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Abstract: Two regioisomers obtained from the same reac-
tion and differing in the position of an n-butyl substituent,
i.e. on either an imidazoyl-N (2) or a pyridyl-N (3), have been
characterised. Different electronic structures are evident,
especially in key bond lengths and angles in the imidazoyl
and pyridyl rings, as discerned by X-ray crystallography, and
by geometry-optimisation, natural bonding orbital and
electrostatic potential charge calculations. The distinctive
molecular packing in their crystals has been confirmed by
Hirshfeld surface analysis as well as by interaction energy
and energy framework calculations. These differences
notwithstanding, the calculated lattice energies indicate

very similar stabilisation between the molecules in their
crystals, i.e.−101.3 and−103.5 kJ/mol for 2 and 3, respectively,
consistent with their similar calculated molecular volumes
(376.8 cf. 374.1Å3), packing coefficients (69.0 cf. 69.5 %) and
crystal densities (1.575 cf. 1.586 g/cm3).

Keywords: imidazo[4,5-b]pyridine; regioisomers; X-ray
crystallography; non-covalent interactions; Hirshfeld sur-
face analysis; computational chemistry

1 Introduction

Imidazo[4,5-b]pyridine derivatives are a versatile class
of nitrogen-containing heterocyclic compounds which
constitute intermediates widely used in organic synthesis,
medicinal chemistry andmaterials chemistry.1,2 Compounds
containing an imidazo[4,5-b]pyridine moiety have been
evaluated as anti-cancer,3–5 anti-inflammatory,6 anti-viral7

and anti-mycobacterial agents,8 and as GABAA receptor
positive allosteric modulators.9 Furthermore, certain
derivatives are known as aromatase inhibitors,10 proton
pump inhibitors11 and DNA/RNA intercalators.12 In addi-
tion, (2-(4-(6-chloro-2-(4-(dimethylamino)phenyl)-3H-imi-
dazo[4,5-b]pyridin-7-yl)piperazin-1-yl)-N-(thiazol-2-yl)acet-
amide) is a potent inhibitor of Aurora-A, Aurora-B and
Aurora-C kinases,13 see Figure 1(a) for the chemical dia-
gram. Also, and due to the presence of nitrogen atoms in
this moiety, some imidazopyridine derivatives have been
reported to be corrosion inhibitors for steel in acidic
medium.14,15

The above interest has led to many investigations on
imidazo[4,5-b]pyridinederivativeswhichhave resulted indrug
candidates undergoing clinical trials such as Tenatoprazole,
an imidazo[4,5-b]pyridine-based proton pump inhibitor,16

Figure 1(b). Likewise, Telcagepant, has been investigated for
the treatment of migraine,17 Figure 1(c), being an antagonist of
the receptor for calcitonin gene-related peptide (CGRP).18

Due to their applications, the development of new imi-
dazo[4,5-b]pyridine-based derivatives is clearly of interest
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and deserving of on-going attention. With the above in
mind, N-alkylation reactions of imidazo[4,5-b]pyridine are
important and can lead to the development of efficient
methods for the synthesis of new imidazo[4,5-b]pyridine
derivatives. In continuation of on-going work devoted
to the preparation of new imidazo[4,5-b]pyridine de-
rivatives,19–21 herein is reported the synthesis and charac-
terisation of two N-substituted imidazo[4,5-b]pyridine
derivatives, arising from the action of 1-bromobutane upon
6-bromo-2-(4-methoxyphenyl)-3H-imidazo[4,5-b]pyridine,22

1, under phase transfer catalytic (PTC) conditions, Scheme 1.
The reaction leads to the formation of two regioisomeric
products, 2 and 3, isolated in 66 and 24 % yields, respectively,
whose structures have been elucidated by spectroscopic data
and detailed by X-ray crystallography. The molecular
structures of 2 and 3, and their packing in their respective
crystals were also studied by a range computational chem-
istry techniques.

2 Materials and methods

All chemicals and reagentswere of analytical grade and used
without further purification. The melting points were
determined on an Electrothermal 9100 apparatus. The
Fourier transform infrared (FTIR) spectra weremeasured in
the range of 450–4,000 cm−1 on a Perkin Elmer Spectrum two
FT-IR spectrophotometer. Column chromatography and
thin-layer chromatography (TLC) were performed using
silica gel and silica plates, respectively. The characterisation
of 2 and 3was performed by NMR spectroscopy on a Bruker
Avance NEO 400MHz spectrometer with CDCl3 as solvent;
two-dimensional COSY and HSQC experiments were also
conducted to aid the assignment of all resonances. Abbre-
viations: s, singlet; d, doublet; t, triplet; m, multiplet. The
device used for HPLC/MS (positive mode) analyses was an
Ultimate 3000 coupled to the Thermo Scientific brand
Exactive Plus mass spectrometer. FTIR (Figures S1 and S2),
NMR (Figures S3–S10) and HPLC/MS (Figures S11 and S12)
spectra are included in the Supplementary materials.

2.1 Synthesis

2.1.1 Synthesis of 6-bromo-2-(4-chlorophenyl)-3H-
imidazo[4,5-b]pyridine (1)

To 5-bromo-2,3-diaminopyridine (1 g, 5.31 mmol) dissolved in
ethanol (30 mL) was added 4-chlorobenzaldehyde (0.75 g,
5.31 mmol). The mixture was stirred under reflux for 24 h.
The brown solid that formed was filtered, washed three
times with distilled water and dried in an oven.22

2.1.2 Synthesis of 2 and 3

To a dimethylformamide (25 mL) solution of 6-bromo-2-(4-
chlorophenyl)-3H-imidazo[4,5-b]pyridine (0.2 g, 0.65 mmol)
was added potassium carbonate (0.13 g, 0.92 mmol), tetra-n-
butylammonium bromide (TBAB, 0.032 g, 0.1 mmol) and

Figure 1: Chemical diagrams for potential drugs constructed about the
imidazo[4,5-b]pyridine scaffold: (a) (2-(4-(6-chloro-2-(4-(dimethylamino)
phenyl)-3H-imidazo[4,5-b]pyridin-7-yl)piperazin-1-yl)-N-(thiazol-2-yl)acet-
amide), (b) Tenatoprazole (5-methoxy-2-[(4-methoxy-3,5-dimethylpyridin-
2-yl)methylsulfinyl]-1H-imidazo[4,5-b]pyridine) and (c) Telcagepant
(N-[(3R,6S)-6-(2,3-difluorophenyl)-2-oxo-1-(2,2,2-trifluoroethyl)azepan-3-yl]-
4-(2-oxo-3H-imidazo[4,5-b]pyridin-1-yl)piperidine-1-carboxamide).

Scheme 1: Condensation products 2 and 3 isolated from the reaction of 6-bromo-2-(4-chlorophenyl)-3H-imidazo[4,5-b]pyridine (1) with 1-bromobutane
under PTC conditions.
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1-bromobutane (0.077 mL, 0.78 mmol). The mixture was
stirred at room temperature for 24 h. After removing KBr by
filtration, the dimethylformamide was evaporated under
reduced pressure and the obtained residue was dissolved in
dichloromethane. Any remaining KBr was extracted with
distilled water and the resulting mixture was subjected to
chromatography on a silica-gel column (eluent: ethyl ace-
tate/hexane, 1:3) leading to clean separation as the Rf values
for 2 and 3 of 0.65 and 0.23, respectively, were distinct; the Rf
for 1 was 0.39. Crystals of 2 and 3 were obtained by the slow
evaporation of their respective ethanol solutions.

2.1.2.1 6-Bromo-3-butyl-2-(4-chlorophenyl)-3H-imidazo
[4,5-b]pyridine (2)
Yield = 66 % (0.16 g); m. pt = 118–120 °C. FTIR (υ, cm−1): 3,047
(νC–H aromatic), 2,969 and 2,887 (νC–H, Csp3), 1,619 (νC=C aro-
matic), 1,459 (δC–H, Csp3), 834 and 729 (out-of-plane C–H
bending vibrations). 1H NMR (400MHz, CDCl3) δ 8.45 (s, 1H),
8.18 (s, 1H), 7.71 (d, J = 8.2 Hz, 2H, HAr), 7.57 (d, J = 8.2 Hz, 2H,
HAr), 4.36 (t, J = 7.6 Hz, 2H, Nimidazo-CH2), 1.92–1.72 (m, 2H,
CH2), 1.34–1.18 (m, 2H, CH2), 0.87 (t, J = 7.4 Hz, 3H, CH3). 13C
NMR (101 MHz, CDCl3) δ 150.0 (C7q), 149.7 (C1q), 142.6 (C13q),
140.0 (CHAr), 125.6 (C2q), 125.6 (C10q), 125.1 (2CHAr), 124.8
(2CHAr), 123.7 (CHAr), 109.4 (Cq-Br), 38.9 (CH2), 27.0 (CH2), 15.1
(CH2), 8.7 (CH3). HRMS (ESI +) (m/z): [M + H]+ – Calcd. for
C16H15BrClN3 365.01957 found: 365.01776.

2.1.2.2 6-Bromo-4-butyl-2-(4-chlorophenyl)-4H-imidazo
[4,5-b]pyridine (3)
Yield = 24 % (0.06 g). m. pt = 140–142 °C. FTIR (υ, cm−1): 3,041
(νC–H aromatic), 2,960 and 2,944 (νC–H, Csp3), 1,610 (νC=C aro-
matic), 1,451 (δC–H, Csp3), 859 and 758 (out-of-plane C–H
bending vibrations). 1H NMR (400MHz, CDCl3) δ 8.41 (d,
J = 8.3 Hz, 2H), 8.21 (s, 1H), 7.76 (s, 1H), 7.45 (d, J = 8.2 Hz, 2H),
4.67 (t, J = 7.4 Hz, 2H), 2.04–2.11 (m, 2H, CH2), 1.41–1.50 (m, 2H,
CH2), 1.02 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 148.8
(C7q), 148.5 (C1q), 147.0 (C2q), 141.8 (C13q), 131.6 (C10q), 127.7
(2CHAr), 124.9 (2CHAr), 124.5 (CHAr), 124.0 (CHAr), 101.3 (Cq-Br),
49.3 (CH2), 27.0 (CH2), 15.1 (CH2), 8.8 (CH3). HRMS (ESI +) (m/z):
[M +H]+ – Calcd. for C16H15BrClN3 365.01957 found: 365.01797.

2.2 X-ray crystal structure determination

Intensity data for colourless crystals of 2 and 3 were
measured at 100 K on a Rigaku/Oxford Diffraction XtaLAB
Synergy diffractometer (Dualflex, AtlasS2) fitted with CuKα
radiation (λ = 1.54178 Å) so that θfull = 67.1 and 67.0°, respec-
tively. Data reduction and Gaussian absorption corrections
were by standard methods.23 The structures were solved by
direct methods24 and refined on F25 with anisotropic

displacement parameters and with C-bound H atoms
included in the riding model approximation. A weighting
scheme of the form w = 1/[σ2(Fo2) + (aP)2 + bP] where
P = ((Fo2+ 2Fc2)/3) was introduced in each case. Themolecular
structure diagrams, showing 70 % probability displacement
ellipsoids, were generated by ORTEP for Windows26 and the
packing diagrams employed DIAMOND.27 Additional data
analysis was made with PLATON.28 Crystal and refinement
data are presented in Table 1.

2.3 Computational chemistry

The initial molecular structures were obtained in the gas-
phase by the ab initio Hartree–Fock model29 with the 3-21G
basis set30 followed by optimisation using the hybrid B3LYP
density functional31 with Ahlrichs’s valence triple-zeta
polarisation basis set augmented with the Def2TZVPP
diffuse function,32,33 available in Gaussian16.34 The fre-
quency validation of the local minimum structures, natural
bond order (NBO) analysis35,36 as well as molecular electro-
static mapping (MEP) were performed using the same den-
sity functional theory (DFT) model and basis set, with the
results processed and visualised in GaussView6.37 The com-
bined Quantum Theory of Atoms in Molecules (QTAIM)

Table : Crystal data, data collection and refinement details for  and .

Compound  

Formula CHBrClN CHBrClN

Formula weight . .
Crystal size (mm) . × . × . . × . × .
Crystal system Monoclinic Monoclinic
Space group P/c P/c
a (Å) .() .()
b (Å) .() .()
c (Å) .() .()
β (°) .() .()
V (Å) ,.() ,.()
Z  

Density (g cm−) . .
μ (mm−) . .
F()  

Reflections:
Collected , ,
Unique , ,
With I > σ(I) , ,

θmax (°)
(% completeness) . .
R(F ) [I > σ(I)] . .
a, b in weighting scheme ., . ., .
wR(F ) [all data] . .
Max/min Δρ (e·Å−) ./−. ./−.
CCDC deposition number  
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analysis and Non-Covalent Interaction (NCI) mapping were
performed based on the reduced density gradient
approach38 using the wavefunction files obtained from the
previous step in Gaussian16.34 The analysis was conducted
throughMultiwfn39 and the results were visualised using the
VMD program.40 The Hirshfeld surface analysis was per-
formed using CrystalExplorer1741 based on the methods re-
ported in the literature,42 with all X–H bond lengths being
adjusted to their neutron-derived values prior to the calcu-
lations.43 The interaction energies, energy frameworks and
crystal lattice energies were calculated using the dispersion
corrected CE-B3LYP/6-31G(d, p) model,44 also available in
CrystalExplorer17.41

3 Results and discussion

The colourless regioisomeric compounds 2 and 3 were syn-
thesised as outlined in Scheme 1; 2 was the major isolated
product, i.e. 66 % yield cf. 24 % for 3. The 1H NMR spectra of
the two compounds show triplets corresponding to the
protons of the CH3 groups at 0.89 and 1.03 ppm for com-
pounds 2 and 3, respectively. The spectra, including those for
COSY and HSQC experiments, enabled unambiguous
assignment of resonances as detailed in the Experimental
section. Themost distinctive features of the obtained spectra
include the presence of a triplet centred at 4.36 and 4.67 ppm,
corresponding to the NCH2 protons of 2 and 3, respectively. It
is noted the resonances due to the protons adjacent to the
pyridyl-N atoms of 2 and 3 occur at 8.18 and 8.21 ppm
respectively, with the small downfield shift ascribed to the+I
(inductive) effect of the n-butyl group in 3. Also notable are
the resonances due to the methyl protons occurring at 0.87
and 1.02 ppm, respectively. This is also reflected in the 13C
NMR spectra which show the presence of signals corre-
sponding to the CH3 group resonating at 8.7 and 8.8 ppm for 2
and 3, respectively.

3.1 Molecular structures

Themolecular structures of 2 and 3 have been established by
X-ray crystallography and are represented in Figure 2 with
selected geometric parameters collated in Table 2; a more
exhaustive comparison of geometric data is presented in
Supplementary materials Table S1. The molecule of 2 com-
prises a nine-membered fused ring system with the r.m.s.
deviation for the fitted atoms being 0.0129 Å; the maximum
deviation from the least-squares plane is 0.0206(9) Å for the
N1 atom. Attached at the C2 atom is a 4-chlorophenyl ring
which is inclined towards the central plane, forming a

dihedral angle of 38.60(5)°. The N3 atom of the imidazoyl ring
carries an n-butyl substituent which is approximately
orthogonal to the fused-ring system, as seen in the C3a–N3–
C31–C32 torsion angle of 79.22(17)°. The chain adopts an all-
trans conformation with the N3–C31–C32–C33 and C31–C32–
C33–C34 torsion angles being −176.18(12) and −175.32(13)°,
respectively.

The molecular structure of 3 resembles that of regioi-
someric 2with the key difference being the relocation of the
n-butyl substituent from the N3-position to the N4-site,
Figure 2(b). The r.m.s. deviation of the nine-fitted atoms of
the fused-ring system is 0.0075 Å, and the maximum devia-
tion from the plane is exhibited by the N1 atom,
i.e. 0.0116(10) Å. By contrast to 2, the pendent 4-chlorophenyl
ring in 3 is almost co-planar with the fused-ring system
forming a dihedral angle of 4.01(7)°, an observation related
to the reduced steric hindrance at the now unsubstituted N3

Figure 2: The molecular structures of regioisomeric (a) 2 and (b) 3
showing atom labelling schemes and 70 % anisotropic displacement
parameters.
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atom. The orientation and conformation of the n-butyl group
in 3 resembles that in 2, Table 2.

There are systematic and experimentally significant
variations apparent in the key geometric parameters char-
acterising the regioisomers consistentwith the repositioning
of the n-butyl group. Particularly notable within the five-
membered ring of 2, is the relatively short N3–C3a bond
length compared with the equivalent bond in 3, and
conversely for the six-membered ring, the relatively long
bond for N4–C3a in 2 cf. 3. Further, more acute angles are
subtended at the N3 atom in 2 and at the N4 atom in 3,
consistent with the relatively greater localisation of π-elec-
tron density at these sites, respectively.

The regioisomers were subjected to geometry-
optimisation calculations to compare the experimental
conformations with those calculated in the gas-phase, and to
derive electronic properties useful for the correlation with
the packing behaviour in the crystals; the energy-converged
coordinates are listed in Supplementary materials Tables S2
and S3. The optimisation leads to a pair of local minima
conformations as validated through the vibrational analysis
confirming the absence of an imaginary frequency in each
case. The derived geometric data are also presented in
Table 2; a more complete listing is included in Supplemen-
tary materials Table S1. A comparison between the respec-
tive pairs ofmolecules, i.e. 2& opt-2 and 3& opt-3 shows that
the data for the optimised structures closely resemble those

of their experimental counterparts but with the differences
in the pairs of N3–C3a and N4–C3a bond lengths slightly
accentuated. The concordance between the molecular con-
formations is highlighted in Figure 3, generally being very
closely overlapped with the main difference noted for the
n-butyl groups in 3 and opt-3, as highlighted in the C42–C41–
N4–C3a torsion angles which differ by about 23° versus the
typical range of 2–5° for the other torsion angles. Accord-
ingly, the r.m.s. deviation calculated for the overlay of 2with
opt-2, i.e. 0.0849 Å, is rather less than 0.1876 Å for the anal-
ogous comparison between 3 and opt-3.

3.2 Calculation of electronic properties

The theoretical, gas-phase structures were subjected to
electronic properties calculations, namely NBO and elec-
trostatic potential charge calculations (ESP). The NBO anal-
ysis on the hybridised bonding orbitals of opt-2 and opt-3
reveals differences in the aromatic character of the imid-
azole rings because of the variation in the position of the
n-butyl substituent. As shown in Table 3, almost all the
hybridised orbitals in the five-membered ring of opt-2
exhibit a bonding character that is close to sp2-hybridisation.
The notable exceptions are for the C2 and C3a atoms which
display compositions consistent with some sp3 character. A
similar observation is noted for the C3a–C7a bond of opt-3
with s- and p-orbital compositions of 28.8 and 71.1 %,
respectively. Such deviations are not generally noted for the
other atoms comprising the pyridyl rings of opt-2 and opt-3;
see Supplementary materials Table S4. The above observa-
tions indicate that electron density is withdrawn from the
imidazole ring of opt-2 by the n-butyl group, cf. opt-3. This
effect is also reflected by the generally longer C7a–N1, C2–N3
and C3a–N3 bond lengths in opt-2 cf. opt-3, which is partially
compensated by the concomitant shortening of the C1–N1
bond, Table 2.

Table : Selected geometric parameters (Å, °) for the experimental
structures of  and , and the geometry-optimised structures for  and ,
i.e. opt- and opt-, respectively.a

Parameter  Opt-  Opt-

N–C .() . .() .
N–Ca .() . .() .
N–C .() . .() .
N–Ca .() . .() .
N–Ca .() . .() .
N–C .() . .() .
N–C–N .() . .() .
N–C–C .() . .() .
N–Ca–N .() . .() .
C–N–Ca .() . .() .
Ca–N–C .() . .() .
Ca–N–C .() . .() .
N–C–C–C −.() −. .() .
N–C–C–C .() . −.() −.
N–C–C–C .() . −.() −.
N–C–C–C −.() −. .() .

aThe correlation coefficients for all bond lengths between  and opt-, as
well as between  and opt- is the same at ., while the correlation
coefficients for all angles between  and opt- as well as between  and
opt- is the same at ..

Figure 3: Molecular overlay diagrams between the experimental (red)
and optimised structures (blue) for (a) 2 and opt-2, and (b) 3 and opt-3.
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Owing to the relatively good accuracy and reduced
sensitivity towards the choice of basis set,45 the Merz-Singh-
Kollman electrostatic potential fitting method46 was
employed by scaling the radii by a factor of 1.4–2.0 to esti-
mate the electrostatic potential charges for the regioisomers.
The electron distributions are significantly affected by the
position of the n-butyl group in each regioisomer. Thus, the
electronic charges about the respective substituted-N3 and
N4 atoms in opt-2 and opt-3, is dispersed over the adjacent
n-butyl-carbon atoms thereby influencing the charges about
the atoms comprising the imidazolyl and pyridyl rings they
are attached to. Specifically, for opt-2, the negative charges
on the N1, and substituted-N3 and N4 atoms are −0.62, −0.17
and −0.60 a.u., while C2 carries positive potential (+0.37 a.u.);
see Supplementary materials Table S5 for a listing of all
charges. In opt-3, the charges on the N1 and N3 atoms
become more negative cf. opt-2, i.e. −0.72 and −0.57 a.u.,
while the charge on the substituted-N4 atom is now positive
(+0.13 a.u.); the positive charge on atom C2 becomes more
positive (+0.70 a.u.).

The influence of n-butyl substituent is also apparent on
the charges on adjacent atoms. Thus, the unsubstituted-N4
atom in opt-2 withdraws negative charge from adjacent
atoms in the pyridyl ring so C3a and C5 exhibit positive
charge values of +0.50 and +0.41 a.u., respectively. With the
relocation of the n-butyl group to give opt-3, the negative
charges of the N4 and Br1 atom delocalise over the pyridyl
ring resulting in a positive charge for N4 with a reduced
negative charge for Br1 (−0.01 cf. −0.05 a.u. for opt-2). As for
the phenyl group, there are some discrepancies between the
equivalent atoms in the aromatic rings whereby alternate
positive-negative charges are observed within the aromatic

ring of opt-2 with Cl1 having a negative charge of −0.01 a.u.
By contrast, a randomdistribution of charges is seen in opt-3
with a slight increase in negative potential for Cl1 (−0.11 a.u.).
A plausible reason for this difference is the proximity of the
n-butyl in opt-2 to the phenyl ring causing the ring to be
tilted so that charge induction between the n-butyl group
and the electron cloud of the aromatic ring occurs. As indi-
cated above, the phenyl ring in opt-3 is close to co-planar
with the imidazoyl ring incurring little or no influence from
the n-butyl group located in the N4-position.

The translation of the ESP fitted charges into graphical
molecular electrostatic mapping (MEP) results in a clearer
visualisation of the electronic properties for opt-2 and opt-3,
as illustrated in Figure 4. Apart from those atomic sites with
strong electrostatic negative or positive potential as indi-
cated by red or blue regions, some additional information
was obtained through the MEP mapping which was not
immediately apparent in the charge fitting approach. For
instance, weakly positive electrostatic potential resides at
the σ-holes of the Br1 and Cl1 atoms of eachmolecule and the
sides of their mapped surfaces have negative potential. The
σ-hole of Br1 in opt-3 is slightly more positive than its
counterpart in opt-2 owing to the reduced electron density
upon charge distribution towards the n-butyl group. A
similar observation is also noted for the σ-hole of the Cl1 sites
even though the difference in the positive potentials is not as
great as for the Br1 atoms. The alternate positive-negative
charge distribution for the phenyl group in opt-2, as
mentioned earlier, results in an almost zero electrostatic
potential at the centre of the aromatic ring in contrast to that
of −0.02 a.u. for opt-3. The centre of pyridyl ring in opt-2
exhibits a net negative electrostatic potential of −0.01 a.u.
when compared to the net positive electrostatic potential
of +0.01 a.u. at the centre of the pyridyl ring of opt-3 owing to
the charge dispersion to the n-butyl group in the latter. On
the other hand, there is no deviation in the electrostatic
potential observed for the centre of the imidazole between
the two molecules.

3.3 Molecular packing

The molecular packing in the crystal of 2 features a range
of point-to-point contacts, as summarised in Table 4. Heli-
cal chains of molecules are formed along the b-axis
and feature pyridyl-C–H⋯N(pyridyl) interactions. These
chains are connected into a supramolecular layer via
pyridyl-C–H⋯N(imidazoyl) interactions. As highlighted in
Figure 5(a), stacks of molecules along the b-axis are

Table : The hybrid composition of selected natural bonding orbitals for
opt- and opt-.

X⋯Y Opt- Opt-

Overall
occupancy (%)

s
(%)

p
(%)

Overall
occupancy (%)

s
(%)

p
(%)

C–N N . . . . . .
C . . . . . .

Ca–N N . . . . . .
Ca . . . . . .

C–N N . . . . . .
C . . . . . .

Ca–N N . . . . . .
Ca . . . . . .

Ca–Ca Ca . . . . . .
Ca . . . . . .
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connected by pyridyl-C–Br⋯π(pyridyl) and phenyl-C–
Cl⋯π(phenyl) interactions; the C–X⋯Cg angles indicate
side-on interactions. There is also evidence for off-set
π(pyridyl)⋯π(imidazoyl) interactions which reinforce the
aforementioned pyridyl-C–Br⋯π(pyridyl) contacts. The
slippage between rings is 1.53 Å which brings into proximity
the C3a and C6 atoms, i.e. 3.546(2) Å for symmetry operation
x, 1 + y, z. When the unit-cell contents are viewed along the c-
axis, Figure 5(b), it is apparent that the supramolecular
layers stack along the a-axis so the chloride atoms face each
other. Despite this, there are no close Cl⋯Cl contacts less
than the sum of the van der Waals radii but there are some
long butyl-C–H⋯Cl contacts.

A rather distinct mode of molecular packing is
apparent in the crystal of 3 owing to the participation of
the imidazoyl ring in supramolecular connections. Thus,
zigzag chains, arising from glide symmetry along the
c-axis, feature pyridyl-C–H⋯N(imidazoyl) and butyl-C–
H⋯π(imidazoyl) interactions, as seen in Figure 6(a). The

chains are consolidated into a three-dimensional archi-
tecture by pyridyl-C–Br⋯π(imidazoyl, pyridyl) and
phenyl-C–Cl⋯π(phenyl) interactions, as highlighted in
Figure 6(b). As for 2, the C–Br⋯Cg angles indicate side-on
interactions but the C–Cl⋯Cg angle indicates an end-on
interaction.

3.4 Hirshfeld surface analysis

The crystals of 2 and 3were subjected to a Hirshfeld surface
analysis to better comprehend the nature of the intermo-
lecular interactions. The analysis results in a dnorm-surface
map containing several red spots of variable intensity, being
proportional to the difference between the contact distance
and the sum of van der Waals (ΣvdW) radii of the contact
atoms,43 see Table 5 for a listing. For 2, there are five red
spots on the dnorm-surface resulting from three sets of in-
teractions, viz. C5–H5⋯N4, C7–H7⋯N1 and N1⋯C26; these

Figure 4: TheMEPmap of opt-2 (left) and opt-3
(right), showing the electrostatic potential
charges for selected atoms.

Table : Summary of intermolecular interactions (A–H⋯B; Å, °) operating in the crystals of  and .

A H B H⋯B (A° ) A⋯B (A° ) A–H⋯B (°) Symmetry operation



C H N . .()   − x, ½ + y, ½ − z
C H N . .()   − x,  − y,  − z
C Br Cg(N, Ca, C–C, Ca) .() .() .() x,  + y, z
C Cl Cg(C–C) .() .() .() x, − + y, z
Cg(N, N, C, Ca, Ca) – Cg(N, C–C) – .() .()a x, − + y, z


C H N . .()  x, / − y, ½ + z
C Hb Cg(N, N, C, Ca, Ca) . .()  x, / − y, ½ + z
C Br Cg(N, N, C, Ca, Ca) .() .() .()  − x,  − y,  − z
C Br Cg(N, Ca, C–C, Ca) .() .() .()  − x,  − y,  − z
C Cl Cg(C–C) .() .() .()  − x, −½ + y, ½ − z

aAngle between aromatic rings.
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contacts are shorter than their respective ΣvdW in line with
the relative intensity of the red spots on the Hirshfeld sur-
face, Figure 7.

The differences in the interactions between the two
regioisomers are clearly seen as, in contrast to 2, 3 exhibits
nine red spots which can be associated with the C5–H5⋯N1,
Cl1⋯C23, C41–H41a⋯C21, C22–H22⋯Cl1, C42–H42a⋯C25
and Br1⋯C44 interactions, see Table 5. Among these, only
C5–H5⋯N1 is common with 2 but with a shorter contact
distance of 2.34 Å. The Cl1⋯C23 and C41–H41a⋯C21 contacts
give rise to relatively intense red spots. On the other hand,
moderate toweak intensities are observed for C22–H22⋯Cl1,
C42–H42a⋯C25 and Br1⋯C44 as each respective contact
distance is only slightly shorter than the ΣvdW radii by 0.055,
0.024 and 0.020 Å, respectively.

While the justmentioned close contacts in the crystals of
2 and 3may be observed directly through the distinctive red
spots on the dnorm-surfaces, there are other contacts,
particularly those involving aromatic rings, such as the
combination of Br1⋯π(pyridyl), π(imidazoyl)⋯π(pyridyl)
(i.e. N1⋯C26) and Cl1⋯π(phenyl) contacts in 2 (symmetry
operation: x, 1 + y, z). In 3, Cl1⋯π(phenyl) (i.e. Cl1⋯C23;
symmetry operation: 2 − x, −½ + y, ½ − z), {Br1⋯π(pyridyl)}2
(symmetry operation: 1 − x, 2 − y, 1 − z) and combined
{Br1⋯π(imidazoyl)}2 and π(pyridyl)⋯π(pyridyl) (symmetry
operation: 1 − x, 1 − y, 1 − z) interactions present. Thus, these
contactswere subjected tomapping of curvedness and shape
index over the Hirshfeld surfaces. Themapping results show
these interactions are formed partly due to shape comple-
mentarity upon stacking between the planar components
or interacting in the form of a bump and a crater between
the contact atoms of two molecules, Figure 8. In protein-
ligand chemistry, where the ligand refers to putative
drugs, such as 2 and 3, shape complementarity can maxi-
mise the configuration entropy for effective entropy-
induced interactions which is one of the key factors in
influencing the interaction behaviour of protein complexes
apart from electrostatic-complementarity and hydropho-
bic-complementarity.47

Figure 5: Molecular packing in the crystal of 2 viewed in projection down
the (a) a-axis and (b) c-axis. The C–H⋯N, C–Br⋯π and C–Cl⋯π
interactions are highlighted as orange, olive and cyan dashed lines,
respectively. Non-participating H atoms are omitted for clarity.

Figure 6: Molecular packing in the crystal of 3 viewed in projection down
the (a) b-axis and (b) c-axis. The C–H⋯N, C–H⋯π, C–Br⋯π and C–Cl⋯π

interactions are highlighted as orange, purple, olive and cyan dashed
lines, respectively. Non-participating H atoms are omitted for clarity.
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The fingerprint plot analysis was performed to quantify
the close contacts identified on the dnorm-surfaces by
combining the di and de contact distances at 0.01 Å intervals,
see Figure 9. At first glance, the analysis results in a shield-

like fingerprint plot for overall 2 and 3, and forceps-like
profiles for all the decomposed fingerprint plots of themajor
contacts in each crystal with deviations mainly found in the
diffuse region as well as in those decomposed plots with
distinctive features such as that observed for H⋯Cl/Cl⋯H
and H⋯N/N⋯H contacts.

A detailed analysis in the respective decomposed
fingerprint profiles reveals that 2 and 3 differ significantly in
terms of contact distributions: the former is dominated by
contacts in the order H⋯H (38.7 %) > H⋯Br/Br⋯H
(13.9 %) > H⋯Cl/Cl⋯H (13.4 %) > H⋯N/N⋯H (9.9 %) > H⋯C/
C⋯H (9.3 %) > C⋯C (5.5 %) > other minor contacts,
whereas the contact distribution for 3 follows the order
H⋯H (36.3 %) > H⋯C/C⋯H (19.4 %) > H⋯Cl/Cl⋯H
(12.5 %) > H⋯Br/Br⋯H (11.3 %) > H⋯N/N⋯H
(10.0 %) > C⋯Br/Br⋯C (4.4 %) > other minor contacts.
Among the major contacts in the crystal of 2, only H⋯N/

Table : The dnorm contact distances (adjusted to neutron values)
computed through the Hirshfeld surface analysis for interactions present
in  and .

Contact Distance
(A° )

ΣvdW
(A° )

Δ|dnorm –

ΣvdW| (A° )
Symmetry
operation

(X–Y⋯Z) Y⋯Z Y⋯Z



C–H⋯N . . .  − x, ½ + y, ½ − z
C–H⋯N . . .  − x,  − y,  − z
N⋯C . . . x,  + y, z


C–H⋯N . . . x, / − y, ½ + z
Cl⋯C . . .  − x, −½ + y, ½ − z
C–
Ha⋯C

. . . x, / − y, ½ + z

C–
H⋯Cl

. . . x, ½ − y, ½ + z

C–
Ha⋯C

. . . x, ½ − y, ½ + z

Br⋯C . . .  − x, ½ + y, / − z

Figure 7: The two views of the dnorm-surface mapping within the range
of−0.0071 to 1.3930 arbitrary units for 2 (top) and 3 (bottom), showing the
presence of close contacts indicated by red spots with their intensity
relative to the contact distance between the interacting atoms.

Figure 8: The Hirshfeld surface mapped with (a) curvedness for 2,
(b) curvedness for 3 and (c) the shape index for 3, with each showing the
shape complementarity between the corresponding halide atom and
aromatic rings either through stacking between the planar surfaces or via
a bump and crater interaction (highlighted in white dashed circle in the
mapping of shape index). The property range for curvedness is
within −4.0 to +4.0 arbitrary units and −1.0 to +1.0 arbitrary units for the
shape index. Only the mapping for the fragments involved in the
interactions are shown. Cg1 = pyridyl, Cg2 = imidazoyl and Cg3 = phenyl.
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N⋯H had di + de contact distances shorter than the ΣvdW
radii as indicated by the peaks in the profile which are
attributed to (internal)–H5⋯N4-(external) and (internal)-
N1⋯H7-(external) contacts with the respective composition
being 4.5 and 5.4 %. The peaks observed for the corre-
sponding forceps-like profile of H⋯Br/Br⋯H, H⋯Cl/Cl⋯H
and H⋯C/C⋯H are assigned to the reciprocal H25⋯Br1,
with a di + de distance ∼2.97 Å, H33b⋯Cl1 (∼2.92 Å) and
H31a⋯C5 (∼2.83 Å), all of which are at separations longer
than their ΣvdW radii of 2.94, 2.84 and 2.79 Å for H⋯Br,
H⋯Cl and H⋯C, respectively. On the other hand, almost all
the dominant contacts in 3 exhibit a profile with the peaks
tipped at di + de distances shorter than their corresponding
ΣvdW radii except for H⋯Br/Br⋯H, attributed to the
reciprocal H44c⋯Br1 contact with a separation of 3.05 Å,
i.e. longer than ΣvdW of 2.94 Å. In conclusion, despite being
structurally closely related, 2 and 3 present rather different
interaction profiles, both qualitatively and quantitatively.

3.5 Interaction energies

To evaluate their strength, the identified interactions pre-
sent in the crystals of 2 and 3 were subjected to interaction
energy calculations. For 2, the combination of Br1⋯π(pyr-
idyl), π(imidazoyl)⋯π(pyridyl) and Cl1⋯π(phenyl) in-
teractions results in the strongest interaction energy
among all, i.e. Eint = −56.3 kJ/mol, with the main contribu-
tion from dispersion forces between two stacking mole-
cules, Table 6. The C7–H7⋯N1 contact that leads to the
formation of an eight-membered {⋯NC2H}2 synthon gives
rise the second strongest interaction energy,
i.e. Eint = −36.5 kJ/mol, followed by the C5–H5⋯N4 contact
(Eint = −21.3 kJ/). The former interaction is sustained by a

significant electrostatic component cf. dispersive, while the
opposite is true for the latter.

As for 3, the strongest interaction energy is attributed to
the combination of C5–H5⋯N1 and C41–H41a⋯π(phenyl),
with Eint of −49.2 kJ/mol, while the combination of
{Br1⋯π(imidazoyl)}2 and π(pyridyl)⋯π(pyridyl) constitutes
the second strongest interaction within the crystal of 3. The
next strongest interactions arise from the combination of
C22–H22⋯Cl1 and C42–H42a⋯π(phenyl) as well as
{Br1⋯π(pyridyl)}2 with Eint being −28.7 and −16.1 kJ/mol,
respectively. The Br1⋯C44 and Cl1⋯π(phenyl) contacts
constitute the weakest interactions with Eint of −9.1
and −4.1 kJ/mol, respectively. Unlike 2, all interactions in 3
are mainly sustained by dispersive forces.

While the main interactions present in 2 and 3 are
considered unique, a comparison against the literature
shows that typical π⋯π interactions range between −13.8
and −93.2 kJ/mol depending on the type and number of
aromatic rings involved,48 and C–H⋯N as well as C–X⋯π
(X = Cl, Br) are known to range between −11.2
and −14.4 kJ/mol49 and −8.4 to −15.1 kJ/mol,50 respectively.
The calculated results are in line with the reported ranges
for the corresponding interactions.

The difference in interactions operating in 2 and 3 is
clear when the energy frameworks are generated within
2 × 2 × 2 unit-cells. As shown in Figure 10, the connections
between molecules in 2 through {C7–H7⋯N1}2 and C5–
H5⋯N4 result in a zigzag electrostatic framework extended
along the c-axis, while the strong dispersion forces mainly
arise from the combined interactions of Br1⋯π(pyridyl),
π(imidazoyl)⋯π(pyridyl) and Cl1⋯π(phenyl) lead to addi-
tional energy layers down the a- and b-axes to form a
honeycomb-like dispersion energy framework which is also
integrated into the overall energy framework. Crystal 3

Figure 9: The overall two-dimensional fingerprint and main decomposed plots delineated into H⋯H, H⋯Br/Br⋯H, H⋯Cl/Cl⋯H, H⋯N/N⋯H and
H⋯C/C⋯H contacts along with their distributions for (a) 2 and (b) 3.
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exhibits a distinct sheet-like framework profile manifested
in the electrostatic, dispersion as well as the overall energy
models.

Despite the difference in the energy frameworks,
crystal lattice energy calculations through Crysta-
lExplorer41 show the regioisomers to have similar lattice
energies of −101.3 and −103.5 kJ/mol for 2 and 3, respec-
tively, Table 7. The result concurs with literature expecta-
tion since lattice energy is dependent upon the variation of
charge and molecular volume.51 The molecules in 2 and 3
exhibit similar molecular volumes, i.e. 376.8 and 374.1Å3,
packing coefficients, i.e. 69.0 and 69.5 %, and crystal den-
sities, i.e. 1.575 and 1.586 g cm−3.

3.6 Combined quantum theory of atoms in
molecule (QTAIM) and non-covalent
interaction (NCI) mapping

The QTAIM analysis was performed to define the nature of
the intermolecular interactions through the partitioning of
molecular electron density based on the zero-flux surfaces,
which are also known as line critical points (LCPs).52 The
calculation may lead to four possible outcomes represented
by (3, −3), (3, −1), (3, +1) and (3, +3) notations.39,53 In the
analysis, the focus is upon (3, −1) line critical points between
atom pairs in the respective aggregates, linked by the
maximal gradient path (also known as bond path), indicating
attractive forces between the atoms. The combined QTAIM
and NCI mapping demonstrate that there are several (3, −1)
line critical points along with a considerable localised
domain detected between Br1 and π(pyridyl), π(imidazoyl)
⋯π(pyridyl), Cl1⋯π(phenyl), C31–H31b⋯C22 and C22–
H22⋯C32 as well as H33b⋯H32a and H33b⋯H34a, indica-
tive of attractive forces between the offset pyridyl-imidazole

rings in 2, Figure 11(a). Similar results are observed between
Br1⋯π(imidazoyl), π(pyridyl)⋯π(pyridyl) and Br1⋯π(pyr-
idyl) of 3, but with relatively fewer (3, −1) line critical points
and localised domains, Figure 11(b), thereby justifying the
deviation of the Eint as obtained for the corresponding
pairwise molecules, Table 6.

Table : Interaction energies (kJ/mol) for close contacts identified in the crystals of  and .a

Contact Eele Epol Edisp Erep Etot Symmetry operation



Br⋯Cg + Cg⋯Cg + Cl⋯Cg −. −. −. . −. x,  + y, z
{C–H⋯N} −. −. −. . −.  − x,  − y,  − z
C–H⋯N −. −. −. . −.  − x, ½ + y, ½ − z


C–H⋯N + C–Ha⋯Cg −. −. −. . −. x, / − y, ½ + z
{Br⋯Cg} + Cg⋯Cg −. −. −. . −.  − x,  − y,  − z
C–H⋯Cl + C–Ha⋯C −. −. −. . −. x, ½ − y, ½ + z
{Br⋯Cg} −. −. −. . −.  − x,  − y,  − z
Br⋯C −. −. −. . −.  − x, ½ + y, / − z
Cl⋯Cg −. −. −. . −.  − x, −½ + y, ½ − z

aCg = Ca–N–C–C–C–Ca; Cg = N–C–N–Ca–Ca; Cg = C–C–C–C–C–C.

Figure 10: The (a) electrostatic (red), (b) dispersion (green) and (c) overall
energy frameworks (blue) for 2 (left) and 3 (right). The cylindrical radius is
proportional to the relative strength of the corresponding energies and
were adjusted to the same scale factor of 120 with a cut-off value of 8 kJ/
mol within a 2 × 2 × 2 unit-cells.
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4 Conclusions

The electronic structures and molecular packing of two
regioisomers show the positioning of the n-butyl group,
i.e. on imidazoyl-N (2) or on pyridyl-N (3) atoms, has
important ramifications. Thus, by employing a full range of
experimental and computational chemistry techniques,

different electronic structures in the fused rings and
molecular packing patterns are discerned. Despite these
differences, the calculated lattice energies show 2 is less
stable than 3 by only 2.2 kJ/mol.
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