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Abstract: This work deals with the preparation of pyridine-3-carbohydrazide (isoniazid, inh) cocrys-
tals with two a-hydroxycarboxylic acids. The interaction of glycolic acid (Hyga) or d,]-mandelic
acid (Hyma) resulted in the formation of cocrystals or salts of composition (inh)-(H,ga) (1) and
[Hinh]*[Hma] -(Hyma) (2) when reacted with isoniazid. An N’-(propan-2-ylidene)isonicotinic hy-
drazide hemihydrate, (pinh)-1/2(H,O) (3), was also prepared by condensation of isoniazid with
acetone in the presence of glycolic acid. These prepared compounds were well characterized by
elemental analysis, and spectroscopic methods, and their three-dimensional molecular structure
was determined by single crystal X-ray crystallography. Hydrogen bonds involving the carboxylic
acid occur consistently with the pyridine ring N atom of the isoniazid and its derivatives. The
remaining hydrogen-bonding sites on the isoniazid backbone vary based on the steric influences
of the derivative group. These are contrasted in each of the molecular systems. Finally, Hirshfeld
surface analysis and Density-functional theory (DFT) calculations (including NCIplot and QTAIM
analyses) have been performed to further characterize and rationalize the non-covalent interactions.

Keywords: isoniazid; cocrystals; glycolic acid; DL-mandelic acid; X-ray structure; Hirshfeld surface
analysis; DFT calculations

1. Introduction

As an important part of supramolecular chemistry, crystal engineering has been the
subject of continuous research in solid and materials science for many years, and cocrys-
tals have been a research area for more than 150 years, used in many industries, such as
pharmaceuticals, textiles, paper, chemical, photographic processing, propelling and elec-
tronics, among others [1]. Rapid development in this field has revealed the use of a variety
of organic components with specific functional groups to create supramolecular arrays
through the coordination of metals or non-covalent forces, presenting interesting structures
and useful properties. In this context, numerous recent examples of multicomponent
crystals are known, the assembly of which is driven by non-covalent interactions, mainly
hydrogen bonding with or without charge assistance [2]. Acid-base binary cocrystals is an
important technological topic in pharmaceutical science that has attracted scientific and
pharmaceutical interest in recent decades due to their potential ability to modify important
properties of active pharmaceutical ingredients (APIs) such as solubility, dissolution rate,
bioavailability, hygroscopicity, and/or thermal stability [3]. Furthermore, the formation of
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these multicomponent crystals does not lead to changes in the nature of the API, unlike the
situation observed during salt formation, where the API must or may be protonated [4].
Co-crystals containing heterocyclic nitrogen bases have been studied extensively, especially
those with mono- and di-carboxylic acids as co-formers, and it can be concluded that
the interaction between a carboxylic acid and a pyridine is a supramolecular synthon of
frequent use in crystal engineering that may exist as a cocrystal (CO,H- - - N) or as salt
(CO, ™ - - HNY) [5-9]. However, few studies are known of cocrystals with carboxylic acids
as co-formers that also contain a hydroxyl moiety [10], such as the x-hydroxycarboxylic
acids, particularly against isonicotinic acid hydrazide (isoniazid, inh) (Scheme 1) as APL

H 0]
O~__N
~ HO
NH, L OH
OH
| = HO
~
N
Isoniazid Glycolicacid Mandelicacid
(inh) (H,ga) (Hyma)

Scheme 1. Molecular structures of the formers/coformers.

In this field of research, from a crystal engineering viewpoint, isoniazid represents
an interesting compound for cocrystal design, and is an important API that, among other
uses, is applied in combination with rifampicin, pyrazinamide and ethambutol for the
treatment of tuberculosis, which are known as fixed-dose combinations [11]. Furthermore,
the reaction of inh with ketones is used to modify or improve their molecular efficacy at the
biological level [12]. For example, in the compound obtained with 2-propanone, an increase
in activity against Mycobacterium tuberculosis is observed with respect to inh [13]. The
chemical structure of inh possesses pyridine and carbohydrazide functional groups capable
of forming hydrogen bonds, leading to the formation of supramolecular homo-synthons
(hydrazide-hydrazide) and hetero-synthons (pyridine—carboxylic acid, hydroxyl-pyridine,
amide-amide, hydroxyl-amide) [14,15]. Therefore, isoniazid can be considered a suitable
candidate or appropriate molecule for studies in the field of pharmaceutical cocrystals.

As possible co-formers of salts or cocrystals against inh, we have considered «-
hydroxycarboxylic acids, glycolic (Hyga) and D,L-mandelic (Hyma) [16,17] (Scheme 1). The
common molecular features of these analogous co-formers are expected to influence the
molecular packing in crystals with both directional H-bonds and no directional van der
Waals interactions. From the point of view of hydrogen bonding, each of them contains
three H-acceptor oxygen atoms and two donor O-H groups. With respect to other mono-
carboxylic acids, a-hydroxycarboxylic acids contain a hydroxyl group in adjacent carbon,
and therefore have an additional set of sites capable of hydrogen bonding, both of a donor
and an acceptor character. Furthermore, in relation to dicarboxylic acids, proton transfer of
the hydroxyl group is lower than that of the carboxylic group, thereby favoring cocrystals
formation. On the other hand, the presence of a phenyl group in Hyma with respect to
Hjga allows to estimate the influence of the ring in crystalline packing and, if applicable,
the existence of other interactions such as ring-ring stacking. Both participate in many
biochemical processes and have widespread applications both in biological systems and in
industry. Thus, glycolic acid, a common component of sugarcane juice and other foods,
has an important role in photosynthesis and plant respiration and is a known precursor
to oxalate in humans [18], while mandelic acid is a useful precursor to various drugs, for
example, homatropine and cyclandelate, which are esters of mandelic acid, and is also
known to have antibacterial properties [19] and has been studied in the preparation of
antitumor compounds [20]. Taking into account the previous considerations, the main aim
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of this work has been the design, preparation and characterization of the physicochemical
properties, and identification of recurrent supramolecular patterns within a new set of mul-
ticomponent pharmaceutical crystals that involve isoniazid with glycolic and DL-mandelic
acids as co-formers (Scheme 1). The non-covalent interactions observed in their solid state
have been further analyzed and characterized using Hirshfeld surface analysis and density
functional dispersion (DFT) calculations.

2. Experimental and Theoretical Methods
2.1. Materials and Methods

Glycolic acid, mandelic acid and isoniazid were purchased from Sigma-Aldrich
(Sigma-Aldrich. Inc., Tres Cantos, Madrid, Spain). Commercially available solvents were
used as received without further purification.

Microanalyses (C, H and N) were carried out in a Carlo-Erba 1108 elemental ana-
lyzer (CARLO ERBA Reagents SAS, Chaussée du Vexin, France). FT-IR spectra (Supple-
mentary Materials) were recorded from KBr pellets over the range 4000-400 cm ! on a
Bruker IFS-66v spectrometer (Bruker Corporation, Billerica, MA, USA). 'H NMR spectra
(Supplementary Materials) in DMSO-dg were run on Bruker AMX 300 instrument, using
tetramethylsilane (TMS) as internal reference.

2.2. Crystallography

Colorless crystals of (inh).(Hpga) (1), [Hinh]*[Hma] -(Hpma) (2) and (pinh)-1/2(H,0)
(3) were successively mounted on a glass fiber and used for data collection. Crystal data
were collected at 100(2) K, using a Bruker X8 KappaAPEXII diffractometer (Bruker AXS Inc.,
Madison, Wisconsin, USA). Graphite mono-chromated MoK« radiation (A = 0.71073 A)
was used throughout. The data were processed with APEX3. [21] and corrected for absorp-
tion using SADABS [22]. The structure was solved by direct methods using the program
SHELXS-2013 [23] and refined by full-matrix least-squares techniques against F? using
SHELXL-2013 [23]. Positional and anisotropic atomic displacement parameters were re-
fined for all non-hydrogen atoms. Hydrogen atoms were located in difference maps and
refined isotropically, but those bonded to carbon atoms were included as fixed contributions
riding on attached atoms with isotropic thermal parameters 1.2/1.5 times those of their
carrier atoms. For 3, the Flack parameter (absolute structure parameter) was calculated to
be 0.20(9) for the present structure and 0.80(9) for the inverted structure, thus providing
strong evidence that the absolute structure has been assigned correctly [24]. Molecular
graphics were generated with DIAMOND (Crystal Impact GbR, Bonn, Germany) [25].
Crystal data, experimental details and refinement results are summarized in Table 1. The
structures were deposited at the Cambridge Crystallographic Data Centre with CCDC Nos.
2041154-2041156, for 1 to 3, respectively.

2.3. Cocrystal Screening

For each system, mixtures of the x-hydroxycarboxylic acid and isoniazid in 1:1 molar
ratios were prepared and thoroughly ground using an agate mortar and pestle for 5-7 min
in order to obtain the physical mixture. After the addition of several drops of the appropri-
ate solvent the clear, non-saturated solution was poured on a 5 mL vial and was allowed to
evaporate at ambient conditions until crystals suitable for X-ray diffraction formed.
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Table 1. Crystal data and structure refinement for the compounds (inh)-(Hpga) (1), [Hinh]*[Hma] -(Hpyma) (2) and

(pinh)-1/2(H,0) (3).

Compound 1 2 3
Empirical formula CgH11N304 CpoHp3N307 C9H1pN30; 5
Formula weight 213.20 441.43 186.22
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P21 /n P2i/c Aba?2
Unit cell dimensions
a/A 3.8930(3) 5.6049(5) 18.8351(5)
b/A 9.9754(5) 24.388(3) 12.6568(4)
c/A 23.6410(12) 15.1471(16) 8.0435(3)
w/° 90 90 90
B/° 92.480(3) 92.025(7) 90
v/° 90 90 90
Volume /A3 917.22(10) 2069.2(4) 1917.51(11)
4 4 4 8
Calc. density/Mg/m?3 1.544 1.417 1.290
Absorp. coefc./mm~! 0.125 0.107 0.091
F(000) 448 928 792
Crystal size 0.19 x 0.14 x 0.05 0.46 x 0.40 x 0.03 0.66 x 0.24 x 0.13
f range/° 1.724-26.399 2.145-28.280 2.163-36.313

Limiting indices/h,k,l
Refl. collect/unique (Rint)
Completeness 6/°
Absorp. correct.
Max./min. transm.
Data/parameters
Goodness-of-fit on F2

Final R indices

R indices (all data)

Largest dif. peak/hole

—4/4,-12/12, -29/29
13443 / 1879 [0.0501]

-7/7,-32/32,-20/19
32295 / 5150 [0.0703]

—-30/31, —20/21, —13/13
76482 / 4651 [0.0447]

25.242-99.9 25.242-99.9 25.242-99.9
Multi-scans Multi-scans Multi-scans
1.0000/0.8327 1.000/0.868 1.000/0.883

1879/156 5150/317 4651/132
1.047 1.003 1.030

Ry =0.0417, Ry =0.0501, Ry =0.0341,
wR, =0.0901 wR, =0.0985 wRy = 0.0899

Ry =0.0645, Ry =0.0888, Ry =0.0402,
wR, =0.0980 wRy, =0.1114 wR, =0.0938
0.224/—0.280 0.300/—0.266 0.373 /—0.179

2.4. Cocrystal Synthesis

(inh)-(Hyga) (1). Glycolic acid (0.150 g, 1.97 mmol) and isoniazid (0.270 g, 1.97 mmol).
Ethyl acetate or cyclohexane (10 mL). Colorless crystals after fifty days. Melting Point.
(MP) (°C): 120-125. Elemental analysis: Found: C, 45.2; H, 5.36; N, 19.6. Calculated (%)
for CgH11N304: C,45.1; H, 5.20; N, 19.7. IR (Vimax/cm™1): 3408m, 3232m, 3172m, 3051m,
3029m, 2923m, 2846m, 1672s, 1638m, 1602m, 1576m, 1553m, 1534m, 1497m, 1469m, 1431m,
1417m, 1384w, 1323m, 1294m, 1267m, 1223w, 1179m, 1096s, 996w, 897w, 850m, 798w,
760w, 679m, 622w. 'H NMR (Dimethyl sulfoxide, DMSO-dg, 6/ppm): 3.91 (CH,, NHy),
7.71-7.73 (py), 8.69-8.70 (py).

[Hinh]*[Hmal -(Hyma) (2). Mandelic acid (0.152 g, 0.9 mmol) and isoniazid (0.137 g,
0.9 mmol). Water (4.5 mL). Colorless crystals after two days. MP (°C): 115-120. Elemental
analysis: Found: C, 60.1; H, 4.92; N, 9.5. Calculated (%) for Cy;H3N307: C,59.9; H, 5.25; N,
9.5. IR (Vmax/cm™1): 3413s, 3194m,br, 3031m, 2926m, 1694s, 1613m, 1600m, 1560m, 1494m,
1454m, 1414s, 1335m, 1266s, 1222s, 1213m, 1186s, 1081mm, 1061s, 1014m, 933w, 874w, 851m,
754m, 733s, 692s, 680m, 608w. 'H NMR (DMSO-ds, §/ppm): 5.02 (OH, alcohol), 5.69 (CH),
7.28-7.43 (ph), 8.69 (1H, N1H), 7.71-7.71 (py), 8.69-8.71 (py), 10.02 (OH, carboxylic).

(pinh)-1/2(H,0) (3). Glycolic acid (0.150 g, 1.97 mmol) and Isoni-acid (0.270 g, 1.97 mmol).
Acetone (0.5 mL). Colorless crystals after six days. MP (°C): 155-160. Elemental analysis:
Found: C, 58.3; H, 6.24; N, 22.2. Calculated (%) for CoH15N3015: C, 58.0; H, 6.49; N,
22.6. IR (Viax/cm™1): 3423m,br, 3303m, 3189s, 3080m, 3031s, 2917m, 2824m, 2692w, 1655s,
1635s, 1599m, 1551s, 1535s, 1491m, 1434m, 1407m, 1374m, 1322w, 1298s, 1266w, 1220w,
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1208m, 1149m, 1093w, 1062w, 1029m, 990w, 904w, 836m, 758m, 727w, 671s, 623m. 'H NMR
(DMSO-dg, &/ppm): 1.94 (CH3), 2.02 (CH3), 7.71-7.73 (py), 8.71-8.72 (py), 10.70 (NH).

The co-crystal preparation for each system was repeated in other solvents of different
polarity, such as dichloromethane, formamide, N,N-Dimethylformamide (DMF), chloro-
form, acetonitrile, isopropyl alcohol, ethanol, methanol, CCly, THF and toluene, with little
or no yield.

2.5. Hirshfeld Surface Analysis

The Hirshfeld surface analysis [26] and associated two-dimensional fingerprint plots [27,28]
were performed using the CrystalExplorer17.5 (University of Western Australia, Perth, Aus-
tralia) program [29].

The crystallographic information file (.cif) of each compound was imported into
CrystalExplorer and High resolution Hirshfeld surfaces were mapped by using the dnorm,
shape index and curvedness functions. The normalized contact distance (dnhorm) is a
symmetric function based on both d (the distance from the point to the nearest nucleus
external to the surface) and d; (the distance to the nearest nucleus internal to the surface),
relative to their respective van der Waals (vdW) radii. This function enables identification
of different regions of particular importance to intermolecular interactions [27]. A color
scale of red (shorter than vdW separation), white (equal to vdW separation), and blue
(longer than vdW separation) is used to visualize the relevant intermolecular contacts in
the dnorm surface. The 3D dporm surfaces were mapped over a fixed scale of —0.075 a.u.
(red) to 0.50 a.u. (blue), shape index mapped in the color range of —1.00 au (concave)
to 1.00 a.u. (convex), and curvedness in the color range of —4.00 a.u. (flat) to 0.40 a.u.
(singular). A final analysis of the intermolecular interactions and their contribution to
crystal packing was performed by analyzing the 2D fingerprint (FP) plots. These FP plots
were displayed by using the expanded 0.6-2.8 A range, including reciprocal contacts.

2.6. Theoretical Methods

The energies reported herein were computed either using Gaussian-16 [30] at the
PBEO [31] -D3 [32] /def2-TZVP [33] level of theory using the supramolecular approach
or using the quantum theory of “atoms-in-molecules” [34] at the same level by means
of the AIMAIl program (TK Gristmill Software, Overland Park, KS, USA) [35]. For the
former the BSSE correction [36] has been applied and for the latter we have used the
kinetic energy density values at the bond critical points that emerge upon complexation,
applying the methodology proposed by Espinosa et al. [37]. This methodology has been
recently used to evaluate non-covalent interactions in the solid state [38—45]. The NCI
plot iso-surfaces [46,47] have been generated using the AIMAIl program [35] using the
PBEOQ-D3/def2-TZVP wavefunction.

3. Results and Discussion

The three crystals were obtained from the crystallization of solutions prepared by re-
acting the isoniazid with glycolic or mandelic acids in a molar ratio 1:1. Although the X-ray
diffraction data were taken at 100 K, solid handling was always done at room temperature.

The co-crystallization processes have been carried out considering the pK, of isoniazid,
and as co-formers the glycolic and D,L-mandelic acids. Isoniazid has three pK, values:
1.8 based on hydrazine nitrogen, 3.6 based on pyridine nitrogen and 10.8 based on acidic
group [48]. This makes the pyridine the more basic of the two, and in the presence of a
carboxylic acid group it is protonated first. The pK; of the glycolic acid molecule is 3.2 [49],
giving a value of ApK; = pKjpase) — PKa(acid) = 0.4 for the combination of the acid with the
pyridine group, and of —1.4 of the acid with the hydrazine nitrogen. Regarding mandelic
acid, the pKj is 3.4 and the values of ApK, are 0.2 and —1.6, respectively. This range has
been given by previous researchers as a rule of thumb where the result cannot be easily
predicted. [50]. In general, a ApK;, > 3 will be expected to form a salt, while a ApK, <0
almost certainly results in a neutral co-crystal. It is the narrow region between 0 and 3 that
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does not allow for accurate predictions [51]. The ApKj, for the acid and amine combination
is —1.4/—1.6, which would predict that no proton transfer should occur since the value is
less than 0. However, in the case of D,L-mandelic acid, crystallographic results confirm
that proton transfer occurs. A caveat to the calculations is that the reported pKj for the
two molecules, isoniazid and glycolic acid or D,L-mandelic acid, depends on the solvent
used and its polarity. While compound 1 has been obtained in ethyl acetate (e = 6.2) or
cyclohexane (e = 2.02), compound 2 has been crystallized from water (e = 80). Furthermore,
it should be noted that a comprehensive study of 6465 crystalline compounds containing
ionized (A*B™) and non-ionized (AB) acid-base pairs in the Cambridge Structural Database
(CSD), at 1 < ApK, < 2 values, shows that the occurrences of AB and A*B™ are practically
the same [51].

3.1. Structural Description and Supramolecular Analysis

The geometric parameters of isoniazid, glycolic acid and D,L-mandelic acid within the
structures of compounds 1 and 2 are comparable to those of free conformers and therefore
are not discussed here in detail. The geometrical parameters of hydrogen bonding are
shown in Table 2.

Table 2. Hydrogen bond parameters [A, °] for (inh)-(Hpga) (1), [Hinh]*[Hma] - (Hpma) (2) and (pinh)-1/2(H,0) (3). Letters
included as superscripts refer to symmetry codes shown in text and figures.

Cmpnd D-H---A D-H H---A D---A Z/DHA Symmetry Code
1 N12-H12A.--0122 0.84(2) 2.43(2) 3.2617(19) 168.1(19) x—1y+1,z
N12-H12A..-0132 0.84(2) 2.59(2) 3.1168(19) 121.5(17)
N11-H11A---020° 0.89(2) 2.14(2) 3.022(2) 167.4(18) —x+1/2,y+1/2,-z+1/2
N11-H11B.--0132 0.89(2) 2.62(2) 3.049(2) 110.2(16)

O11-H11---N17¢ 1.00(3) 1.60(3) 2.6064(19) 178(2) —X+2,-y+1, -z
O13-H13A.--0204 0.89(3) 1.91(3) 2.7399(18) 154(2) —x+1/2,y-1/2, —z+1/2
O13-H13A---N114 0.89(3) 2.60(3) 3.294(2) 135(2)

C15-H15---012°¢ 0.95 2.53 3.118(2) 119.8 x,y+1,z

C18-H18---011f 0.95 2.49 3.235(2) 134.8 X—-1yz

2 O11-H11---N372 1.01(2) 1.62(2) 2.6252(16) 171(2) X+1,-y+1/2,z+1/2
013-H13---021P 0.87(2) 2.51(2) 3.0671(16) 122.1(17) X—-1yz

013-H13---023P 0.87(2) 1.86(2) 2.7106(15) 162(2)

023-H23.--012 0.97(2) 1.91(2) 2.7716(18) 146.3(19)

023-H23---013 0.97(2) 2.42(2) 3.1756(16) 135.1(18)

N31-H31A..-022¢ 0.94(2) 1.87(2) 2.7971(17) 170.1(18) X, —y+1/2,z+1/2
N31-H31B---0134 0.96(2) 1.85(2) 2.807(2) 172.7(19) —x+1,y—-1/2,—-z+1/2
N31-H31C---021¢ 1.07(2) 1.64(2) 2.677(2) 162.5(19) x—1,-y+1/2,z+1/2

N32-H32.--022¢ 0.96(2) 1.75(2) 2.7009(18) 168.5(18)

C12-H12.--O12b 0.98 2.57 3.4869(19) 155.7

C35-H35---022°¢ 0.93 2.55 3.411(2) 154.8

3 N12-H12A---020? 0.86(2) 2.02(2) 2.8683(13) 169.7(19) —x+1/2,y,z+1/2

O1-H1A---N17° 0.89(2) 2.00(2) 2.8714(12) 168(2) —x+1/2,y,z—-1/2

C16-H16---N11¢ 0.95 2.58 3.4475(15) 152.1 x,y—1/2,z+1/2

C19-H19---014 0.95 2.42 3.3328(11) 161.2 —x+1/2,y+1/2,z
C21-H21B---020? 0.98 2.57 3.0523(14) 110.1 —x+1/2,y,z+1/2

C22-H22C.--0O1¢ 0.98 243 3.3599(15) 159.0 x,y+1/2,z—-1/2

From the point of view of classical hydrogen bonds, isoniazid contains two donor atoms
(N11, N12) and three acceptor atoms (N11, N17, O20), and the alpha-hydroxycarboxylic
acids, glycolic and mandelic, also contain two donor atoms (O11, O13) and three acceptor
atoms (011, 012, O13). Therefore, in compounds 1 and 2, numerous hydrogen bonding
interactions are to be expected that will govern crystalline packing and, by extension,
various physicochemical properties.
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Compound 1. In the isoniazid—glycolic acid cocrystal (1) the asymmetric unit con-
tains one isoniazid molecule and one glycolic acid molecule (Figure 1a). Glycolic acid
is hydrogen-bonded to isoniazid pyridine N through O—H:--N. The angle between the
carboxyl group plane and the pyridyl ring plane is 4.9°. A weak pyridyl—glycolic acid
C—H:--O hydrogen bond results in an R3(7) ring motif (Figure 1b). This synthon has also
been observed in other isoniazid cocrystals with carboxylic acids [4]. From a crystal engi-
neering viewpoint, inh is well known to form pyridine—carboxylic acid hetero-synthons
with carboxylic acids. According to a recent study, 39 structures of inh cocrystals have been
reported with co-formers containing COOH groups, representing approximately 40% of all
inh structures deposited in the CSD, where the acid-pyridine synthon is the most recurrent
and is present in approximately 87% of structures [4]. Furthermore, each isoniazid molecule
is linked by hydrogen bonding to its two other nearest neighbor molecules through N-
H---O, as donor and acceptor, respectively, forming zigzag chains parallel to the b-axis
(Figure 2a) which in turn are linked through head-to-tail glycolic acid molecules by two
new hydrogen bonds O—H---N and O—H---O, so a step sequence —Hjga-inh-H,ga-inh—
is established along the c-axis (Figure 2b). In this way a double layer is formed (Figure 2c)
that extends in parallel to the bc-plane (Figure 2d). In the crystal packing, several hydrogen
bond motifs of graph-set R}(10) are observed between the nitrogen atom of the pyridine
ring, N17, and the oxygen atom of the carboxylic group, O11, as acceptors and with this
same atom and the carbon atom neighboring the pyridine nitrogen, C18, of closer sym-
metric center molecules, as donors (Figure 3). In the network, there are also three rings
attached at an angle, of graph-set motifs R2(5) R} 5(7), R3(12) (Figure 3).

2_)‘: 1_'!'r Z}

'}f INE S pe

(a) (b)

Figure 1. (a) Asymmetric unit of (inh)-(Hyga) (1) showing the atom-numbering scheme, and (b) detail of carboxylic—pyridine

hydrogen bonding interaction and R3(7) ring motif.
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Figure 2. Perspective view of (a) zigzag chains, (b) chains ... inh-Hyga ... ; (c) view of double layers; (d) detail of layer
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Figure 3. Crystal packing of 1 showing the different hetero-synthons.
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Compound 2. Using a 1:1 ratio of DL-mandelic racemic acid and achiral isoniazid,
co-crystallization by mechanochemistry and liquid-assisted grinding in the presence of
water results in the formation of a salt. The asymmetric unit of 2 contains one isoniazide-
ammonium cation (Hinh)*, one (D)-mandelate anion, and one (L)-mandelic acid molecule
of crystallization. Figure 4a shows the molecular structure of 2. In the unusual protonated
isoniazid cation, the (D)-mandelate anion transfers its proton to the hydrazine nitrogen
atom, N30, giving rise to a robust hydrogen bond N*—H:--O~ that is supported by N-
H---O~ and C—H---O~ hydrogen bonds, resulting in R3(7) and R}(7) rings, respectively
(Figure 4b). The neutral (L)-mandelic acid molecule of crystallization is hydrogen bonded
to the pyridine nitrogen atom, N35, of the isoniazid-ammonium cation through O—H:--N.
The angle between the plane of the carboxyl group and the plane of the pyridyl ring is 9.23°,
somewhat higher than that observed in compound 1. A weak hydrogen bond C—H:--O,
pyridyl-mandelic acid, results in a R%(7) ring motif (Figure 4b).

coz @O # 011 (—1+x, 1/2—y, 1/2+z)
. /. T
‘&75'}-

2.547 A_

szl c1 022 <
¢ cte G 035 2% o
o &035 )\\ 012 RZ (?) .4 o rg o

M cn'_ 012 ~ Lo Rz( )% R “‘
r::1z (—1+x, 1/2—y, 1/2+z‘; - C%T /\I = \,'»

(a) (b)

Figure 4. (a) Asymmetric unit of [Hinh]*[Hma] (Hyma) (2) showing the atom-numbering scheme, and (b) detail of rings
motif between the protonated.

In a more in-depth analysis of the interactions, it is observed that each [Hinh]* cation
uses its four NHs to form strong hydrogen bonds N—H---O with an acid molecule and an
anion [Hma]~ and two more with a second anion forming the ring motif hetero-synthons
R3(7) discussed above. Furthermore, the pyridine nitrogen atom is an acceptor of a fifth
classical hydrogen bond with a second Hyma molecule through the O—H bond of its
carboxylic group, and uses the C25-H bond to form a non-classical hydrogen bond with
the carbonyl oxygen atom, 022¢ (-1 + x, 1/2—y, 1/2 + z), resulting in a hetero-synthon of
graph-set R}(7) (Figure 5a). For its part, the mandelate and the mandelic acid molecule form
two synthons of graph-set R%(S) acting as the donor of the hydroxyl OH of [Hma] ™~ and as
acceptors the carbonyl and hydroxyl oxygen atoms of the solvation molecule (Figure 5b).

This pair interacts in turn with two cations so that the acid molecule is bound to one
cation and two anions while it interacts with the second isoniazid-ammonium (Figure 5b).
Thus, layers parallel to “ac” plane are formed that contain the sequence --- [Hinh]* -
[Hma]™ --- Hyma --- along the axis “c” (Figure 6a). Two of these layers, 1nverted one w1th
respect to the other, interact with each other through hydrogen bonds N—H:--O, so that the
phenyl rings point outwards (Figure 6b), giving rise to a stacking in the direction of the axis
"b" that originates a 3D network where the double layers do not maintain any interaction
with each other (Figure 6b).
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Figure 5. Detail of the packing in 2 showing the interactions between (a) Hinh* and Hma~ /Hyma and (b) between

Hma~ /Hyma and Hinh'.

Figure 6. (a) View of a layer parallel to the “ca” plane at 2, and (b) perspective of the crystalline package.

Compound 3. N'-(propan-2-ylidene)isonicotin-hydrazide hemihydrate, (3), was pre-
pared by adapting the crystallization method described in the literature [52]. The product was
obtained by the co-crystallization of isoniazid and glycolic acid from acetone at room temper-
ature. Slow evaporation of the solvent under ambient conditions produced single crystals of
(3). The process consists of a one-pot synthesis, with covalent modification occurring in situ,
where inh is reacted with acetone, or in general with molecules containing ketone or aldehyde
functional groups (RC=0), so that the NH; group of the carbohydrazide moiety undergoes
a condensation reaction and replaces the two H atoms with alkyl groups to form isonicotin-
hydrazides (Scheme 2). This technique is similar to what has been called “covalence-assisted
supramolecular synthesis”, with the difference that in this case a hemihydrate has been
obtained instead of a cocrystal with a glycolic acid molecule as co-former, as expected [53].
The asymmetric unit of 3 contains one N'-(propan-2-ylidene)isonicotin-hydrazide molecule
and half a molecule of water. Figure 7 shows the crystal structure of pinh.
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Scheme 2. Mechanism for the formation of N’-(propan-2-ylidene)isonicotin hydrazide from isoniazid.
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Figure 7. Asymmetric unit of (pinh)-1/2(H0O) (3) showing the atom-numbering scheme.

The distances and angles within the pinh are as expected. The crystal structure of 3
shows a substantial change in the pattern and packing of hydrogen bonds with respect
to the structures of 1 and 2. The replacement of the two hydrazine hydrogen atoms by
the isopropylidene group set aside most of the functionality of the hydrogen bonds of
isoniazid. Likewise, the presence of half a molecule of water in the crystalline structure
instead of a COOH group of a carboxylic acid, when this is a co-former in a cocrystal with
the modified isoniazid, gives rise to a different packing. The crystal structure consists of a
1D network of C(4) chains formed by homomeric hydrogen bonding of the amide group,
i.e, N12—H12A..-020, linking symmetrically related pinh molecules to form chains along
the c-axis (Figure 8a).

¢ % ¢
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Figure 8. Detail of the crystal packing at 3 showing (a) the formation of pinh chains along the c axis

and (b) a water molecule bridging between two pinh molecules.
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Such chains have been observed in N’-(propan-2-ylidene)isonicotino-hydrazide cocrys-
tals with carboxylic acids [52,53]. Furthermore, the characteristic carboxylic acid-pyridine
hetero-synton of R3(7) graph-set motif [52,53], that is formed between the COOH group and
the N'-(propan-2-ylidene)isonicotin-hydrazide molecule in carboxylic acid cocrystals with
the modified isoniazid, in (3) is replaced by a water-pyridine hydrogen bond (Figure 8b).
Thus, each water molecule acts as a bridge joining two chains of pinh molecules (Figure 9a)
to form a 2D structure extending in a zigzag parallel to the “ac” (Figure 9a).
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Figure 9. Detail of the crystalline packing in 3 projected (a) on the ac plane and (b) on the ab plane.
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The crystal packing is reinforcing by the existence of some non-classical hydrogen
bonds (Table 2), where a C-H bond of a methyl group (C22) and another of the pyridine
ring (C19) act as donors against the oxygen atom of the molecule of water, which acts as an
acceptor, and a second C-H bond of the pyridine ring (C16) against the oxygen atom of the
organic molecule, as an acceptor (Figure 10).

Figure 10. Projection on the ab plane of the unit cell of 3.

3.2. Hirshfeld Surface Analysis

To explore and quantify the intermolecular interactions that are responsible for the
crystal packing of compounds 1-3, the Hirshfeld surfaces (hs) and two-dimensional finger-
print (FP) plots were plotted. A view of the Hirshfeld surfaces mapped over dnorm function
is shown in Figure 11, highlighting the main inter-molecular contacts. In addition, the HS
mapped over the shape index and curvedness properties for compounds 1 and 2 are shown
in Figure 12. The full fingerprint plots for 1-3 are displayed in Figure 13.
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(a)

4*1.)

Figure 11. View of the Hirshfeld surfaces of compounds 1-3 mapped with dnorm function. In 2, the Hirshfeld surface is
shown in two orientations, front and back view. The labels are discussed in the main text.

(b)

Figure 12. (a) View of the Hirshfeld surfaces mapped over shape index (top) and curvedness (button) property of compound
1; (b) Hirshfeld surfaces mapped over shape index property of 2 showing the C=0---C=0 interactions. The regions involved
in the 7r---m and C=0---C=0 interactions are highlighted by black dashed circles.
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Figure 13. The full two-dimensional fingerprint plots of compounds 1-3 showing: (1) H---O/0O---H, (2) H---N/N---H,
(B)H---C/C:--H and (4) H---H contacts.

H---H contacts represent the largest contribution (33.4%, 37.4% and 47.8% for 1, 2 and
3, respectively), and they are highlighted in the middle of scattered points in the FP plots
(Figure 3) with a minimum value of (de + d; = 2.0 A), shorter than the sum of vdW radii.

In compound 1, the bright-red spot labeled 1 on the HS shows H:--O/O---H contacts
associated with N11-H11A---O20 hydrogen bonds. The bright-red regions labeled as 2 are
associated with O13-H13A.---O20 hydrogen bonds, which constitute the strongest among
all interactions present in 1. The large red region labeled 4 is attributed to O11-H11---N17
which are mainly responsible for the strong interaction between isoniazide and glycolic
acid. The red spot labeled 7 is assigned to N12-H12A---O12 hydrogen bonding interactions
involving the N-H group of isoniazide and the O12 atom of glycolic acid as acceptor.
Additionally, the small red spot labeled 6 is attributed to C15-H15-:-O12 hydrogen bonds.
These H---O/O---H contacts are also identified by a pair of symmetrical sharp spikes at
(de + di ~ 1.8 A) in the FP plot (Figure 13) with 37.5 % contribution to the total HS area. The
H---N/N---H contacts labeled 3 and 5 appear as red spots in the dporm surface attributed to
N11-H11B---N12 and O13-H13A---N11 hydrogen bonds, respectively. These interactions
are also visible in the FP plot as two sharp spikes at (de + di ~ 1.6 A), with a contribution
of 11.3 % to the total HS area. The broad spikes labeled 3 in the FP plot are indicative of
H---C/C---H contacts with a contribution of 8.0 % of the total HS area.

In addition to these hydrogen bonds, the supramolecular assembly of compound 1
is also stabilized by 7t---m stacking interactions involving the pyridine ring of isoniazide.
These interactions show an inter-centroid distance of 3.893 A. These contacts are visible in
the HS mapped over shape index and curvedness properties (Figure 12).

The complementary pair of red and blue triangles (highlighted as dashed lines) in
shape index and the green flat area in curvedness are characteristic of 7.7 stacking
interactions. In addition, the FP plot shows a green area around de = d; = 1.8 A that
corresponds to 7t---7 stacking interactions (6.60 % of total contribution).

In compound 2, the large bright area labeled 1 in the dnorm surface (Figure 11) rep-
resents H---N/N---H contacts which are attributed to O11-H11---N37 hydrogen bonds
involving the pyridinic N37 atom of isoniazide and the H11 atom of the mandelic acid.
These interactions are represented as a pair of symmetrical spikes at (de + d; ~ 1.6 A) in FP,
and comprise 4.90 % of the total Hirshfeld surface area. The bright-red spots labeled 2 to 6
are attributed to O13-H13---023, N31-H31C---O21, N32-H32---022, N31-H31A---022 and
N31-H31B-:-O13 hydrogen bonds, respectively. The proportion of H:--O/O---H contacts
comprises 31.4 % of the total HS area. The presence of H---C/C---H contacts (19.8 %) is
identified by both diminutive spots and red regions labeled 8. One of these spots is located
in the phenyl (C13-C18) ring and the second is located at around the H27 atom from a
neighboring molecule (H---Cg distance = 2.818 A). These features support the relevance of
C-H:--minteractions in the supramolecular assembly of 2. These C-H::-7 contacts appear
in a characteristic form of pronounced ‘wings’ on both sides of FP. The crystal packing of 2
is also stabilized by C=0---C=0 interactions involving the O40 atom of isoniazide and the
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(a)

+47

-50  kcal/mol M-+55

C11=012 group of mandelic acid [d(O40---C11) = 2.931 A]. The existence of C=0---C=0
interactions can be seen on the HS mapped over shape index property (Figure 2b), showing
surface patches with a large red depression above the C11=012 carbonyl group, and a blue
region surrounding the O40 atom. The C---O/O---C contacts show a notable contribution
of 4.50% to the HS area.

The dnorm surface of compound 3 highlights the short intermolecular interactions
which are responsible for the crystal stabilization of the co-crystal formed by isoniazide and
water. The H---N/N-:-H contacts labeled 1 in the dnorm mal of 3 (Figure 11) are dominant,
appearing as large deep-red spots attributed to O1-H1A---N17 hydrogen bonds. These
interactions are also observed as two sharp spikes in FP with short (de + d; ~ 1.9 A) and
a contribution of 16.9 % to the total HS area. The large red spots labeled 2 are attributed
to N12-H12A---O20 involving the N-H and the carbonyl groups of isoniazide. The small
red spots labeled 3 and 4 are assigned to C21-H21B---O20 and C22-H22C---O1 hydrogen
bonds, respectively. In addition, the light red spots labeled 5 in the dporm map are due to
C19-H19---01 involving the H19 atom of the isoniazide and the O1 atom of water molecule.
The proportion of H---O/O---H contacts comprises 18.1 % of the total HS area.

3.3. DFT Calculations
3.3.1. Compound 1

First, we have computed the molecular electrostatic potential surface of the two
co-formers of cocrystal 1 and represented them in Figure 14. The maximum molecular
electrostatic potential surface (MEP) value in glycolic acid is located, as expected, at
the carboxylic H-atom (+55 kcal/mol) and the minimum in the middle of the O-atoms
of carboxy and hydroxy groups (—49 kcal/mol). The value at the hydroxy H-atom is
also large and positive (+47 kcal/mol). The maximum and minimum MEP values in
isoniazide are located at the amido group (+44 kcal/mol and —42 kcal/mol, respectively).
The MEP is also significant at the pyridinic N-atom is (—25 kcal/mol) and the NH, group
(+31 kcal/mol) of isoniazid. Overall, the MEP surface analysis confirms the strong ability
of both compounds to participate in H-bonding interactions both as donor and acceptors.

(b)

+44
—45  kecal/mol M +45

+31

Figure 14. MEP surfaces of Glycolic acid (a) and isoniazid (b) at the PBE0-D3/def2-TZVP. Iso-surface 0.001 a.u. The MEP
values at selected points of the surfaces are given in kcal/mol.

The cocrystal 1 forms infinite 1D chains in the solid state where the Hpga connects two
isoniazid molecules by means of H-bonding interactions. We have used a trimer extracted
from this infinite chain to analyze the H-bonding interactions energetically and, using the
quantum theory of atoms in molecules (QTAIM) and non-covalent interactions (NClplot)
index analyses, the results are gathered in Figure 15.
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AE2 =-7.5 kcal/mol

AE1 =-14.3 kcal/mol

Figure 15. Distribution of bond and ring critical points (CPs) (magenta and yellow spheres, respectively) and bond paths in
a trimeric assembly of 1. The dissociation energies of the H-bonds are indicated adjacent to the bond CPs. NCIPlot index
analysis is also shown. RDG iso-surface 0.5 a.u., density cutoff = 0.06 a.u., Color range: —0.05 a.u. < sign(A2)p < 0.05 a.u.

The carboxylic acid of Hpga interacts with the pyridine ring forming two H-bonds as
revealed by the QTAIM analysis. A bond CP (magenta sphere) and bond path connect the
H-atom of the COOH group to the N-atom of pyridine. Moreover, an ancillary C-H---O
contact is also established and characterized by the corresponding bond CP and bond
path. The NClIplot index confirms the existence of both interactions and reveals that the
O-H-:--Nis very strong (dark blue iso-surface) and the C-H---O is weak (green and small iso-
surface). The formation energy of this dimer is large and negative (AE; = —14.3 kcal/mol)
thus confirming the strong nature of the O-H---N H-bond. In fact, we have estimated
the H-bond dissociation energy of the C-H:--O using the potential energy density at
the bond CP using the formula proposed by Espinosa et al. [37] (Egis = —0.5V;). Several
investigations have demonstrated the utility of QTAIM derived from experimental data
to evaluate H-bonding and 7-stacking interactions [54-56]. The dissociation energies are
represented in magenta in Figure 15. It can be observed that the energy of the C-H---O
contact is only 0.66 kcal/mol, and consequently the O-H---N energy is approximately
—13.64 kcal/mol, confirming its strong nature, in agreement with the short experimental
distance. The Hyga is also connected to another isoniazid molecule (thus propagating the
1D supramolecular polymer) by a O-H---O bond that is characterized by the corresponding
bond CP and bond path. This H-bond is moderately strong (6.7 kcal/mol), see Figure 15.
The NClIplot analysis shows that there is also an attractive interaction between the N-
atom of the NH; group and the H-atom, via the available lone pair, since a green iso-
surface is located between both atoms. The difference between the dimerization energy
(AE; = —7.5 kcal/mol) and the dissociation energy of the O-H:--O bond (6.7 kcal/mol)
is a rough estimation of the HyN---H-O interaction, which is —0.8 kcal/mol. The large
interaction energies of both OH---N,O H-bonds at both ends of the Hjyga explains the
formation of the 1D supramolecular chain in 1.

3.3.2. Compound 2

For compound 2, where cationic and anionic forms of isoniazid and mandelic acid,
respectively, are present in the solid state structure, we have limited the study to the
evaluation of the H-bonds using the QTAIM analysis, since it is convenient to estimate
the H-bonding energies without the large contribution of the pure coulombic attraction
between the counter-ions. The QTAIM analysis of a trimeric assembly of 2 is shown in
Figure 16 and it can be observed that the H-bonds established between the counterions
(charge assisted HBs) are very strong and characterized by the corresponding bond CPs,
bond paths and dark blue NCIPlot index iso-surfaces. The H-bonds established between
the neutral and anionic mandelic acids are significantly weaker, as revealed by both the
color of the NClIplot and the dissociation energies. In the latter a bifurcated H-bond is
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observed, where the hydroxyl group of the mandelate is connected via two bond CPs and
bond paths to the O-atoms of the hydroxyl and carboxy groups of the neutral mandelic acid.

Figure 16. Distribution of bond and ring critical points (pink and yellow spheres, respectively) and bond paths in a trimeric

assembly of 2. The dissociation energies of the H-bonds are indicated adjacent to the bond CPs. NCIPlot index analysis is

also shown. RDG iso-surface 0.5 a.u., density cutoff = 0.06 a.u., Color range: —0.05 a.u. < sign(A;)p < 0.05 a.u.

3.3.3. Compound 3

The MEP surface of compound 3 is represented in Figure 17, revealing that the
maximum and minimum MEP values are located at the amido group, as expected. The
minimum is displaced toward the N-atom of the imino group due to the influence of the
lone pair on the sp? hybridized N-atom. The MEP value at the pyridinic N-atom is also
large and negative (—35 kcal/mol).

-50

3

-50  Kkcal/mol M +50

Figure 17. MEP surface of compound 3 at the PBE0-D3/def2-TZVP. Iso-surface 0.001 a.u. The MEP
values at selected points of the surface are given in kcal/mol.

The QTAIM/NCIPIlot index analysis of the H-bonded dimer observed in the solid
state of compound 3 is given in Figure 18. The dimerization energy is large and negative
(AE3 = —16.6 kcal/mol) confirming that it is an important synthon. The NH group that
forms the H-bond is displaced toward the N-atom of the imino group in good agreement
with the MEP surface analysis. The QTAIM distribution of critical points and bond paths
reveals the existence of two additional CO---H-C contacts involving both aliphatic and
aromatic C-H groups. The sum of the H-bond energies is 7.27 kcal/mol using the V,
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predictor (values in magenta in Figure 18). The comparison of the H-bonds with the
dimerization energy suggests that the 7-interaction between the pyridine ring and the
dimethyl-imino group is very relevant. In fact, the NCIplot shows a large green iso-surface
located between the pyridine and the Me,C=N moiety, confirming the existence of the van
der Waals interaction. Moreover, the QTAIM analysis shows the existence of two bond CPs
and both paths that connect two aromatic C-atoms to the imino N-atom and one H-atom of
the methyl group.

Figure 18. Distribution of bond and ring critical points (magenta and yellow spheres, respectively)
and bond paths in a dimer of 3. The dissociation energies of the H-bonds are indicated adjacent to the
bond CPs. NCIPlot index analysis is also shown. RDG iso-surface 0.5 a.u., density cutoff = 0.06 a.u.,
Color range: —0.05 a.u. < sign(Az)p < 0.05a.u.

3.3.4. Comparison of H-Bond Energies in Compounds 1-3 with Experimental Values from
the Literature

The energy of the C-H---O H-bonds described above for compounds 1-3 range from
0.66 to 1.69 kcal/mol, those of the neutral OH:--O and NH---O H-bonds range from 6.7 to
13.1 and the charge assisted H-bond in 2 is 18.4 kcal/mol. These values agree quite well
with the experimental energies reported by Borissova et al. [57] for adducts of collidine with
benzoic acids. In this study, the experimental energy reported for the C-H:--O interaction
was 0.7 kcal/mol and those for the charge assisted N*—H---O~ H-bonds between collidinium
and several benzoate acids were of the order of 22.9 kcal/mol.

4. Concluding Remarks

Co-crystallization involving isoniazid (inh) and glycolic acid (Hyga) or mandelic
acid (Hpma), leads to the formation of a cocrystal of composition (inh) (Hyga) (1) and a
salt-cocrystal containing the isoniazide-ammonium cation, monoanion mandelate and a
molecule of mandelic acid (2). In addition, a semi-hydrate of N’-(propan-2-ylidene)isonicotin-
hydrazide (3) has been obtained in a condensation of inh with a propanone molecule
in the presence of Hyga. These cocrystals have been designed to explore the diversity
of supramolecular synthons between inh and «-hydroxycarboxylic acids. Analysis of
the molecular structure and crystalline packing reveals that the typical carboxylic acid—
pyridine and hydroxyl-carbonyl hetero-synthons are present in 1. In 2, in addition to the
acid-pyridine synthon, there are also, among others, carboxylate-hydrazonium hetero-
synthons. In 3, water-pyridine synthons replace the typical carboxylic acid-pyridine and a
hetero-synthon hydrazine-carboxylate is responsible for their crystalline packing. From
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the FT-IR spectra, it was possible to confirm the formation of the co-crystal and the salt, as
well as the absence of glycolic acid in compound 3. The non-covalent interactions were
evaluated using the Hirshfeld surface analysis and DFT calculations. The hydrogen bonds
are dominant forces in the stabilization of the cocrystals. Their individual contributions
have been estimated using the potential energy density at the bond CPs and in some cases
they are very strong (up to 18.4 kcal/mol). In compound 3, the 7-stacking of pyridine and
the dimethyl-imino group is also energetically relevant.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-435
2/11/4/328/s1, FI-IR and NMR spectra of all compounds.
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