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ABSTRACT KEYWORDS

The 11 cocrystal of 2-amino-3-bromopyridine (2A3BP) with 4- Cocrystal; DFT calculations;
methylbenzoic acid (4MBA) has been prepared by slow evaporation FTIR and NMR Spectroscopy;
method in methanol, which was crystallized in monoclinic P2,/c space Harthree-Fock; .
group having two molecules in the asymmetric unit. The cocrystal has ~ 22mino-3-bromopyridine;
been characterized by single crystal X-ray analysis, FTIR, '"H NMR, *C 4-methylbenzoic acid
NMR, and Powder XRD. Theoretical investigations have been calculated

by HF and density function (B3LYP) method with the 6-311+G(d,p) basis

set. The vibrational frequencies together with the '"H NMR and *C NMR

chemical shifts have been calculated on the fully optimized geometry

of 1. Theoretical calculations of bond parameters, harmonic vibration

frequencies, and isotropic chemical shifts are in good agreement with

the experimental results. Solvent-free formation of these cocrystal was

confirmed by powder X-ray diffraction analysis. The crystal structure

was stabilized by N, ;.. —H--O=C,C=O—H--:N and C—H---Br

) ) . pyridine
hydrogen bonding interactions.

Introduction

Cocrystals, one of the synthetic targets in crystal engineering, are a long known class of com-
pounds, but they were not extensively studied until the late 1990s when they became rec-
ognized as valuable materials [1-5]. Even now, more than one hundred years after the first
cocrystals were reported [6, 7] the definition of the term cocrystal is a topic for discussion
[8-10]. By cocrystallization, a crystalline complex of two or more molecules is constituted,
bonding together in the crystal lattice through non-covalent interactions such as hydrogen
bonding [11]. The technique of cocrystallization continues to gain significance for its appli-
cation to the design of new supramolecular structures with desired functional properties [12-
15]. Most recently, in the field of pharmaceuticals, cocrystallization has been shown to be an
effective means of altering a drug’s physical properties, such as stability, solubility, and melting
point [16-19].

Pyridine derivatives are one of the most used frameworks for medicines, food flavor-
ings, dyes, agrochemicals, rubber chemicals, and adhesives [20]. In drug discovery, it was
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well demonstrated that to avoid screening millions of compounds, one might attempt to bias
combinatorial chemistry efforts to produce a set of molecules, which contain drug like pat-
terns such as the pyridine heterocyclic ring [21]. The study of the vibrational spectra of sub-
stituted pyridine mainly amino pyridine attracts the attention of many spectroscopists due
to their wide application in pharmacology and agro-chemistry. Pyridine heterocycles are
a repeated moiety in many large molecules with interesting photo physical, electrochemi-
cal, and catalytic applications [22-29]. They serve as good anesthetic agent and hence are
used in the preparation of drugs for certain brain disease. These pharmaceutically acceptable
results and the pre-drugs are used for the treatment (or) prevention of diabetic neuropathy
[30, 31]. The vibrational studies of substituted pyridine have been the subject of several inves-
tigations [32-34]. More recently [35, 36], the FTIR and FT-Raman spectra of amino pyri-
dine and amino picoline have been reported together with the vibrational assignments of
the vibrational modes. Sundaraganesan et al. [37-39] reported the FTIR spectra of 2-amino-
5-chloropyridine, 2-amino-5-iodopyridine and 4-N,N’-dimethylamino pyridine by HF and
DFT calculations. Sundaraganesan et al. [40] studied the molecular structure and vibrational
spectra of 2-amino-5-methyl pyridine and 2-amino-6-methyl pyridine by density functional
methods. Most recently, Ramalingam et al. [41] investigated the vibrational spectra of the 2-
amino pyridine by using DFT and HF methods. Literature survey reveals that to the best of
our knowledge neither the complete X-ray crystallography, IR and NMR spectra studies on
2-amino3-bromopyridine 4-methylbenzoic acid have been reported so far. The ab initio and
DFT calculations have been performed to support the bond parameters, wavenumber assign-
ments, and chemical shifts have also been studied.

2. Materials and method

2.1. General remarks

All chemicals are reagent grade and used as commercially purchased without further purifica-
tion. FTIR spectra were recorded on a PerkinElmer 2000 Spectrum in the form of KBr pellets.
'H-NMR and *C-NMR spectra were recorded at 500 MHz, in DMSO-ds, on Bruker 500 MHz
Avance III spectrometer. The chemical shifts are reported in parts per million (ppm) down-
field from internal tetramethylsilane (TMS) (chemical shift in § values). PXRD diffractogram
at 25°C provided another piece of information for the identification and crystallinity of start-
ing materials and co-crystal. PXRD diffractogram was collected by BRUKER D8 ADVANCE
DIFFRACTOMETER. The source of PXRD was CuKa (1.542 A) and the diffractometer was
operated at 40 kV and 30 mA. The X-ray was passed through a 1 mm slit and the signal a 1 mm
slit, a nickel filter, and another 0.1 mm slit. The detector type was a scintillation counter. The
scanning rate was set at 0.05° ranging from 5° to 45°. The quantity of sample used was around
20-30 mg.

2.2. Synthesis

Both of the starting materials 2-amino-3-bromopyridine and 4-methylbenzoic acid were
obtained from Sigma-Aldrich chemical suppliers. Analytical grade solvent was used for
preparation of the cocrystal. The 1:1 mixture of 2-amino-3-bromopyridine (86 mg, 1 mmol)
and 4-methylbenzoic acid (68 mg, 1 mmol) was dissolved in 20 mL of methanol by heating
magnetic stirrer hotplate for a few minutes. The resulting solution was allowed to cool slowly
at room temperature and crystals of the title cocrystal (1) appeared after a few days.



MOL. CRYST. LIQ. CRYST. (&) 261

Table 1. Crystal data and structure refinement parameters for the 1:1 cocrystal of (2A3BP) with (4MBA).

CCDC deposition No. 1014582
Chemical formula CsHgBrN, CgHg0,
Formula mass 309.16
Temperature (K) 100
Wavelength (A) 0.71073 Mo Kor
Crystal system Monoclinic
Space group P2,/c

a (k) 12.7904 (8)
b(A) 6.7626 (4)
c(R) 15.4479 (10)
a(’) 90

B () 108.785 (3)

7 () 90

V(A3 1265.01 (14)
V4 4

Dc (g cm™3) 1623

F(000) 624

6 range (°) 2.8-29.8
Measured reflns 18457
Unique reflns 2890
Observed reflns (I > 20 (1)) 2240

No. of parameters 176

R@ 0.077

wR® 0.215

GOF 120

Residual peaks (e-A—3) 1.00, —2.17
(Alo) 0.000

max

For1, w =1/[02(Fo?) + (0.087P + 6.4503P], where P = (Fo? + 2F2)/3; [a] R= X ||Fo| - |Fcll/Z|Fol, [b] Rw = (WX (|Fo| -
[F)2/Zw|Fo P12, [c] GOF = {Sw(|Fo| - |F|)/(n-p)}2, where n is the number of reflections and p the total number of
parameters refined.

2.3. Crystallography

Single crystal suitable for X-ray analysis was performed on Bruker SMART APEXII CCD
diffractometer using MoKa radiation (A = 0.71073 A). Data Collection was performed by
using the APEX2 software [42], whereas the cell refinement and data reduction were per-
formed under the SAINT software [42]. The complete crystallographic data were collected at
100 (1) K using the Oxford Cryosystem Cobra low temperature attachment [43] and the crys-
tallographic data are shown in Table 1. The crystal structure was solved by direct methods
using the program SHELXTL [44] and refined by full-matrix least squares technique on F*
using anisotropic displacement parameters using SHELXTL [44] program. Absorption cor-
rection was applied to the final crystal data by using the SADABS software [42]. All geomet-
rical calculations were carried out using the program PLATON [45]. The molecular graph-
ics were drawn using SHELXTL [44] program. Anisotropic thermal factors were assigned to
all non-hydrogen atoms. The O- and N-bound hydrogen atoms were located in a difference
Fourier map. Atoms HIN2 and H2N2 were refined freely, while atom H101 was refined with
a bond restraint O-H = 0.82 (1) A [refined distances O1-H101 = 0.821(10) A, N2-HIN2
= 0.90(10) A and N2-H2N2 = 0.94(7) A]. The remaining hydrogen atoms were positioned
geometrically (C-H = 0.95-0.98 A) and were refined using a riding model, with Uy, (H) =
1.2U¢q(C) or 1.5Ucq(methyl C). A rotating group model was applied to the methyl groups.

2.4. Computational details

The theoretical calculations were performed by the Hartree-Fock (HF) and Density Func-
tional Theory (Becke’s non-local three parameter exchange and the Lee, Young and Parr;
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B3LYP) methods by the Gaussian 09 [46] program package in 6-311+G(d,p) basis set. The
molecular geometries were optimized to standard convergence criteria and further used to
calculate the vibrational wave numbers and isotropic chemical shifts. The calculated vibra-
tional frequencies are corresponded to potential energy minima which no imaginary fre-
quency was found. Due to neglect of the anharmonicity in the real system, the scaling fac-
tors of 0.9668 at B3LYP level and of 0.9059 at HF level [47] were used to suit the calcu-
lated vibrational wavenumbers with experimental data. The gauge-invariant atomic orbital
(GIAO) method was used to calculate the 'H and '*C NMR chemical shifts in ppm relative to
TMS as internal standard. The GIAO approach allows the computation of the absolute chem-
ical shielding due to the electronic environment of the individual nuclei and this method
is often more accurate than those calculated with other approaches for the same basis set
[48]. Gauss View molecular visualization program have been used for animation of vibra-
tional band assignments and preparation of the spectrum [49].

3. Results and discussion

3.1. Description of molecular structure and crystal packing

Cocrystal 1 of the composition [(2A3BP)(4MBA)] was prepared by reacting equal mol of 2-
amino-3-bromopyridine and 4-methylbenzoic acid in 1:1 ratio, which crystallizes as mono-
clinic colourless crystals in the centrosymmetric space group P2,/c. The structure of 1 with the
atom numbering scheme is shown in Fig. 1. A search in the Cambridge Structural Database
(CSD, Version 5.35 of May 2014; Allen, 2002) [50] for organic compounds including only
the elements C, H, O, N, and Br was conducted, and revealed 16 crystal structures containing
both 2-aminobromopyridine and aromatic/aliphatic carboxylic acid, with such a supramolec-
ular heterosynthon observed in all of them. In the structures with code of WIGWUG [51],
DUSQAK [52], DUVCIH [53], KUSTEY [54], LADBOJ [55], LADBUP [55], MISMAC [56],
PUKDOP [57], PUKJIP [58], SUYNUW [59], SUYXIU [60], SUYYAN [61], SUZBEV [62],
and SUZZIX [63] the 2-aminobromopyridine is a cation forming salts, and in PUKDI]J [64]
and DUSKUY [65] 2-aminobromopyridine is a neutral molecule forming a cocrystals. Table 2
shows a comparison between the experimental, calculated structural parameters with the sim-
ilar 2-aminobromopyridine crystal structures (CSD refcodes: PUKDI]J [64], DUSKUY [65]).

Figure 1. An ORTEP view of the title cocrystal showing the atom-numbering scheme. Displacement ellip-
soids are drawn at the 50% probability level.
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Table 2. Experimental and optimized geometrical parameters of the title cocrystal.

Calculated
DFT B3LYP

Parameters Experimental HF 6-3114-G(d,p) 6-3114+-G(d,p) PUKDLJ [64] DUSKUY [65]
Bond lengths 1)
Bri—QC2 1.880 (6) 1.89995 1.91760 1.887(2) 1.889(10)
01—C6 1302 (7) 1.31057 1.32783 1.317(2) 1.307(11)
02—C6 1.240 (7) 119583 1.22496 1.225(2) 1.249(10)
N1—C5 1.348 (7) 1.32515 1.33863 1.355(3) 1.322(11)
N1—C1 1357 (7) 1.32840 1.35079 1.349(3) 1.351(11)
N2—C1 1356 (8) 1.34443 1.34819 1.339(3) 1.349(12)
c6—C7 1.497 (8) 1.48703 1.48809 1.493(3) 1.474(13)
c10—Q13 1.498 (8) 1.50931 1.50837 - -
Bond angles (°)
CG5—N1—C1 119.6 (5) 119.78799 119.99125 118.98(18) 119.3(8)
N2—C1—N1 117.0 (5) 117.45217 117.64388 118.04(19) 115.5(8)
N2—C1—Q2 123.8 (5) 12270177 123.19676 120.74(19) 124.6(8)
N1—C1—Q2 119.2 (5) 119.83951 119.15935 121.21(19) 119.9(8)
G—Q—-Br1 120.8 (5) 119.75603 119.93824 120.10(16) 120.5(8)
C1—CQ2—-Br1 118.9 (4) 120.54571 119.69552 120.26(16) 120.5(8)
N1—C5—C4 123.6 (5) 124.12096 123.66711 122.22(10) 123.1(9)
02—C6—01 123.9 (5) 122.78957 123.27376 123.04(18) 122.8(8)
02—C6—(7 1213 (5) 123.14075 122.64539 120.31(18) 122.3(8)
01—C6—(C7 114.8 (5) 114.06967 114.08083 116.65(16) 114.9(7)
Mm—a0—C13 1215 (5) 121.03805 120.93259 - -
c9—C10—C13 120.0 (5) 120.49414 120.83205 - -
Torsion angles (°)
C5—N1—C1—N2 178.0 (5) 178.86529 179.97262 177.14(19) 179.8(8)
C5—N1—C1—CQ2 —24(09) —0.22872 0.00339 —1.8(3) -0.6(13)
N2—C1—C2—C3 —177.5 (6) —178.87891 —179.97283 —177.5(2) 177.509)
Brl—CQ2—(3—C4 179.2 (5) 179.97280 179.99660 178.02(16) 178.4(6)
02—C6—(7—C12 —175.1(6) 179.90818 179.84195 —166.0(19) —178.3(8)
01—C6—C7—C12 52(9) —0.11348 —0.19614 13.7Q3) 2.6(12)
02—C6—(7—C(8 41(9) 0.07068 0.03166 12.0(3) 1.1(13)
01—C6—(7—C(8 —175.7 (6) —179.95098 179.99357 —168.26(2) —178.1(8)

In general, the experimental [(2A3BP)(4MBA)] bond length and bond angle values are com-
parable with the corresponding values obtained by similar crystal structures [64,65]. The
non-hydrogen atoms of the 2-amino-3-bromopyridine molecule is essentially planar, with
maximum deviation of 0.031 (6) A for atom N2. The dihedral angle between the pyridine
(N1/C1-C5) and benzene (C7-C12) rings is 4.2(3)°. The acid molecule is essentially pla-
nar, with a dihedral angle of 4.8(7)° between the benzene (C7-C12) ring and carboxylic
(01/02/C6) group. This value is slightly similar with the observed 2-aminobromopyridine
neutral molecule of cocrystals PUKDIJ [12.97(11)°] and DUSKUY [2.5(9)°]. The C-N-C
bond angle in pyridine is known to be sensitive to protonation [66,67] and its cationic form
a higher value than the corresponding neutral molecules. The C1-N1-C5 bond angles in
pyridine ring in 1 is 119.6(5)°. This bond angle values of 118.98(18)° and 119.3(8)° are also
observed in the cocrystals of PUKDI]J [64] and DUSKUY [65], respectively. This value is in
good agreement with the C-N-C bond angle in the free aromatic nitrogen atom of pyridine
ring encountered in 213 neutral 2-aminopyridines with an average value of 116(2)° [68]. In
addition, the C-O distances for COOH [C6-01 & C6-02] group of the 4-methylbenzoic acid
are 1.302(7) & 1.240(7) A, respectively. Meanwhile, the similar range of bond length distances
of 1.317(2) A & 1.225(2) A in PUKDIJ and 1.307(11) A & 1.249(10) A in DUSKUY are also
observed. These values emphasize the fact that cocrystal 1 is formed only via a strong hydro-
gen bond between the proton-donor and proton-acceptor compounds; no proton transfer
occurs. C-N-C bond angles in cocrystal containing a acid-pyridine hetero supramolecular
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Table 3. Hydrogen bonding geometry for title cocrystal.

D—H...A D—H (&) H...AR) D...AR) D—H...A(°)
O1—H101---N1 0.82(9) 177(9) 2.571(7) 165 (8)
N2—HIN2---02 0.90 (1) 2.10 (10) 2,976 (7) 167 (9)
N2—H2N2:--02' 0.94 (8) 220 (8) 3.098 (7) 162 (6)
C9—HoA---Br 0.95 2.81 3.582(7) 139
C13—H13C---Cqtii 0.98 2.87 3.813(8) 163

Symmetry codes: (i) —x + 1,y +1/2, =z 4+ 1/2; (i) —x + 1,y — 3/2, —z + 1/2; (jii) —x + 2, =y + 1, —z + 1.

synthon were investigated in some other studies and found to be in full agreement with what
we report herein [69-75]. All the bond lengths and angles are in the normal ranges [76].

In cocrystal 1, the 2A3BP molecules interact with the carboxylic group of the respec-
tive 4AMBA molecules through N2—HIN2---O2 and O1—H101---N1 hydrogen bonds to
form a cyclic hydrogen-bonded ring motif, R,*(8) [77]. The motif has been observed in the
crystal structure of all 2-aminopyridine carboxylic acid cocrystals [65,78] and it is one of
the top five ring motifs among the 24 most frequently observed hydrogen-bonded cyclic
bimolecular motifs (supramolecular synthons) [79]. These motifs are further interconnected
by supramolecular heterosynthons Num)---O(coon) hydrogen bonds (Table 3) formed between
the N—H of amine groups (N---O: 3.098 (7) A; symmetry code: —x + 1, y + 1/2, —z +
1/2) and carboxyl oxygen (02), forming a helical chain running along the b axis (Fig. 2a).
Further, these supramolecular chains are interconnected to neighboring chain through weak
C—H---Br hydrogen bonds (C---Br = 3.582 (7) A; symmetry code: —x + 1, y — 3/2, —z +
1/2) involving bromine atom (Brl) and one of the hydrogen atom (H9A) from C9 carbon
atom, forming one-dimensional supramolecular chain along the b axis (Fig. 2b). Adjacently
arranged heterosynthons units in two different planes are attacked through 7 -7 interactions
between an 4-methylbenzoic acid molecule and a pyridine base rings with Cg-Cg distance
3.805(4) A, interplanar distance 3.437(2) A and slip angle (The angle between the centroid
vector and the normal to the plane) of 25.12°. The crystal structures are further stabilized by
weak C—H.--7r zig-zag chain interactions along b-axis, involving the C7-C12 (centroid Cgl;
symmetry code: —x + 2, —y + 1, —z + I; Fig. 2¢) ring, to form a 2-D layer network (Fig. 2d).
A similar type of C—H---7 interaction has been investigated on the basis of thestructural data
determined by X-ray diffraction [80-82].

3.2. Optimized structures

The labeling of atoms in 2-amino-3-bromopyridine 4-methylbenzoic acid is given in Fig. 3.
The optimized geometrical parameters (bond length and bond angles) of the title compound
were obtained using by HF and B3LYP with the 6-311+G(d,p) basis sets. Some selected geo-
metric parameters experimentally obtained and theoretically calculated are listed in Table 2.

As can be seen from Table 2, most of the optimized bond lengths are slightly longer than the
experimental values and the bond angles are slightly different from the experimental values.
We note that the experimental results are for the solid phase and the theoretical calculations
are for the gas phase. The C-O bond lengths of the COOH group are slightly different in X-ray
[C6-01 = 1.302 (7) A and C6-02 = 1.240(7) A], while these bond lengths have been cal-
culated at 1.31057 A and 1.19583 A for HF and 1.32783 A and 1.22496 A for B3LYP method
using 6-3114-G(d,p) basis set, respectively. The C-O bond lengths in the carboxylic acid group
are intermediate between single Csp?~O (1.308-1.320 A) and double Csp? = O bond val-
ues (1.214-1.224 A) [76] which clearly distinguishes the neutral molecule of the acid. In the
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Figure 2. Hydrogen bonding interactions in title cocrystal: (a). supramolecular heterosynthons to form heli-
cal chain; (b). supramolecular one-dimensional chain formed via C—H---Br interactions; (c). C—H---7 zig-
zag chain interactions (c). The crystal packing of the compound connected into a two-dimensional network.
Dashed lines show the intermolecular hydrogen bonds. H atoms not involved in hydrogen bonding are omit-
ted for clarity



266 (&) K THANIGAIMANIET AL,

H2N2

HIN2 \ZEJ f rl

HZ'\Z

f
: f

Figure 3. The optimized structure at the (a) HF/6311+G(d,p) and (b) B3LYP/6311+G(d,p) level of theory of the
11 cocrystal of 2-amino-3-bromopyridine with 4-methylbenzoic acid.

(b)

2A3BP ring, the bond angles of C1-N1-C5 was obtained to be 119.6 (5)° in X-ray while these
bond angles have been calculated at 119.78799° and 119.99125° with HF and B3LYP method
using 6-3114+G(d,p) basis set, respectively.

The X-ray structure of the title compound is compared with its optimized counterparts
(see Fig. 3) and slight conformational discrepancies are observed between them. The most
notable discrepancies exist in the orientation of the carboxylic group of the 4-methylbenzoic
acid molecule. The orientation of the carboxylic group from the experimental data is defined
by torsion angles of 01—C6—C7—C12 [5.2 (9)°], 02—C6—C7—C12 [—175.1 (6)°], O1—
C6—C7—C8 [—175.7(6)°], and O2—C6—C7—C8 [4.1(9)°]. These torsion angles have been
calculated at —0.11348°, 179.90818°, —179.95098°, and 0.07068° for HF and —0.19614°,
179.84195°, 179.99357°, and 0.03166° for B3LYP method using 6-311+G(d,p) basis set,
respectively. The angle differences for about 4-5° are due to the effect of intermolecular inter-
actions observed in the crystal packing.

3.3. Vibrational assignments

The harmonic vibrational frequencies were calculated for (2A3BP) (4MBA) at HF and B3LYP
levels using the triple split valence basis set along with diffuse and polarization function, 6-
3114+G(d,p). All the experimental and theoretical vibrational frequencies for the synthesized
compound (2A3BP) (4MBA), along with corresponding vibrational assignments and inten-
sities are given in Table 4. The bands observed in the measured region 4000-400 cm™! arise
from the internal vibrations of the amino groups, pyridine ring, and 4-methylbenzoic acid.
The calculated (HF and DFT) and experimental vibrational frequencies are comparable to
each other where the correlation values of 0.996 for HF and 0.998 for DFT are obtained.
According to these results, there is a good correlation between the theoretical and experi-
mental vibrational frequencies. The correlation graph is shown in Fig. 4.
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Table 4. Comparison of the observed and calculated vibrational spectra of the title cocrystal.

Calculated IR (km mol~") DFT B3LYP
HF 6-3114+-Gdp 6-3114+-G(dp)
Experiment (cm™ Unscaled Scaled Unscaled Scaled Assignments (@)
3418.56 3946.69 357531 3691.85 3576.66 v NH,
3316.22 3759.35 3405.60 3391.05 328525 v,NH,, v.OH,
3194.35 3372.87 3055.48 3210.65 3110.48 v,.CH
3372.70 3055.33 3206.90 3106.84 v.CH
3367.76 3050.85 3198.91 3099.10 v,CH
3352.02 3036.59 3192.60 3092.99 v,.CH
3326.08 3013.10 3162.99 3064.30 v,CH
3325.06 3012.17 3162.96 3064.28 V,CH
3322.49 3009.84 3161.88 3063.23 v.CH
2975.80 3246.69 2941.18 3104.65 3007.78 v,CH,
3222.45 2919.22 3077.27 2981.26 v,CH
2922.20 3167.25 2869.21 302234 2928.04 v CH,
1681.47 1926.35 1745.08 1723.37 1669.60 pOH, vC =0, 5NH,
1632.39 1820.68 1649.35 1678.94 1626.56 SNH,
1608.88 1798.72 1629.46 1650.47 1598.98 v.CC, 8CH
1574.94 1778.68 1611.31 1633.36 1582.40 8NH,, v.CC, v CN, pCH
1540.72 1750.03 1585.35 1608.25 1558.07 vCC, pCH;, pCH, pOH
1508.87 1736.96 1573.51 1576.06 1526.89 v, CN, v, CC, pCH, pOH, vCO
1673.81 1516.30 1542.49 149436 pCH, pOH, vCC
1611.60 1459.95 1525.76 1478.16 v, CN, pOH, vCC, pCH
1471.92 1609.61 1458.15 1492.64 1446.07 8CH;, pCH
1606.13 1454.99 1489.72 1443.24 8CH,
144533 1571.23 1423.38 1488.03 1441.60 pCH, pOH, vCC, vCN, 6CH;,
140533 1603.51 1452.62 1474.82 1428.81 pCH, pOH, vCC, vCN, 6CH,
1382.98 1544.86 1399.49 143514 1390.36 vCC, pCH, pCH;, pOH
1537.51 1392.83 1413.85 1369.74 wCH,
1369.04 1458.47 1321.23 1361.35 1318.88 vCC, vCN, pCH, pNH,, pOH
1317.40 1446.41 1310.30 1341.99 1300.12 vCC, vCO, pCH, pOH, pCH,
1315.42 191.64 1333.40 1291.80 pCH, vCC, pCH,
1290.19 1407.98 1275.49 1318.36 1277.23 vCC, vCN, vCO pNH,, pCH, pOH
176.17 1280.04 1159.59 1291.16 1250.88 vCC, vCN, pCH, pNH,
142.20 1289.61 1168.26 1202.51 1164.99 pCH
1127.88 1238.74 12217 1160.55 12434 pCH, pNH,, vCC, vCN
1114.00 1225.55 110.23 14421 108.51 pCH, vCC, vCO
1184.13 1072.70 1134.40 1099.01 pCH, pCH;,vCC, vCO
1066.92 1168.61 1058.64 1094.33 1060.19 pCH, pNH,,vCC
1134.27 1027.54 1075.73 1042.17 PNH,, pCH, vCC
1017.88 1159.34 1050.25 1060.58 1027.49 pCH, pCH,
969.70 878.45 1038.21 1005.82 pOH
1108.97 1004.62 1036.94 1004.59 vCC, 8CH
1106.12 1002.03 1025.47 993.48 vCC, vCN, pNH,
1082.63 980.75 1006.60 975.19 pCH;, pCH
114.06 1009.23 999.64 968.45 tCH, pOH
1085.92 983.73 987.95 957.13 tCH, pCH,
1103.08 999.28 973.56 943.18 tCH
944,51 855.63 883.30 855.74 vCC, vCN
830.84 947.98 858.78 861.65 834.77 @CH, wCH,
891.62 807.72 838.76 812.59 vCC, vCO
864.18 782.86 781.87 757.48 wCH
758.27 94157 852.97 774.06 749.91 wCH, vCC
815.01 738.32 766.52 742.60 vCC, vCO
749.16 84215 762.90 76132 737.57 vCC, vCN
676.62 612.95 731.89 709.06 @NH,
688.89 761.82 690.13 705.54 683.53 CH, wCH;, wNH,
639.05 727.65 659.18 686.03 664.63 vCC, vCN
695.44 630.00 652.30 631.95 vCC
583.84 653.12 591.66 616.42 597.19 vCC, vCO
628.05 568.95 587.07 568.75 vCC, vCN
550.60 603.11 546.36 559.92 542.45 wCH
511.99 556.95 504.54 529.62 513.10 PNH,, pCH, pCC

(Continued)
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Table 4. Continued

Calculated IR (km mol™") DFT B3LYP
HF 6-3114+-Gdp 6-311+G(dp)
Experiment (cm ") Unscaled Scaled Unscaled Scaled Assignments @
483.59 516.23 467.65 487.22 472.02 pNHz
527.27 477.65 484.23 469.12 wCC
425.43 480.96 435.70 438.69 425.00 wCH
457.88 414.79 418.64 405.58 tCH
387.41 350.95 369.71 358.18 vCC
375.27 339.96 354.24 343.19 pCH, pCH3
320.54 290.38 325.31 315.16 wN H2
332.02 300.78 303.52 294.05 v(Br, vCC
303.35 274.80 280.56 271.81 wCH
25039 226.83 238.61 231.17 pCBr
261.58 236.97 238.08 230.65 wNH, oCC
237.76 215.39 235.25 227.91 pCO, pCH,
152.80 138.42 142.87 138.41 Skeletal vibration
124.64 112.91 113.81 110.26 Skeletal vibration
94.10 85.25 104.09 100.84 Skeletal vibration
79.84 7233 87.63 84.90 Skeletal vibration
78.75 7134 74.44 72.12 Skeletal vibration
4120 37.32 47.98 46.48 Skeletal vibration
51.24 46.42 47.47 45.99 Skeletal vibration
24.02 21.76 29.55 28.63 pCH3
19.51 17.67 2215 21.46 Skeletal vibration
15.34 13.90 16.90 16.37 Skeletal vibration

2 Vibrational assignment: v, strectching; v4s, asymmetric stretching; vs, symmetric stretching; §, scissoring; w, wagging; p,
rocking; t, twisting.

The hydroxyl vibrations are likely to be the most sensitive to the environment, so they
show pronounced shifts in the spectra of the hydrogen-bonded species. Generally the O—H
stretching vibrations are seen in the region of 3600-3400 cm™! [83]. The O—H stretching
vibration is observed at 3316 cm™!, while it is calculated at 3405 cm ™! for HF and 3285 cm™*
for DFT, respectively. While the in-plane O—H bending mode was calculated at 1321 cm™*
for HF method and 1318 cm™! for with B3LYP method, it was observed experimentally at
1317 cm™".

The amino group has two types of stretching vibrations. One being asymmetric and other
is symmetric. Usually, the N—H stretching vibrations occur in the region 3500—3300 cm ™.
The FT-IR spectrum of the title aminopyridine compound contains intense broad bands in
the range of the YN—H vibrations. The two bands at 3418 and 3316 cm ™! correspond to the
stretching vibrations of N—H bonds. These bands have been calculated at 3575 and 3405 cm ™!
with HF method and 3576 and 3285 cm™! with B3LYP method using 6-311+G(d,p) basis set.
Bellamy [84] and Mancy et al. [85] suggested that the N-H, scissoring mode lies in the region
of 1529—1650 cm™!. We assigned the band at 1632 cm ™' due to the N-H, scissoring which
appeared at 1649 for HF and 1626 cm™" for DFT, respectively, in the theoretical spectra. The
N-H; rocking and wagging modes recoded at 1127 and 688 cm ™, respectively, are comparable
with theoretical results of 1122 and 690 cm™! with HF and 1124 and 683 cm™! with B3LYP
method using 6-3114+G(d,p) basis set.

The band observed in the 1700-1800 cm™" region due to the C = O stretching vibration is
one of the characteristic features of the carboxylic group. The band appears at 1681 cm™!
is assigned as C = O stretching vibration in FTIR spectrum. Meanwhile, the calculated
C = O frequencies are found at 1745 cm™' from HF method and 1669 cm™! with B3LYP
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Figure 4. The linear correlation graphics between calculated and experimental vibrational frequencies of
cocrystal 1.

method. Additionally, if a neutral O—H ...N hydrogen bond was formed between the compo-
nents, then a broad stretch near 1900 cm™! was viewed as an evidence for cocrystal formation
[86,87].

The absorption bands at 3194 and 3012 cm™! correspond to the aromatic C—H stretching
vibrations of the title cocrystal that have been calculated at 3055—3009 cm ™' for HF and
3110—3063 cm™! for DFT, respectively. The stretching vibration of the aromatic C-CHj group
of the title cocrystal was observed at 2922 cm™! which are in accordance with theoretical
results of 2869 cm ™ for HF and 2928 cm™! with B3LYP method using 6-311+G(d,p) basis
set. The C—C stretching mode of the aromatic ring of the compound was appeared 1540 cm ™"
while the C—N stretching vibration was observed at 1508 cm™'.

Mooney [88,89] assigned the vibrations of the C-X group (X = E Cl, Br, and I) in the
wavenumber range of 1129-480 cm™'. The heavier mass of bromine obviously makes the C-
Br stretching mode to appear at longer wavelength region (200-480 cm™') as reported by
Varsanyi [90]. The assignments of the C-Br stretching and deformation vibrations have been
made made by comparison with similar molecules, such as, p-bromophenol and the halogen
substituted benzene derivatives [90]. The C—Br stretching vibration is assigned to the strong
mode 300 cm™! for HF and 294 cm™! for DFT in the infrared spectra.

The other vibrational bands of 2-amino-3-bromopyridine 4-methylbenzoic acid are shown
in Table 4. It can be stated that the experimental and theoretical vibrational bands of 2-amino-
3-bromopyridine 4-methylbenzoic acid are in a comparable to each other.
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3.4. NMR spectra analysis

The 'H and "*C NMR spectra of cocrystal were carried out in DMSO-d6 at room temperature
using TMS as internal standard. The optimized structure of (2A3BP)(4MBA) is used to cal-
culate the NMR spectra at the HF and DFT (B3LYP) methods with 6-3114+G(d,p) level using
the GIAO method. The results of the calculated values shifted to higher values of chemical
shift and further corrected with the TMS isotropic chemical shift values. The theoretical 'H
and >C NMR chemical shifts of (2A3BP)(4MBA) have been compared with the experimental
data as shown in Table 5. As can be seen from the table, the experimental chemical shift values
are comparable with the theoretical values.

In the '"H NMR spectra of the compound, the NH, protons in the 2-aminopyridine appear
at 7.94 ppm, while these signals are observed computationally at 7.88 (HIN2), 4.57 (H2N2)
ppm with HF and 9.76 (HIN2), 4.96 (H2N2) ppm with B3LYP method using 6-3114+G(d,p)
basis set. The differences between the experimental and calculated values are due to the
formation of motif (heterodimer) by the N2—HIN2.--O2 hydrogen bond observed in the

Table 5. Experimental and theoretical TH and 13C isotropic chemical shifts (ppm) for the title cocrystal.

Calculated HF 6-311+G (d,p)° & B3LYP 6-311+-G (d,p)¢

Homodimers Monomers
gmmical Cocrystal (2A3BP) (2A3BP)  (4MBA)(4MBA) 2A3BP 4MBA
ift
(opm)®  Experimental HF  B3LYP  HF  B3LYP HF  B3LYP HF  B3LYP  HF  B3LYP
THNMR
01-H101 12.8081 1.878  14.9955 1.0474 13.8614 5.4655 57221
N2-HIN2 7.9462 78813 97675  7.8081 9.9249 43624 45665
N2-H2N2 45735 49618 4486 49674 41293 45284
Aromatic 6.18-7.8  8.864, 84999, 83863 8.0093
proton
8.6968 83858 81667 7.6140 8875 85369 84317 82015 87913 84389
84086 80343, 65395 64535 87183 84267 81235 7.6246 8511 82739
81814  7.6584 75853 74703 6.6011 65799 7578  7.4935
75897  7.4377, 7.4987  7.4684 7.4468  7.4403
74882  7.4347
6.4927 6.4726
Methyl 235-251 27198 27198
group
25082 25082 27261 27518 27004  2.6819
2279 2279 24829 27507 25052 24039
23107 23841 2245 22836
BCNMR
c6 167.29 171911 177.601 173779 179.354 167.401 171588
a 156.24 168532 163514 16849 163.63 166.843 162.586
(€] 146.90 158526 151373 158783 152.05 159.331 154522
G 142.95 157242 147538 156268 146708 15524 146298
10 140.10 157.340 151373 155214 152.474 154.852 152.027
8 129.28 142272 138.063 142541 138249 142421 138539
a2 129.05 141583 137.071 142,031 137398 141182 137.004
< 128.05 132389 134.335 132251 134393 13266 134756
n 11352 131462 133.868 131554 134.026 131477 134225
@ 130.999 134.883 129.954 133368 129.094 132237
Q 103.11 13476 126567 113723 126.12 113.968 126.051
c4 110487 116108 111533 116.329 113.656 118.892
13 21.06 21734 23.9071 217037 23.9062 215979 237853

3The atoms numbering are referred to the X-ray molecular diagram in Fig. 1.

bThe isotropic chemical shift with respect to TMS in HF 6-3114-G (d,p) are 3.2.4495 ppm for "H NMR and 195.8342 ppm for >C
NMR.

“The isotropic chemical shift with respect to TMS in B3LYP 6-311-+G (d,p) are 31.9844 ppm for "H NMR and 184.0085 ppm for 3C
NMR.
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molecular structure. The same range of chemical shift values are found in the homodimers
(2A3BP2A3BP and 4MBA.4MBA), showing the presence of intermolecular N—H---N hydro-
gen bonds between N2-HIN2 bond with the pyridine group and the formation of intermolec-
ular O—H---O hydrogen bonds between O1-H101 bond with the carboxylic group, respec-
tively. In monomers, § values are found to be lower compared to the § values of heterodimer
and homodimers where values of amino group and carboxylic group are 4.5665 ppm and
5.7221 ppm with B3LYP method using 6-311+G(d,p) basis set. The other chemical shifts val-
ues of monomers, homodimers, and cocrystal are shown in Table 5. In the experimental 'H
NMR spectrum, the signal at 12.80 ppm (11.878 ppm in HF and 14.99 in DFT spectrum) con-
firms the presence of carboxylic proton (COOH) of 4-methylbenzoic acid moiety. The signals
at 6.18-7.85 ppm range are typical for hydrogen atoms attached to aromatic ring. The pres-
ence of the methyl group in 4MBA gave single peaks at § values of 2.50 ppm and the values of
the calculated chemical shift of methyl group were also in same range of 2.7198-2.279 ppm
for HF and 2.7425-2.3426 ppm for B3LYP method using 6-3114+G(d,p) basis set.

The *C NMR spectrum given in Table 5, clearly shows the cocrystal of (2A3BP)(4MBA).
And 4-methylbenzoic acid gives a single signal at 167.29 ppm for COOH (C6) carbon atom.
This signals has been calculated at 171.911 ppm for HF method and 177.601 ppm with B3LYP
method using 6-311+G(d,p) basis set, respectively. These values also in good agreement with
the previous reported structure [91]. The C atoms (C13) of methyl groups are observed at
21.06 ppm. These peaks theoretically calculated at 21.734 and 23.9071 ppm with HF and
B3LYP method using 6-3114+G(d,p) basis set. As can be seen from Table 5, the theoretical
'H and *C NMR chemical shift values for the title compound are generally comparable to
the experimental 'H and >C NMR chemical shift data.

3.5. Powder XRD of cocrystal

Powder XRD is a useful method for fast identification of the new phases [92,93]. A dif-
ferent PXRD pattern for the cocrystal from those of the individual components confirms
the formation of a new phase. The PXRD patterns of 2-amino-3-bromopyridine and 4-
methylbenzoic acid cocrystal has been depicted in Fig. 5. The PXRD pattern of 2-amino-3-
bromopyridine shows some characteristic peaks at 7.5°, 14.1°, 15.2°,17.2°,22.7°,24.7°, 24.7°,
26.2°,29.1°,30.8°,31.7°,34.8°,36.7°, 38.7° 40.2°, and 42.9° (20) while the PXRD pattern of 4-
methylbenzoic acid shows characteristic peaks at 12.4°, 13.7°, 14.5°, 15.4°, 17.2°, 22.6°, 24.9°,
26.5°, 27.8°, 29.4°, 30.6°, 31.3°, 32.4°, 33.0°, 35.0°, 36.4°, 39.9°, and 40.8° (260). The PXRD
pattern of [(2A3BP)(4MBA)] cocrystal 1 shows appearance of new peaks at 6.9°, 15.3°, 17.4°,
20.2°, 23.3°, 24.7°, and 26.7° (20). Besides this, characteristics peaks of (2A3BP) at (14.1°,
22.7°,and 30.8°) and of (4MBA) at (12.4° and 32.4°) have disappeared in the PXRD pattern of
[(2A3BP)(4MBA)]. From the above results, it is clear that there is transformation in the crys-
talline lattices of 2-amino-3-bromopyridine and 4-methylbenzoic acid and new phases have
been formed. In addition, the powder diftraction patterns generated with the single-crystal
data of compound 1 using Mercury [94] show small difference with the experimental PXRD
spectra measured using the D5000 powder diffractometer. This is particularly due to the fact
that the single crystal X-ray diffraction was taken at low temperature (100 K) compared to
room temperature in the powder X-ray diffraction.

3.6. Prediction of cocrystals/salts by pKa values

The relevance of pKa can act as a predictor either cocrystals or salts for carboxylic acids and
pyridines [95]. A pKa of carboxylic acid vs. Nyom moieties can be used to predict whether
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Figure 5. Comparison of PXRD patterns of the cocrystal and the individual components under various con-
ditions.

or not proton transfer will occur [ApKa = pKa (2A3BP) — pKa (4MBA)]. Generally, a suffi-
ciently large ApKa value (i.e. greater than 3) should result in a salt [96]. With smaller ApKa
values, a cocrystal can be expected, but this parameter seems inappropriate for accurately
predicting salt or cocrystal formation in the solid state when 0 < ApKa < 3 [97, 98]. In this
study, the pKa values for 2-amino-3-bromopyridine and 4-methylbenzoic acid are 5.22 and
4.26, respectively, while ApKa values for this acid-base complex are 0.96 and lead to the for-
mation of cocrystal.

Conclusions

In this study, we have synthesized a [(2A3BP)(4MBA)] cocrystal and characterized by PXRD,
spectroscopy (FT-IR, '"H NMR, and *C NMR) and structural determination (single-crystal
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X-ray diffraction) techniques. To support the solid state structure, the geometric parameters,
vibrational frequencies and "H NMR and >C NMR chemical shits of the title cocrystal have
been calculated using the HF and B3LYP method with 6-3114+G(d,p) basis sets and compared
with the experimental findings. The experimental geometric parameters, vibrational frequen-
cies and chemical shift values are in a comparable agreement with the experimental findings.
The discrepancies between the experimental and theoretical geometric parameters, IR fre-
quencies, chemical shift values are mainly due to the hydrogen bonding interactions since all
the hydrogen bound to the nitrogen and oxygen atoms are involved in hydrogen bonding in
the crystal structure. PXRD indicated the formation of the cocrystal by solid-state grinding.

Supplementary Materials

This data (CCDC:1014582) can be obtained free of charge at www.ccdc.cam.ac.uk.conts/
retrieving.html/ or from the Cambridge Crystallographic Data Centre (CCDC), 12 Union
Road, Cambridge CB2 IEZ, UK; fax: +44(0) 1223-336033; e-mail: deposit@ccdc.cam.ac.uk
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