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Abstract: A new flexible bis-pyrazol-bis-acetate ligand, diethyl 2,2’-(pyridine-2,6-diylbis (5-methyl-
1H-pyrazole-3,1-diyl))diacetate (L), has been synthesised, and three coordination complexes, namely,
[Zn(L)2]1(BF4)2 (1), [IMnLCl;] (2) and [CALCl,] (3) have been obtained. All ligands and complexes
were characterised by IR, mass spectroscopy, thermogravimetric analysis and single-crystal X-ray
diffraction. Single crystal X-ray diffraction experiment revealed that the primary supramolecular
building block of 1 is a hexagonal chair shaped 0D hydrogen bonded synthon (stabilised by C-H---O
hydrogen bonding and C=0---m interactions), which further built into a 2D corrugated sheet-like
architecture having a 3-c net honeycomb topology, and finally extended to a 3D hydrogen bonded
network structure having a five nodal 1,3,3,3,7-c net, through C-H---F interactions. On the other
hand, the two crystallographically independent molecules of 2 exhibited two distinct supramolecular
structures such as 2D hydrogen bonded sheet structure and 1D zigzag hydrogen bonded chain,
sustained by C-H-O and C-H:--Cl interactions, which are further self-assembled into a 3,4-c network
structure, and 3 showed a 2D hydrogen bonded sheet structure. The supramolecular structural
diversity in these complexes is due to the different conformations adopted by the ligands, which are
mainly induced by different metal ions with coordination environments controlled by different
anions. Hirshfeld surface analysis was explored for the qualitative and quantitative analysis of the
supramolecular interactions.

Keywords: organic synthesis; coordination chemistry; single crystal X-ray diffraction; Hirshfeld
surface analysis

1. Introduction

Designing coordination complexes by using supramolecular self-assembly is an impor-
tant research area in materials chemistry [1]. The use of relatively simple organic ligands
and metal ions through their kinetically labile and thermodynamically stable coordination
bonds attracted many research groups due to their various potential applications [2-7]. Such
self-assembly resulted in channels or void spaces, wherein host-guest chemistry played
a role for the incorporation of small molecules or anions within such empty spaces [8].
In most of the coordination complexes so far reported, the ligands having only one hetero
nitrogen as the donor atom such as pyridine [9], picoline [10], isoquinoline [11] etc. were
used. On the other hand, ligands having two hetero nitrogen atoms such as imidazole [12],
pyrazole [13,14] and pyrazine [15] are not much explored in the coordination chemistry of
transition metals.
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Our research group has recently started a research programme on coordination com-
plexes built from pyrazole ligands. For example, we have reported the crystal structures of
Co(I)/ Cu(II) coordinated complexes of pyrazole-dicarboxylate acid ligand and established
their supramolecular structures [16]. In another work, we have demonstrated the effect of
the aliphatic backbone of the bis-pyrazole-bis-carboxylate ligand on the supramolecular
structures of their Co(I)/Cu(II) /Cd(Il) coordination complexes [17]. In a further account,
we have studied the effect of anions and hydrogen bonding on the supramolecular structural
diversities of Cu(Il) and Mn(Il) coordination complexes obtained from a novel bis-pyrazole
ligand [18]. More recently, two new pyrazole-acetamide ligands and their solid-state struc-
tures of coordination complexes caracterised by their remarkable antioxidant activity have
been reported too, in the context of the effect of hydrogen bonding on the self-assembly
process [19]. Last but not least, we have reported the crystal structure-bioactivity correlation
of three mononuclear coordination complexes of a pyrazolyl-benzimidazole ligand [20].

In the present study, we aim to explore the effect of ligating topologies, counter anions
and the metal ion nodes on the supramolecular structures of coordination complexes
obtained from a conformationally flexible bis-pyrazol-bis-acetate ligand having a pyridine
backbone (Scheme 1), namely diethyl 2,2’-(pyridine-2,6-diylbis(5-methyl-1H-pyrazole-3,1-
diyl)) diacetate (L) because of the following reasons:

(1) Theligand L is an N-heterocyclic tridentate pyrazolyl pyridine compound capable
of forming various coordination modes, and ligating topology with transition metal
ions [21].

(2) This type of pyridine ligand having pyrazolyl groups at the second and sixth position,
possesses a wide range of interesting chemical and /or physical properties, such as
catalytic [22,23], electrochemical [24], magnetic and photophysical properties [25].

(3) Many coordination complexes containing both Lewis base donors and Lewis acid
acceptors in the same ligand [26] such as 2,6-bis (pyrazolyl) pyridine have been
reported [23-27] according to the Hard-Soft acid base theory [28].

(4) Lisanew ligand, not yet reported.

~N N~ %
N L "> N—-NH B N-ny

COOEt EtOOC

Scheme 1. Synthesis of ligand L. (i) MeONa, THF, reflux. (ii) MeOH, NH,-NH, /H,O, reflux. (iii) NaH,
BrCH,COOEt, THF, reflux.

In this work, we shall investigate the coordination properties of L with Zn(II), Mn(II)
and Cd(II), which are recognised non-biodegradable and toxic metal ions, toxic for both
health and environment. For this purpose, we have reacted L with Zn(BF4);-6H,O,
MnCl,-4H,0 and CdCl,-2.5H,0 in a 1:2 molar ratio, which led to single crystals which
were systematically investigated by single crystals X-ray diffraction (Scheme 2).

The crystal structures of three coordination complexes were discussed in the context
of their effect of conformation dependent ligating topology, counter anions and metal ion
nodes on the supramolecular structural diversities. We have also present, for completeness,
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the crystal structure of the ligand L and of the intermediate compound 2-(5-methyl-1H-
pyrazol-3-yl)-6-(3-methyl-1H-pyrazol-5-yl) pyridine B (See Scheme 1).

Zn(BF,), - 6H,O - [Zn(L),] (BF,), (1)

MnCl, *4H,0

» [MnLCl,] (2)

|
N-—-JT N-—-—'

COOEt EtOOC

CdCl, - 2.5H,0
» [CALCL] ()

Scheme 2. Schematic representation of the synthesis of coordination complexes 1, 2 and 3.

2. Materials and Methods

All solvents and chemicals, obtained from usual commercial sources, were of analyti-
cal grade and used without further purification. 'H and '3C NMR spectra were obtained
on a Bruker AC 300 MHz spectrometer with the solvent proton peak as internal stan-
dard. High resolution mass spectrometry HRMS data were obtained with a Q Exactive
Thermofisher Scientific ion trap spectrometer by using ESI ionisation. FT-IR spectra were
recorded with KBr discs on a Perkin Elmer 1310 spectrometer. Thermogravimetric Anal-
yses (TGA) were carried out on a Mettler Toledo TGA /SDTA 851e analyser by loading
3—4 mg of sample, and the mass loss was monitored under nitrogen on warming from
room temperature to 900 °C at 10 °C/min.

A suitable single crystal was selected and mounted onto a rubber loop using Fomblin
oil. Single-crystal X-ray diffraction (SXRD) data of B, L, 1, 2, 3 were recorded on a Bruker
Apex CCD diffractometer (A (MoK,) = 0.71073 A) at 150 K equipped with a graphite
monochromator. Structure solution and refinement were carried out with SHELXS-97 [29]
and SHELXL-97 [30] using the WinGX software package [31]. Data collection and reduction
were performed using the Apex2 software package. Corrections for the incident and
diffracted beam absorption effects were applied using empirical absorption corrections [32].
All the non-H atoms were refined anisotropically. The positions of hydrogen atoms were
calculated based on stereochemical considerations using the riding model. Final unit cell
data and refinement statistics for B, L, 1, 2, 3 are collected in Table 1.

Synthesis of Ligands and Coordination Complexes

(2Z,2'7)-1,1'-(pyridine-2,6-diyl)bis(3-hydroxybut-2-en-1-one) (A)

To a mixture of dimethyl pyridine-2,6-dicarboxylate (3 g, 15.37 mmol) solubilised in
anhydrous THF (50 mL) freshly prepared sodium methanoate (3.32 g, 61.48 mmol) was
added, then 2.27 mL (30.74 mmol) of acetone were slowly added at 0 °C. After reflux for
4 h, the mixture was filtered and the precipitated product was washed with diethyl ether
(30 mL) and then dried in a desiccator. This salt was neutralised in water (30 mL) by adding
diluted glacial acetic acid until pH = 5.5. The yellow precipitated was filtered off, washed
with water (20 mL) and dried in a desiccator. Yield: 3.2 g (52%).

M. p. 77(1) °C

FTIR [KBr disk, v (cm™1)] = 792 (s), 1086 (m), 1428 (m), 1567 (s), 2363 (w), 3384 (m).

ESI: m/z = 248.09 [M + HJ* for C13H1404N in MeOH.

H NMR [300 MHz, CDCl3, 298 K, & (ppm)] 2.29 (s, 6H, CH3-C); 4.36 (s, 2H, C-OH);
6.97 (s, 2H, C=CH); 8.21 (m, 3H, pyridine)
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13C NMR [300 MHz, CDCl3, 298 K, & (ppm)] 26.31 (2C, CH3-C); 97.42 (2C, C=C);
12447 (2C, pyridine); 138.34 (1C, pyridine); 151.88 (2C, Cpyrigine-N); 180.58 (2C, C=0);
195.14 (2C, C-OH)

2-(5-methyl-1H-pyrazol-3-yl)-6-(3-methyl-1H-pyrazol-5-yl) pyridine (B)

A mixture of diketone (A) (2.21 g, 89.38 mmol) and an excess of hydrazine mono-
hydrate (1.56 g, 31.16 mmol) were heated under reflux in 20 mL of methanol for 18 h.
After cooling to room temperature, the mixture was concentrated to reduce the solvent,
and water (50 mL) was added to the mixture. The resulting white solid was filtered and
washed with H,O (20 mL). The obtained product was recrystallised in a mixture (20 mL)
of dichloromethane/methanol (1/1) to give white crystals. Yield 1.38 g (64%).

M. p. 211(1) °C

FTIR [KBr disk, v em 1] = 819 (s), 1031 (s), 1450 (s), 1580 (s), 1575 (m), 3133 (w), 3217 (w).

ESL: m/z = 240.12 [M + H]* for C13H14N5 in MeOH.

'H NMR [300 MHz, DMSO, 298 K, & (ppm)] 2.26 (m, C-CH3); 6.73 (s, 1H, C=CH); 6.65
(s, 1H, C=CH); 7.64 (m, 3H, pyridine) 12.67 (s, 1H, N1Hpyrazolyl) 13.05 (s, N2 Hpyrazolyl).

13C NMR [300 MHz, DMSO, 298 K, § (ppm)] 10.95 (1C, CH3-Pyz); 14.03 (1C, CH3-Pyz);
102.92 (1C, CH-Pyz); 103.44 (1C, CH-Pyz); 117.73 (1C, pyridine); 118.45 (1C, pyridine);
139.87 (2C, C-NHPyz); 142.17 (1C, Pyridine); 148.99 (2C, Cpyrazol=N,) 152.14 (1C, Pyridine).

Diethyl 2,2’-(pyridine-2,6-diylbis(5-methyl-1H-pyrazole-3,1-diyl)) diacetate (L)

A mixture of (B) (4.2 mmol) and sodium hydride (16.7 mmol) in tetrahydrofurane
(80 mL) was refluxed for 2 h. After cooling to 0 °C, a solution of ethyl bromoacetate
(8.35 mmol) in tetrahydrofurane (20 mL) was slowly added. The reaction mixture was
heated under reflux for 3 days, then filtered and the solvent was evaporated to dryness.
The obtained residue was precipitated by addition of diethyl ether (30 mL) at 0 °C, and the
resulting solid was filtered and washed with Et,O (20 mL). The isolated product was purified
on silica using dichloromethane and methanol (9:1) to give a white pure product. Yield:
0.70 g (41%). This product was crystallised in dichloromethane to obtain colourless crystals.

M. p. 165(1) °C

FTIR [KBr disk, v em 1] = 792 (s), 1028 (s), 1270 (m), 1436 (m), 1569 (s), 1741 (s), 2996 (w)

ESI-MS: m/z = 412.197 [M + H]* for C31H04N5 in MeOH

'H NMR [300 MHz, CDCl3, 298 K, & (ppm)] 1.27 (t, 6H, CH3-CH,); 2.32 (s, 6H, CH3-
C); 4.22 (q, 4H, CH,-CH3); 4.90 (s, 4H, CH,-C=0); 6.84 (s, 1H, CH pyrazolyl); 7.78 (m,
3H, pyridine).

13C NMR [300 MHz, CDCl3, 298 K, & (ppm)] 11.32 (2C, CH3-Pyz); 14.27 (2C, CH3-CH,);
51.20 (2C, CH,-NPyz); 61.95 (2C, CH,-0O); 105.30 (2C, CH-Pyz); 118.73 (2C, pyridine); 137.24
(2C, C-NPyz); 140.88 (1C, Pyridine); 151.60 (4C, Cpy = C, Cpy-Cpyz) 167.86 (2C, C=0).

[Zn(L)2](BF4)2 (1)

41 mg of L (0.1 mmol, 2 eq.) was dissolved in methanol (10 mL). To this solution was
added a methanolic solution (5 mL) of 12 mg (0.05 mmol, 1 eq.) of Zn(BF,);-6H,O. The
reaction mixture was stirred for 15 min. Colourless crystals suitable for X-ray analysis were
obtained by vapour diffusion of diethyl ether into the reaction mixture after ten days. Yield:
0.021 g (48%).

FTIR (KBr disk) v em™: 2992 (m), 1579 (w), 1414 (w), 1232 (m), 1082 (m), 1026 (w),
829 (w).

ESI-MS: m/z = 817.33 [M-COOEt + H]* for C39H47N19OZn in DMF.

'H NMR [300 MHz, DMSO, 298 K, § (ppm)] 1.23 (t, 6H, CH3-CHy); 2.28 (s, 6H, CH3-
C); 4.12 (q, 4H, CH,-CHj3); 5.90 (s, 4H, CH,-C=0); 6.75 (s, 1H, CH pyrazolyl); 7.76 (m,
3H, pyridine)

[MnLCl;] (2)

41 mg (0.10 mmol, 2 eq.) of L was dissolved in hot methanol (5 mL). To this solution
was added a methanolic solution (10 mL) of 98 mg (0.05 mmol, 1 eq.) of MnCl,-4H,0O. After
stirring for 15 min the resulting solution was left at room temperature. Colourless single

crystals were obtained by slow evaporation of the reaction mixture over a period of 1 week.
Yield 0.0101 g (40%).
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FTIR (KBr disk) v cm™: 2981(w), 1747 (s), 1504 (m), 1426 (m), 1232 (m), 1013 (m),
819 (w).

ESI-MS: m/z = 501.097 [M +H]* for C»;Hp¢O4NsMn in DMF.

[CALCI;] (3)

41.1 mg L (0.10 mmol, 2 eq.) was dissolved in MeOH (5 mL). 11.4 mg CdCl,-2.5H,O
(0.05 mmol, 1 eq.) was dissolved with a solution of H,O (3 mL) and MeOH (3 mL) and
added to the above solution of L. The resulting solution was filtered and left undisturbed
at r.t. After a few days the formed precipitate was recrystallised in CH3CN (15 mL).
White single crystals were obtained by slow evaporation of the reaction mixture over a
period of 7 days. Yield 0.007 g (26%).

FTIR (KBr disk) v em™: 2985 (w), 1760 (s), 1508 (m), 1426 (m), 1235 (m), 1021 (w),
806 (w).

ESI-MS: m/z = 560.061 [M—Cl + H]+ for C21H2604N5Cd in DME

3. Results
3.1. Synthesis, FT-IR and UV-Visible Spectroscopy

The ligand L was synthesized by following a three-step reaction, in which the dimethyl
pyridine-2,6-dicarboxylate was converted to an intermediate compound bis-hydroxy-bis-
one (A) following a nucleophilic reaction with acetone and NaOMe, in the first step, and in
the second step, the intermediate compound was treated by hydrazine hydrate resulting in 2-
(5-methyl-1H-pyrazol-3-yl)-6-(5-methyl-2H-pyrazol-3-yl)-pyridine (B). In the final step, the
reaction of B with NaH and BrCH;COOEt lead to the formation of the ligand L (Scheme 2)
in reasonable yield. The coordination complexes [Zn(L);](BF4), (1), [MnLCl;] (2) and
[CdALCl,] (3) were synthesised by reacting the ligand L with Zn(BF;);-6H,0O, MnCl,-4H,O
and CdCl,-2.5H,O, respectively in 1:2 metal/ligand stoichiometric ratio.

The resultant needle shaped crystals were characterised by using FT-IR, UV-visible
spectroscopy, electrospray ionisation mass spectrometry (ESI-MS) and SXRD. More detail
explanation of FI-IR and UV-visible spectroscopy are given in the SIL.

3.2. Crystal Structures

The crystal data of B, L, 1, 2 and 3 are given in Table 1 Needle-type crystals were
obtained by slow evaporation of dichloromethane and methanol in the case of L and a
mixture of dichloromethane and ethanol in the case of the ligand B. Not surprisingly, the
crystal structure of B contains an ethanol molecule, whereas no solvent was detected for L.
Single crystal X-ray diffraction analysis of ligand B revealed that the ligand crystallises in
the orthorhombic space group P21212;, which is an achiral member of the Sohncke family
defining chiral crystals (Figure 1). The asymmetric unit is composed of one molecule of each
B and lattice included ethanol. The solvent ethanol was found to be disordered over two
positions. In the unit cell, four molecules of ligand and ethanol were present. The N-N bond
distances are in the range of 1.343(4)-1.350(4) A, which is characteristic for pyrazole [20].
From the crystal structure, it is found that the ligand exists as slightly non-planar, in which
the planes of the pyrazole rings showed a difference in the angle of 8.68° (a). The ligand B
undergoes supramolecular self-assembly through N-H---N hydrogen bonding [N-H---N =
2.887(4) A, <N-H-N = 167°] interactions comprising the pyrazole functionality, resulting
in a P-helix along 2; screw axis. Four units of the ligand complete one helical turn with a
helical pitch of 21.5 A. Interestingly, lattice included ethanol molecules were located along
the 21 screw axis of the helix and are involved in bifurcated hydrogen bonding [N-H---O =
2.761(8)-2.866(16) A, <N-H-O = 162-173°] and Van der Waals interactions [3.062(8) A] with
N atoms of pyrazole and pyridine functionalities, respectively (Figure 1b). In the crystal
structure, P-helix was additionally stabilised by the adjacent helices with the support of
various Van der Waals interactions (Figure 1c—e).
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Figure 1. Crystal structure illustration of B—(a) The crystal structure of B (colour code: C—orange,
N—purple, H—white); (b) P-helix along the 2; screw axis (orange colour spacefill model), displaying
the inclusion of ethanol molecules (red colour spacefill model); (c) parallel packing of the M-helices
along 21 screw axis; (d) along crystallographic axis ‘a” (adjacent M-helices are shown in purple, blue,
magenta, green, in capped stick model); (e) overall packing of M-helices (blue colour capped stick
model), displaying the inclusion of ethanol (yellow colour spacefill model).

The chirality obtained from 2-fold rotational axes as a result of the molecular assemblies
in the crystal lattice of an achiral component is an important topic in crystal engineering [33].
On the other hand, the ligand L crystallised in the centrosymmetric triclinic space group P-1.
The asymmetric unit contains only one molecule of L, and there were two such molecules
found in the unit cell, both related to each other by a centre of inversion symmetry. As
expected, the ligand showed non-planar structure, which is revealed from the angle between
the pyrazole rings (14.13°). Among various plausible conformations, the ligand L showed
anti-anti-syn-anti-anti conformation in the crystal structure (Scheme S1). The N-N bond
distance was in the range of 1.358(4)-1.350(4) A, which is the characteristic N-N bond length
for pyrazole [20]. Moreover, the C=0, C-O and O-C bond lengths were in the range of
1.184(4)-1.206(8) A, 1.318(5)-1.319(9) A and 1.446(5)-1.458(8) A, respectively [34], which
confirms the presence of ethyl acetate functionality in L.

We are interested in the final supramolecular structure of this new ligand L, in which
three distinct functionalities such as pyridine, pyrazole and ethyl acetate are present. The
C=0 of the ester moiety showed hydrogen bonding interaction with the -CH2- spacer
between the pyrazole and ester moieties via C-H:--O hydrogen bonding [C-H:--O =
3.142(5)-3.281(10) A, <C-H-O = 131-151°] lead to the formation of a zero dimensional (0D)
synthon, which is further extended through C-H---O interactions into a two dimensional
(2D) hydrogen bonded sheet structure through the same C-H---O interaction. Two such
sheets are assembled each other through C-H---N hydrogen bonding [C-H:--N = 3.562(6) A,
<C-H-N = 166°] involving a -CH;— spacer and the pyrazole N atom leading to the for-
mation of a network structure having Schlifli symbol {45.6%} and exhibiting a 5-c net
unimodal topology [35]. In fact, such hydrogen bonding resulted in the formation of an
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eight-membered hydrogen bonded macrocycle of graph set R3(8). Such pairs of 2D sheets
are further self-assembled through weak van der Waals force (Figure 2).

XXX XX

(N80 12077877 78778

4}"’»"’«»"6‘;( X
7,

SR

Figure 2. Crystal structure illustration of L—(a) 1D chain; (b) 2D hydrogen bonded sheet structure
(colour codes: C—orange, O—red, N—purple); (c) A pair of self-assembled 2D hydrogen bonded
sheets (individual sheets are shown in orange and cyan); (d,e) TOPOS [31,35] view of a pair of
self-assembled 2D hydrogen bonded sheets, along crystallographic axis ‘0" and ‘c’.

The asymmetric units of the coordination complexes are shown in Figure 3. A colour-
less needle-shaped single crystal of 1 crystallised in the centrosymmetric monoclinic space
group P2; /c. The asymmetric unit contains two molecules of Zn(Il) coordination complex,
and four counter anions of tetrafluoroborate (BF;~). The metal centre Zn(II) exhibited
distorted octahedral geometry [<N-Zn-N = 74.27(9)-99.10(10)°] wherein all of the six
coordination sites were occupied by the N atoms (both pyridine and pyrazole) of two
molecules of the ligand L.
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Table 1. Crystallographic and refinement data for the reported structures.
B L 1 2 3
Formula Ci15H19N50 Cr1Hp5N504 CppHs59BoFgN1gOgZn  Cy1HpsClhbMnN5O4  Cp1Hos5CdClyN5Oy
M, 285.35 411.46 1061.91 537.30 594.76
T [K] 293(2) 297(2) 150(2) 150(2) 150(2)
7 [A] 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Triclinic Monoclinic Monoclinic Monoclinic
Space group P21212¢ P-1 P2, /c P2, /c P2/n
a[A] 9.036(1) 6.687(1) 22.848(6) 21.183(5) 11.785(3)
b[A] 12.456(1) 11.333(4) 29.051(7) 18.572(5) 9.296(2)
c[A] 13.962(1) 15.576(3) 14.640(4) 12.688(3) 11.852(3)
a[°] 90 71.24(2) 90 90 90
BI°] 90 79.22(1) 91.163(4) 100.812(3) 110.813(2)
7 [°] 90 74.17(1) 90 90 90
V [A%] 1571.6(3) 1069.0(5) 9715(4) 4903(2) 1213.7(5)
Z 4 2 4 8 2
pe [gem ™3] 1.206 1.278 1.452 1.456 1.627
u [mm—1] 0.080 0.091 0.597 0.793 1.157
F(000) 608 436 4384 2216 600
6 range 3.26-24.94 2.90-25.24 2.18-24.96 2.24-26.03 2.86-26.44
Independent reflns 2838 3817 20,039 10,094 2513
Abs. correction Multi-scan Multi-scan Empirical Empirical Empirical
Refinement method Full-matrix least-squares on F2
GoF on F? 1.094 1.097 1.020 1.063 1.079
Final R indices Ry =0.0510 R; =0.087 R; =0.0518 Ry =0.0715 R; =0.0264
[I>2 o(D] wR;, =0.1211 wR;, =0.1770 wR; =0.1303 wR; =0.1539 wR; =0.0709
R indices (all data) R; = 0.0607 R; =0.1283 R1=0.0779 R; =0.1008 R; =0.0295
wR; =0.1276 wR; =0.1992 wRj =0.1448 wR; =0.1752 wR; = 0.0730

In contrast to the anti-anti-syn-anti-anti conformation of the ligand (non-coordinated
to the metal centre), the metal bound ligand L molecules showed two distinct conforma-
tions such as syn-syn-syn-syn-syn and syn-syn-syn-syn-anti in the coordination complex
1, with substantial molecular non planarity, which is evident from the corresponding
dihedral angles of 9.00-15.77° involving the terminal pyrazole rings. The crystallograph-
ically independent molecules of 1, showed weak C-H---O hydrogen bonding [C-H:--O
= 3.243(5)-3.307(4) A, <C-H-O = 117-128°] involving C-H of pyridine and C=0O of the
ester functionality of the ligand L, resulting in the formation of a hexagonal chair shaped
0D hydrogen bonding synthon. This synthon was further stabilised by C=0O---7t [3.227(4)-
3.336(8) A] interactions involving C=0 of the ester and aromatic functionalities of the
ligand L. The supramolecular self-assembly of such 0D synthon leads to the formation of a
2D corrugated sheet-like architecture having a 3-c net honeycomb topology with Schléfli
symbol {6°}. The C-H---F hydrogen bonding [C-H:--F = 3.137(10)-3.195(4) A, <C-H-F =
123-174°] comprising the C-H of pyrazole, pyridine, -CHj of pyrazole, -CH,— spacer and
—CH,- of ester with BF4~ anions facilitated the self-assembly of a 2D corrugated sheet, into
a three dimensional hydrogen bonded network structure having a five nodal 1,3,3,3,7-c net
with Schlafli symbol {0H3.5.6}{32.52.6%.72.83.92}{4.5.7}2 (Figure 4).
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——

Figure 3. Asymmetric units of 1 (a), 2 (b) and 3 (c). (Hydrogen atoms were omitted for clarity, Colour
code—C—orange, N—purple, O—red, Cl—green, Zn—cyan, Mn—magenta, Cd—brown.

Figure 4. Crystal structure illustration of 1—(a) 2D corrugated sheet like architecture formed by the
self-assembly of crystallographically independent molecules (shown in green and blue colour capped
stick model) of 1, built from hexagonal chair shaped 0D hydrogen bonding synthon (red colour
hexagon); (b) TOPOS view of 2D corrugated sheet having a 3-c net honeycomb topology; (c¢) TOPOS
view [31,35] of the 3D hydrogen bonded network structure.
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SXRD analysis revealed that single crystals of 2 belong to the centrosymmetric mono-
clinic space group P2;/c. The asymmetric unit was comprised of two crystallographically
independent molecules of coordination complex 2. The coordination complex 2 consists
of Mn(II) ion, two chloride anions and one ligand L. In the unit cell, there were four such
units of each crystallographically independent molecules of 2, which were symmetrically
related by two-fold screw axis (21), glide plane and centre of inversion. The Mn(II) showed
a distorted trigonal bipyramidal geometry [<N-Zn-N = 70.8(2)-142.35(13)°; <N-Zn-Cl =
96.37(10)-126.02(10)°; <N-Zn—Cl = 112.45(5)-112.55(5)°], wherein the axial positions are
coordinated by the N atom of the pyridine of ligand L and the chloride counter anions,
whereas the apical positions are occupied with the N atoms of the pyrazole of L. The ligand
L showed more planarity in 2 (considering only the aromatic portion of the L, the angle
between the pyrazole rings of L were found to be 1.47-1.67°, which is smaller compared
to the crystal structure of ligand L and 1). Moreover, in the crystal structure, ligand L
in both crystallographically independent coordination complexes displays anti-syn-syn-
syn-syn conformation. The formation of pyrazole and ethyl acetate functionality in L was
confirmed by the corresponding average bond lengths of N-IN, C=0O and C-O such as
1.328(7)-1.367(7) A, 1.187(7)-1.209(8) A, and 1.326(6)-1.330(6) A, respectively. While one of
the crystallographically independent molecules of 2 showed C-H::-O [C-H of pyridine
and C=0 of ester, C-H---O = 3.204(9) A, <C-H-O = 125°] hydrogen bonding and other
weak interactions resulted in the formation of a 2D hydrogen bonded sheet structure
along the ‘bc’ plane, the second crystallographically independent molecule of 1 displayed
C-H:--Cl [-CH;- spacer and metal bound chloride, C-H:--Cl = 3.204(9) A, <C-H-Cl = 125°]
hydrogen bonding which resulted in a 1D zigzag hydrogen bonded chain. Interestingly,
these 1D zigzag hydrogen bonded chains (extended through ‘c” axis) are packed on the top
and bottom of the 2D sheet, with the support of C-H---O [C-H---O = 3.227(10) A, <C-H-O
= 123°] hydrogen bonding involving —-CHj,— ester and C=0 group of ester functionality
which resulted in a 3,4-c net with Schléfli symbol {52.8}{5%.62.7} (Figure 5).

‘\\‘\\6\&

2 X X
‘\\‘\\‘\\‘
W B iR

Figure 5. Crystal structure illustration of 2—(a) packing of 1D zigzag hydrogen bonded chain (blue
colour) over the 2D hydrogen bonded sheet structure along the ‘bc” plane (red), TOPOS view [31,35]
are shown in left and right side, respectively; (b—d) TOPOS view of packing of 1D zigzag hydrogen
bonded chains on the top and bottom of the 2D sheet, along various crystallographic axis.



Sustainability 2021, 13, 288

11 of 18

Coordination complex 3 crystallises in the centrosymmetric monoclinic space group
P2/n. The asymmetric unit is comprised of one half of the molecule of 3, i.e., one half
of Cd(II) metal ion, one half of the molecule of L and one chloride anion (both L and
chloride anions were coordinated to Cd(II)). The two-fold axis is passing through the Cd(II)
metal centre and N(1) and C(1) atoms of the ligand L. Due to the presence of this two-fold
axis, the remaining half of Cd(II), ligand L and chloride anion are generated by symmetry.
In the crystal structure, the metal atom Cd(II) displays distorted trigonal bipyramidal
geometry with angles ranging from 69.47(5)-104.26(5)°. The axial coordination sites of
Cd(II) were occupied by the two pyrazole nitrogen atoms of L whereas the equatorial
sites are occupied by nitrogen atom of pyridine moiety of L and two chloride anions.
Like in 2, the ligand L showed anti-syn-syn-syn-syn conformation with slight non-planarity
in 3, which is revealed from the angle (6.33°) between the pyrazole rings. From the
crystal structure, it is revealed that the bond lengths of N-N, C=0 and C-O are 1.349(3) A,
1.186(4) A, and 1.320(4) A, respectively, which confirmed the presence of pyrazole and ethyl
acetate moieties in the ligand L. The supramolecular structure of 3 can be best called as a 2D
hydrogen bonded sheet. The C-H---O hydrogen bonding [C-H---O = 3.258(6) A, <C-H-O
= 147°] involving the-CHj of the pyrazole ring and O = C of the ethyl acetate facilitate
the formation of a 1D hydrogen bonded chain as the primary supramolecular structure.
Furthermore, 2D hydrogen bonded sheet is built from the supramolecular self-assembly
through C-H:--Cl hydrogen bonding [C-H---Cl = 3.564(10) A, <C-H-Cl = 133°] via the
C-H of pyridine and metal bound chloride, along the crystallographic plane ‘ab’ (Figure 6).

a ‘ \ Y\;}\“\:‘q\f‘w\"iﬂ*
Y% Y‘% *’Jr*f,'
b

Figure 6. Crystal structure illustration of 3—(a) 2D hydrogen bonded sheet; (b) TOPOS [31,35] view
of 2D hydrogen bonded sheet; (c) offset packing of 2D sheets (adjacent sheets are shown in red colour
spacefill model and blue colour capped stick model).

4. Discussions
4.1. Hirshfeld Surface Analyses

To investigate more about the supramolecular interactions in the crystal structures of B,
L, 1, 2 and 3, Hirshfeld surfaces have been calculated for all the structures. From Hirshfeld
surface [36] analysis, we can quantify various supramolecular interactions present in the
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crystal structure. We used CRYSTAL EXPLORER [37] to plot the Hirshfeld surfaces [38]
and calculate their respective 2D fingerprint plots [39].

The 3D maps of Hirshfeld surface (HS) assist us to find out the main interactions
between molecules, and the 2D fingerprint plot (FP) help us to understand the distances
among atoms involved in those interactions. More precisely, 3D HS and 2D FP enable us
to give insights into qualitative and quantitative analysis of supramolecular interactions,
respectively, present in the molecule. The 3D HS plots of B, L, 1, 2 and 3 are presented in
Figure 7, exhibiting the surface map over the normalised contact distance (d;,or), which can
be determined from the d. (the distance between the Hirshfeld surface and adjacent nucleus
outside the surface), d; (the distance between the Hirshfeld surface and nearest inside the
nucleus) and the van der Waals radii of the atoms (r??"V or r};dw) from Equation (1):

i

di— v g, yprdv

M

dnorm =

r'{)dw ré)dw

Figure 7. Views of the d;;or Hirshfeld surfaces of B (a) and L (b), displaying various interactions
(shown in green colour dotted lines). Views of the d;o;; Hirshfeld surfaces of 1 (c), 2 (d) and 3 (e),
displaying various supramolecular interactions (shown in green colour dotted lines).

The corresponding shape index and curvedness of B, L, 1, 2 and 3 are shown in
Figures S1-54 (ESI). In the d;rm map, the red spots indicate the closeness of atoms to
the HS from outside, meaning a strong hydrogen bonding exists between the HS and
the nearest atoms outside. While the white areas on the 3D HS designate the contacts
with distances equal to the sum of van der Waals radii, the blue colour regions indicate
the longer distances than the van der Waals radii as shown in Figure 7a,b. The HS of
B was generated by using a standard (high) surface resolution with 3D d;, surfaces
mapped to a range —0.6557 to 1.3709 a.u. From the d,;,r, mapping, it is revealed that
strong hydrogen bonding interactions such as N-H---N (between the pyrazole moieties)
and N-H---O (between pyrazole and solvated ethanol) were present in the crystal lattice of
B, as observed from the bright red spots on the HS. On the other hand, 3D d,,, surfaces
mapping (ranges between —0.6823 to 1.4926 a.u.) of L, showed bright red spots near to C=O
of ester, pyrazole and -CH,- spacer of neighbouring molecules of L, confirming C-H---O
and C-H---N hydrogen bonding interactions.

The contributions of the interatomic contacts (C---H, N:--H, and O---H) present in B
and L are revealed from the 2D FP (Table 2). The C---H interatomic contacts present in B
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and L are due to the C-H::-m involving C-H of pyrazole and pyrazole ring, and C-H of
spacer and pyridine ring, respectively. Weak 7---7t stacking (C---C = 0.9%), lone pair---7t
(C---O =0.9%), and stacking of the aromatic rings (C---N = 1.8%) were also present in the
crystal structure of L.

Table 2. Contributions of the interatomic contacts (%) in the compounds presented in this paper.

B (%) L (%) 1 (%) 2 (%) 3 (%)
O---H 25 13.9 13.8 14.5 15.8
N---H 22.2 9.6 1.8 49 5.8
C---H 259 14.9 8.9 10 10.9
H--H 49.3 57.3 51.9 46.6 439
F---H - - 21.1 - -
Cl---H - - - 18.2 17.8
C.--C 0.1 0.9 - 2.7 3.1
Cl---O - - - 0.5 0.6
C---O - 0.9 2.0 - -
N---C - 1.8 - - -

The HS mapped over dj,y+; of the coordination complexes 1, 2 and 3 are in the range
of —0.2538 to 1.6883 a.u., —0.2479 to 1.6747 a.u., —0.4067 to 1.4848 a.u., respectively
(Figure 7c—e). The bright-red spots present on the 3D HS of 1, 2 and 3 are due to the strong
hydrogen bonding such as C-H:--O (C-H of pyridine and -CHj;- of ester with C=0 of the
ester) and C-H.:-F (C-H of aromatic rings, ester, and spacer with BF,;~ anion) interactions in
1, C-H---O (C-H of pyridine and C=0 of the ester) and C-H:--Cl (<CH2- spacer and metal
bound chloride) interactions in 2, and C-H---O (-CHj of the pyrazole ring and O = C of
the ester) and C-H---Cl (C-H of pyridine and metal bound chloride) interactions in 3, as
discussed in the crystal structure description (vide supra).

The resultant 2D FPs shown in Figures S5-59 displayed the quantitative contribution
of various intermolecular interactions present in their crystal structures of 1, 2 and 3
(Table 2). The C.--H interatomic contacts were also present in the crystal structures of 1,
2 and 3, due to the C-H.--m interactions (C-H of ester and pyrazole/pyridine ring in 1,
C-H of ester and pyrazole ring in 2, and C-H of the methyl group of pyrazole/pyridine
ring in 3). Supramolecular interactions such as 7t---7 stacking (C:--C =2.7% in 2 and 3.1%
in 3), lone pair---7t (C---O = 2.0% in 1) were also present in the crystal structures of the
coordination complexes (Table 2). Weak Van der Waals interactions were also found in 2
and 3 (Cl---O = 0.5% in 2 and 0.6% in 3). Moreover, the H:--H contacts in B, L, 1, 2 and 3
comprise of the major contributors to the contact list of 2D FP, such as 49.3%, 57.3%, 51.9%,
46.6% and 43.9%, respectively, within the HS. This is due to the high share of hydrogen
atoms present in their crystal structures. Interestingly, the presence of sharp spikes was
found in the 2D FPs of 1, 2, and 3, which indicate the presence of strong C-H---X (di + de
=219 A,248 A,and 2.72 A, for 1, 2 and 3, respectively, which have contributions of 21.1,
18.2 and 17.8%) and C-H---O (di + de = 2.47-2.69 A, 2.52-2.56 A, and 2.29-2.73 A, for 1, 2
and 3, respectively, which have contributions of 13.8, 14.5 and 15.8%) hydrogen bonding
interactions, after considering the Cl---H, F---H and O---H 2D FP, where X = F for 1, and Cl
for 2 and 3. The contribution of H---H, N---H and C---H interactions in the coordination
complexes were decreased, compared to its ligand L, noticeably due to the presence of
F---H and CI---H interactions (Figure 8).
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Figure 8. The relative contributions of all contacts presentin B, L, 1, 2 and 3.

4.2. Influence of Counter-Anion and Metal Ion on the Conformation of the Ligand L and the
Supramolecular Structures of the Coordination Complexes

The coordination complexes discussed herein showed supramolecular structural
diversity in their crystal structures. The fundamental reason behind such diversity is
due to the influence of various metal ions and counter anions, during the crystallisation
process, which induced the conformational changes of the ligand L in the coordination
complexes [40—42]. As shown in Scheme S1, there are several possible conformations of L,
which can contribute to the coordination with metal ions. Indeed, due to the small energy
barrier between various conformations of the flexible ligand L, it can display a particular
conformation required for the coordination driven self-assembly of a metal ion. However,
predicting such specific conformation is generally challenging, because of various hurdles
such as the diversity in the possible orientations of the ligands in the crystals, the less
precision in estimating the energies of ligand for its coordination with metal ion, and
difficulty to predict the thermodynamic and kinetic contributions for the crystal growth.
Hence, it is very important to recognise the supramolecular synthon present in the crystal
structure, which is the sub-structural motif in the crystal.

The ligand L showed anti-anti-syn-anti-anti conformation in the crystal structure.
Once it undergoes coordination with Zn(Il) and form coordination complex 1, the ligand L
displayed two distinct conformations (two molecules of L are present in 1 such as syn-syn-
syn-syn-syn and syn-syn-syn-syn-anti. The coordination geometry of Zn(Il) and the BF,~
anions present in the crystal lattice induce such conformations of L, in 1. From the overlay
structure of L with the 1 (Figure 9a,b), we can easily understand that the pyrazole rings of L
rotate around 180°. Additionally, the self-assembly of L having these conformations, with
the distorted octahedral Zn(II) via C-H:--O hydrogen bonding resulted in a hexagonal chair-
shaped 0D hydrogen bonding synthon, the main sub-structural motif of 1, which further
extended into a 2D corrugated sheet structure through weak C=0---7. In fact, the BF*
anions present in the crystal lattice of 1, further assisted the self-assembly process via
C-H:--F hydrogen bonding leading to the formation of a 3D hydrogen bonded network.
On the other hand, L showed anti-syn-syn-syn-syn conformation in both 2 and 3, where the
counter anion is common, viz. chloride. In both coordination complexes 2 and 3, chloride
anions are coordinated to the metal ions. The difference between them is the metal ions,
Mn(II) in 2 and Cd(II) in 3, present in the coordination complex. Another clear difference is
the presence of two crystallographically independent molecules of coordination complex
in 2, wherein in the case of 3, only one molecule was present in the asymmetric unit. The
difference in the ionic radius of Mn(II) (0.75 A) and Cd(II) (0.87 A) is one of the crucial
factors for such variances.
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Figure 9. A molecular overlay of L with 1 (a) and (b), 2 (c), and 3 (d).

As a result, the primary supramolecular synthons of 2 and 3 were also different;
while the crystallographically independent molecules of 2 showed hexagonal shaped
supramolecular synthon through C-H---O, which further extended to a 2D hydrogen
bonded sheet structure, the C-H.--Cl interaction assisted the formation of a 1D zigzag
hydrogen bonded chain (such chains are further packed top and bottom of the sheets).
The C-H---O hydrogen bonding in 3 gives a 1D hydrogen bonded chain as the primary
supramolecular structure, which further extended to a 2D hydrogen bonded sheet structure
with the support of C-H---Cl interactions. From the overlay of the structure of 2 and 3 over
the ligand L, a difference in the conformations is observed (Figure 9¢,d). Although the
conformation of L is identical in 2 and 3, the supramolecular packing is different due to the
packing of the molecules induced by anion and metal ion as a result of symmetry difference.

We have investigated the thermal stability of L, and its coordination complexes, by
thermo-gravimetric analysis (TGA) over the 25-900 °C under nitrogen atmosphere at
a heating rate of 10 °C/min. As expected, the coordination complexes showed much
higher thermal stability than the ligand L, with 230 °C, 310 °C and 270 °C, for 1, 2 and 3
respectively. Thus, their thermal stability can be ordered as follows: L <1 <3 <2. While 1
showed a continuous one step thermal decomposition, 2 and 3 exhibited a three-step
thermal degradation, with sharp profiles at steps one and two. The higher thermal stability
of 2 is due to the presence of a higher quantity of C-H---Cl (18.2% in 2 compared to 17.8%
in 3) and other weak interactions (46.6% in 2 compared to 43.9% in 3), as revealed from the
2D FPs and 3D HS. The lower stability of 1, compared to 2 and 3, is also revealed from the
2D FPs and 3D HS data; although 21.1% of strong C-H---F is present in 1, the quantity of
C-H---O (13.8%in 1, 14.5% in 2, 15.8% in 3) and N-H:--O (1.8% in 1, 4.9% in 2 and 5.8% in
3) in 11is less, in contrast to 2 and 3. Moreover, the contributions from 7t---7t stacking and
anion-- -7t interactions which were present in 2 and 3 (Table 2), were absent in 1 (Figure 10).
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Figure 10. The thermo-gravimetric analysis (TGA) comparison plot of L, 1, 2 and 3.
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5. Conclusions

A new flexible bis-pyrazol-bis-acetate ligand L, and its Zn(II), Mn(II) and Cd(II) coor-
dination complexes have been synthesised and structurally characterised by single crystal
X-ray diffraction. The ligand L showed diverse conformations once reacted with transition
metals to produce the coordination complexes 1, 2 and 3. In addition, the intermediate
compound B, which was found to be an achiral molecule, showed supramolecular chirality
obtained from 2-fold rotational axes. While L showed a pair of 2D hydrogen bonded sheet
structure having a 5-c net uninodal topology, 1 exhibited a 2D corrugated sheet like archi-
tecture having a honeycomb topology which further extended into a 3D hydrogen bonded
network structure. Interenstingly, two distinct topologies were observed in 2, due to the
presence of crystallographically independent molecules of 2 in the unit cell, namely a 2D
hydrogen bonded sheet structure along the ‘bc” plane and 1D zigzag hydrogen bonded
chains, which are packed on the top and bottom of the 2D sheet. Finally, 3 showed a 2D
hydrogen bonded sheet structure. Thus, the influence of the counter anions in shaping
up the coordination modes of the metal ions and the conformation of ligand, resulting in
various supramolecular synthons which control the self-assembly of coordination com-
plexes, was demonstrated. Remarkably, 1, 2 and 3 showed unusual thermal stability as
revealed from thermogravimetric analyses, which can be justified by the presence of strong
supramolecular interactions, as revealed by the crystal structure and Hirshfield surface
analyses. Its unique thermal stability could provide stable hybrid materials upon grafting
L to silica for metallic decontamination purposes, particularly towards Zn(Il), Mn(II) and
Cd(II) which are recognised as toxic metal ions. This technology is currently under inves-
tigation in our laboratory and already applied to real water samples (e.g., from natural
rivers) [43-52].
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