bond between Npyridine
and the H atom, which is bound with Nhydrazine (the energy comparison of the isomers is
shown in Table 2). Even so, only the E-isomer is capable of chelate coordination, so there
must be isomeric conversions in the solution.

Table 2. Selected interatomic distances of &, { [CuLCl]-0.5H,0}.

Isomer Energy Difference, AE
Z-LH (Figure S8) 0
E-LH (Figure S7) 12.76 k] /mol
Z-LHP (Figure S9) 10.58 kJ /mol
Z-LHY (Figure S10) 17.43 k] /mol
Z-LH” (Figure S11) 28.41 kJ/mol

To compare the coordination sphere of the copper(Il) complex in the solid phase and
in solution, DFT calculations were performed taking into account the effects of the solvent
(H0). The Cu-LH transfer into the solution remained a disordered trigonal bipyramid
configuration (Figure 6), but the N-polymer atom was replaced by water molecules, as the
existence of the coordination polymer in the solution is questionable. Our experience in
quantum chemical calculations of transition metal complexes shows that, with appropriate
functional and basis levels of calculations, the coordination sphere may significantly diverge
from the one originally set for the calculation, even up to the loss of one of the coordinated
groups even when using the C-PCM model [9,38-40]. Small variations in the interatomic
distances are also present. Thus, concerning the copper atom, the chlorine and oxygen
atoms become closer (2.276 A instead of 2.280 A and 2.035 instead of 2.043 A, respectively);
the pyridine and hydrazide nitrogen atoms become farther apart (2.129 A instead of 2.073 A
and 1.955 A instead of 1.922 A, respectively); and the embedded “axial” water molecule is
farthest away from it, making the surroundings become more like a square pyramid, but
the chlorine atom is still outside the base plane. The replacement of the chlorine ion with
a second water molecule is justified, because in solution CI~ can be substituted by water
molecules, since Cu'l has a high ligand exchange rate [26,29,40], which can reach values of
about ~10” s7! [30]; therefore, this phenomenon in solution is quite expected. This leads to
a shorter Cu-X distance (2.052 A (X = Owater) relative to 2.276 A (X = C17)).
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Figure 6. Structure of the [CuL(H,O)Cl] complex optimized on the B3LYP/def2-TZVPP level, ac-
counting for solvent effects in the C-PCM model and dispersion correction (D3B]J).

3. Materials and Methods
3.1. Analytical Methods

e  Single-crystal X-ray diffraction

The data set for the single crystal L {[CuLCl]-0.5H,O} was collected on a Rigaku
XtaLab Synergy S instrument with a HyPix detector and a Photon]et microfocus X-ray tube
using Cugy (1.54184 A) radiation at cryogenic temperature. Images were indexed and
integrated using the CrysAlisPro data reduction package. Data were corrected for system-
atic errors and absorption using the ABSPACK module: numerical absorption correction
based on Gaussian integration over a multifaceted crystal model and empirical absorption
correction based on spherical harmonics according to the point group symmetry using
equivalent reflections. The GRAL module was used for the analysis of systematic absences
and space group determination. The structures were solved by direct methods using
SHELXT [43] and refined by the full-matrix least squares method on F? using SHELXL [44].
Non-hydrogen atoms were refined anisotropically. The hydrogen atoms were inserted at
the calculated positions and refined as riding atoms. The positions of the hydrogen atoms
of methyl groups were found using rotating group refinement with idealized tetrahedral
angles. The figures were generated using Mercury 4.1 program [45].

e IR spectroscopy

The FTIR spectra (600-4000 cm ™) of solid samples were recorded on a Vertex 70 FTIR
spectrometer (Bruker Corporation, Billerica, MA, USA) equipped with an ATR accessory
(ZnSe crystal, MIRacle, PIKE Technologies, Madison, W1, USA). The background spectra
obtained from 128 scans with a resolution of 2 cm~! were subtracted from the spectra of
the samples.

e  Mass spectrometry

High-resolution mass spectra with electrospray ionization (HRESI MS) were obtained
on an Agilent iFunnel 6550 Q-TOF LC/MS (Agilent Technologies, Santa Clara CA, USA) in
positive mode. Carrier gas: nitrogen, temperature: 300 °C, carrier flow rate: 12 L-min?,
nebulizer pressure: 275 kPa, funnel voltage: 3500 V, capillary voltage: 500 V, total ion
current recording mode: 100-3000 1/z mass range, scanning speed: 7 spectra-s™'. The
sample was dissolved in a mixture of HPLC-MS acetonitrile/water in a ratio of 1:1, and the

solution was supplied in HPLC-MS-grade methanol.
e  DFT calculations

Structures of the ligand and copper complex were optimized with the ORCA pro-
gram [41] using the DFT method [42] on the B3LYP/def2-TZVPP level [46-50], accounting
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for the solvent effect (HyO) by the C-PCM model [51] and the atom-pairwise dispersion cor-
rection with the Becke—Johnson damping scheme (D3B]J) [52,53]. All optimized structures
were checked for the absence of imaginary frequencies.

3.2. Synthesis and Analytical Data

e  General data

All synthetic work was performed under atmospheric conditions; the synthetic rep-
resentation was made with MarvinSketch 21.20. Details on the crystallographic data,
additional figures, computational parameters, and detailed mass spectra can be found
in the supporting information for this article. CCDC 2249594 for L {[CuLCl]-0.5H,0}}
contains the supplementary crystallographic data of this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

e  Starting materials

(E/Z)-N'~((5-Hydroxy-3,4-bis(hy droxymethyl)-6-methylpyridin-2-yl)methylene)-isoni-
cotino-hydrazide was prepared according to the literature method [22]. CuCl,-2H,0O (99.9%,
Vekton Ltd., Saint Petersburg, Russia), NiCl,-6H,O (99.9%, Vekton Ltd., Saint Petersburg,
Russia), CoCly-6H,0O (99.9%, Vekton Ltd., Saint Petersburg, Russia), ZnCl; (99.9%, Vekton
Ltd., Saint Petersburg, Russia), CH30H (99%, Vekton Ltd., Saint Petersburg, Russia), and
Et,0O (99%, Vekton Ltd., Saint Petersburg, Russia) were used as is. The Et3N base was
distilled and absolute according to the literature method.

e  Synthesis of solid-state complexes

L {[CuLCl]-0.5H,0}

The complex was obtained by the following method: 31.6 mg (0.1 mmol) of LH
was dissolved in 10 mL of methanol and then added to a 10 mL methanol solution of
CuCl,-2H0 (17.0 mg, 0.1 mmol). The mixture was stirred at room temperature for 3 h to
give a pale brown precipitate. Afterwards, the mixture was filtered off, and the residue was
washed with Et,O and left to dry in air.

MI-LH (M = Ni, Co, Zn)

A methanol solution (10 mL) of respective MCl,-nH,O (0.1 mmol) was added to
a methanol solution (10 mL) of LH (0.1 mmol) with a few drops of triethylamine. The
mixture was refluxed for 2 h to ensure the complete precipitation of the formed substances.
The amorphous complexes obtained were filtered off and washed several times with hot
ethanol-methanol solution (1:1). Finally, the complexes obtained were washed with Et,O
and dried in vacuum desiccators over anhydrous CaCl,.

Co-LH—reddish-brown powder. Yield: 57% based on CoCl,-6H,0;

Ni-LH—greenish-yellow powder. Yield: 45% based on NiCl,-6H,O;

Zn-LH—yellow powder. Yield: 57% based on ZnCly;

L{[CuLCl]-0.5H,0}—pale brown powder. Yield: 73% based on CuCl,-2H,O0.

e  Single crystal synthesis

A single crystal of [, {[CuLCl]-0.5H,0O} was obtained by the following method: 31.6
mg, 0.1 mmol of LH was dissolved in 10 mL of methanol and then added to a 10 mL
methanol solution of CuCl,-2H,0 (17.0 mg, 0.1 mmol). The mixture was stirred at room
temperature for 1 h to give a pale brown solution. The solution was then left to evaporate
slowly in air, and after 3 days yellow rhombohedral crystals formed. The crystals obtained
were suitable for single-crystal X-ray diffraction.

4. Conclusions

Four new Co', Nil!, Zn!!, and Cu!" metal complexes with a prospective anti-TB drug
(E/Z)-N'-((5-Hydroxy-3,4-bis(hydroxymethyl)-6-methylpyridin-2-yl)methylene)-isonicotin-
ohydrazide (LH) were synthesized and characterized. Only one crystalline complex with
copper(ll) was obtained, consisting of two 1D polymer chains, whose coordination envi-
ronment is completely abnormal for this type of complex. The other three metals formed
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amorphous phases. Despite this, they were characterized by IR spectroscopy and mass
spectrometry, and it was found that in all cases the coordination of the ligand is different.
Thus, Nil! forms a mono-complex, Co!! forms a bis-complex, but Zn!' can form mono- and
tetra-nuclear complexes. According to infrared spectroscopy, Ni'l and Zn!! probably have
similar solid-state structures because the vibrations correlate very well with each other. Cu'!
and Co' have individual vibrational patterns with the C=O vibrations missing in the case
of copper(II) and remaining in the case of cobalt(Il). The structure and energy of different
conformational and spatial isomers were determined by DFT calculations, including the
influence of the solvent. The Z-isomer of the corresponding ligand with intramolecular
hydrogen bonds appeared to be the most stable; however, it is not able to coordinate
copper(ll) in the way that it occurs in the crystal packing, indicating isomeric conversions
during synthesis. It can be assumed that LH can act as a Cul' sensor in solution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com /article/10.3390/inorganics11040167/s1, Figure S1: Planar view of L, {[CuLCl]-0.5H,0},
Figure S2: System of the H bonds for L, {[CuLCl]-0.5H,0}, Figure S3: Isomeric conversion of the LH
ligand, Figures S4-S6: Mass spectra of the corresponding compounds, Figures S7-S11: Structure
and formation energy (in atomic units, a.u.) of LH isomers optimized on the B3LYP/def2-TZVPP
level, accounting for the solvent effects in the C-PCM model and dispersion correction (D3BJ);
Figures S12 and S13: Structure of the CuL complex and selected interatomic distances optimized on
the B3LYP/def2-TZVPP level, accounting for the solvent effects in the C-PCM model and dispersion
correction (D3B]). Table S1: Crystallographic data of },{ [CuLCl]-0.5H,0}.
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