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Simple Summary: Crystal and modelled structures of five N1,N3-di(5-X-pyridin-2-yl)isophthalamides
(X = H, F to I) as (X-DIP) are reported. The roles that their molecular conformations and interactions
play in solid-state aggregation are assessed. Cl-DIP (Z’ = 3) exhibits both syn/anti and anti/anti
molecular conformations in 2:1 ratio. The hydrogen bonding hierarchy and sheet formation in Br-DIP
induces the formation of a bromine-rich environment manifesting as a ‘wall of bromine atoms’ at the
sheet interfaces. The hydrate in I-DIP•1/2(H2O) forms a rare synthon.

Abstract: The synthesis and spectroscopic characterisation of six bis(5-X-pyridine-2-yl)isophthalamides
(X = H, F, Br, Cl, I, NO2) are reported, together with five crystal structure analyses (for X = H, F to I).
The isophthalamides span a range of conformations as syn/anti (H-DIP; I-DIP), anti/anti- (F-DIP;
Br-DIP) and with both present in ratio 2:1 in Cl-DIP. The essentially isostructural F-DIP and Br-DIP
molecules (using strong amide . . . amide interactions) aggregate into 2D molecular sheets that align
with either F/H or Br atoms at the sheet surfaces (interfaces), respectively. Sheets are linked by
weak C-H· · · F contacts in F-DIP and by Br· · ·Br halogen bonding interactions as a ‘wall of bromines’
at the Br atom rich interfaces in Br-DIP. Cl-DIP is an unusual crystal structure incorporating both
syn/anti and anti/anti molecular conformations in the asymmetric unit (Z’ = 3). The I-DIP•1/2(H2O)
hemihydrate structure has a water molecule residing on a twofold axis between two I-DIPs and has
hydrogen and N· · · I (Nc = 0.88) halogen bonding. The hydrate is central to an unusual synthon
and involved in six hydrogen bonding interactions/contacts. Contact enrichment analysis on the
Hirshfeld surface demonstrates that F-DIP, Cl-DIP and Br-DIP have especially over-represented
halogen···halogen interactions. With the F-DIP, Cl-DIP and Br-DIP molecules having an elongated
skeleton, the formation of layers of halogen atoms in planes perpendicular to the long unit cell axis
occurs in the crystal packings. All six DIPs were analysed by ab initio calculations and conformational
analysis; comparisons are made between their minimized structures and the five crystal structures.
In addition, physicochemical properties are compared and assessed.

Keywords: aggregate; aromatic ring stacking; crystal structure; conformational analysis; halogen
bonding; hydrogen bonding; interactions

1. Introduction

The structural chemistry of potentially useful organic ligands for applications in
a range of scientific areas, such as coordination chemistry, bioinorganic, medicinal chemistry
and drug development, continues unabated [1–4]. At the heart of the many and varied
classes of organic ligands lies the benzamide/carboxamide group of compounds and their
derivatives such as isophthalamides [5–7]. These and closely related compounds have been
developed over the past two decades and especially in the drive to acquire a deeper and
more fundamental knowledge in foldamer chemistry and host•guest science [8–10].
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In structural science, the hierarchy of interactions has been the subject of much dis-
cussion in the past few decades with considerable effort in identifying key synthons in
molecular aggregation and their ranking in crystal structure formation [11–15]. The effects
of various interactions, for example in competition/interplay between hydrogen and halo-
gen bonding, have been assessed [11–15]. Benzamides and their foldamer derivatives have
proven to be convenient compounds to study in order to gain a greater insight into inter-
molecular interactions, conformational analyses and helical structures in foldamers [8–10].

Benzamides and related ligands such as carboxamides and carbamates have proven
important as ligands in coordination chemistry, and especially those incorporating pyridine
or related heteroaromatic groups [16–23]. Herein, we report the synthesis and spectroscopic
characterisation of six N1,N3-di(5-X-pyridin-2-yl)isophthalamides or X-DIPs in a series
(X = H, F, Cl, Br, I, NO2; Scheme 1). All crystal structures, except X = NO2, were determined.
Comparisons are made between the solid-state structures and modelled structures as
obtained from ab initio calculations [17–19]. A variety of conformations are obtained and
in the Cl-DIP structure two distinct conformations are observed in a Z’ = 3 structure.
Isophthalamides such as these are proving to be important compounds in terms of their
structural chemistry as well as their utilisation in metal coordination chemistry, where the
halogen substitution can influence the overall metal complex properties [5–7,23].
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Scheme 1. The N1,N3-bis(5-X-pyridin-2-yl)isophthalamides (X = H, F to I, NO2) or X-DIPs as depicted
in the anti/anti conformation (with respect to the amide groups).

2. Experimental
2.1. Materials and Characterisation

The materials used, IR and NMR spectra, crystallographic methods, programs and
equipment are as documented in previous papers. Further spectroscopic and analytical
details are provided in the ESI (part I) [17,24].

2.2. Synthetic Procedures (1 and 2)

Two procedures were used in the isophthalamide synthesis (as described for
2-aminopyridine). Both involved standard condensation procedures and differed by using
isophthalic acid (route 1) and isophthaloyl dichloride (route 2) as starting materials and the
subsequent workup (Scheme 2) [25].

In route 1 (Scheme 2), the synthesis of N1,N3-di(pyridine-2-yl)isophthalamide involves
the condensation reaction of isophthalic acid with 2-aminopyridine in pyridine solvent
using triphenylphosphite [P(OPh)3] at ~110 ◦C. Thus, isophthalic acid (2.08 g, 12.5 mmol),
2-aminopyridine (3.54 g, 37.5 mmol) with 50 mL pyridine and a magnetic stirrer were
placed in a 100 mL round-bottom flask (RBF). This mixture in an oil bath, equipped with
a reflux condenser, was warmed with stirring for 15–20 min to 40 ◦C until both chemicals
dissolved. Triphenylphosphite (9.9 mL, 37.5 mmol) was added through the condenser
(using a 10 mL pipette) and the mixture was heated under reflux conditions at 110 ◦C
for 12 h. The reaction flask and contents were cooled to room temperature. The pyridine
solvent was removed by evaporation on a rotary evaporator equipped with a high vacuum
pump (80–90 ◦C/20 mbar). The resulting viscous red-brown oil was dissolved in 150 mL of
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dichloromethane (CH2Cl2), and the product was extracted twice with 150 mL 1:1 (v/v) of
dilute HCl. Each of the acidic aqueous extracts was transferred into a 500 mL Erlenmeyer
flask on an ice bath. The pH of acidic solution was slowly neutralised with a concentrated
aqueous solution of NaOH and solid Na2CO3 to a pH of 7–8. The mixture was cooled
slowly to enhance the formation of a white precipitate. The white solid was filtered on
a Buchner’s funnel and washed thoroughly with water to remove traces of pyridine and
the solid was left to dry overnight. The product was dissolved in 150–200 mL of CH2Cl2
(DCM) and the solution washed with an aqueous solution of NaHCO3 and Na2CO3. The
organic layer was dried with MgSO4 and a small amount of charcoal added. The solution
was double-filtered, and the product recovered after solvent evaporation.
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In the second route (Scheme 2), the reaction of isophthaloyl dichloride with
2-aminopyridine in the presence of triethylamine (Et3N) and 4-(dimethylamino)pyridine
(DMAP) was performed at−18 ◦C. Isophthaloyl dichloride (2.03 g, 10 mM) and 2-aminopyridine
(1.88 g, 20 mM) were suspended in 50 mL of dry DCM and poured into a flask and placed
in an ice bath (−18 ◦C to 0 ◦C). Then, Et3N (5 mL, 20mM) was added dropwise over 10 min
and the reaction mixture stirred for 4 hrs. The reaction solution was filtered under vacuum,
the filtrate powder was collected and the solution was removed by a rotary evaporator.
The resulting residue was dissolved in 200 mL of DCM and the solution was washed with
aqueous solutions of NaHCO3 and Na2CO3. The organic layer was dried with MgSO4 and
a small amount of charcoal was added, then filtered. Finally, the product was recovered
after evaporation of solvent.
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Route 1 was used to synthesise H-DIP. For F-DIP, Cl-DIP, Br-DIP, I-DIP and NO2-
DIP, the extraction step was the last step; further re-purification had no significant effect
on product purity. H-DIP and F-DIP were obtained in a reasonably pure grade because
their starting materials had good water solubility. However, both Cl-DIP and Br-DIP
syntheses gave a mixture of starting materials and products which were insoluble in water.
In the Cl-DIP and Br-DIP extraction, the first extraction from DCM by aqueous HCl gave
a high quantity of the product and starting materials, and the second extraction gave a low
yield of pure product. These two extractions were not mixed. For Br-DIP, the amount
of unreacted starting material was much higher than the desired product. Therefore, the
mixture was reused in a fresh reaction and heated at reflux conditions over 48 h. This
gave a higher product yield than starting material although a mixture was still obtained.
Liquid chromatography was performed to purify both Cl-DIP and Br-DIP. For I-DIP,
a low yield of pure product was obtained by this route. However, the NO2-DIP synthesis
did not work despite the reaction being heated at reflux temperatures overnight. Although
the pyridine solvent colour became very deep red in colour, the extracted product only
contained starting material.

Synthetic route 2 was developed to overcome the low reactivity in route 1 that failed to
produce NO2-DIP. Isophthaloyl dichloride was reactive, and the reaction temperature was
lowered to −18 ◦C with Et3N added dropwise to control the reaction rate. The NO2-DIP
purification process was not sufficient to obtain a pure product (as determined by TLC and
NMR) by this approach. Therefore, column chromatography was used to purify the final
NO2-DIP product using a mixture of DCM:ethyl acetate (95:5) as a mobile phase.

F-DIP gave the desired product with a high yield of 98%. The product was filtered
directly from the reaction mixture with a high purity. In addition, the purification of H-DIP,
Cl-DIP and Br-DIP by washing with Na2CO3 was sufficient to obtain significantly high
yields of pure products by this route when compared to route 1 [25].

Single crystal X-ray data collections, processing and refinements for the five X-DIPs
(Scheme 1) are as detailed previously [17,24,26]. Data were collected using Mo and Cu radi-
ation for Cl-DIP, but only Cu data are discussed herein. The H-DIP and I-DIP•1/2(H2O)
data were collected using an XtaLAB Synergy, Dualflex, ATLAS2 at 100(1) K [24] and the
F-DIP, Cl-DIP and Br-DIP data at 294(1) K on a Xcalibur Sapphire 3, Gemini diffractome-
ter [17]. Selected crystallographic and structural data are in Tables 1 and 2 and full details
are in Figures S1–S9 and Tables S1–S3 in the ESI (Part II). Molecular and crystal structure
diagrams (Figures 1–5) are standard [27,28]. Computational calculations and methods are
as described (ESI Part I) [19,29–31]. Crystal structure comparisons were performed with
Conquest 2022.1.0 and CSD 2022 version (5.43 + 4 updates) [32].

Table 1. Selected crystallographic data for X-DIPs (full details are listed; ESI Part II).

Crystal Structure Crystal System:
Space Group Z’ Volume (Å3) R, wR2 R-Factors, GoF

H-DIP Triclinic, P 1 (No. 2) 1 713.43 (4) 0.031, 0.078, 1.030

F-DIP Monoclinic, P21/c (No. 14) 1 1559.71 (8) 0.045, 0.111, 1.026

Cl-DIP Triclinic, P 1 (No. 2) 3 2553.5 (3) 0.062, 0.162, 1.075

Br-DIP Monoclinic, C2/c (No. 15) 1 3509.3 (6) 0.078, 0.205, 1.045

I-DIP•1/2(H2O) Monoclinic, P2/c (No. 13) 1 1814.49 (5) 0.023, 0.056, 1.060

Footnote: R-factors defined as R[F2 > 2σ(F2)], wR(F2) [26]. GoF: goodness of fit.
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Table 2. Salient structural features of the five X-DIPs: angle between planes (◦) and H-bond
donor· · · acceptor distances (Å).

Structure C6/C5N C6/Amide C5N/Amide N· · ·N/O # Primary H-Bond

H-DIP 68.17 (3)
5.65 (7)

49.60 (4)
19.49 (6)

15.04 (15)
14.10 (6)

3.1252 (13)
3.3425 (13)

amide· · · amide
amide· · ·pyridine

F-DIP 47.20 (4)
14.20 (6)

45.69 (4)
10.47 (7)

3.22 (7)
3.97 (7)

3.3129 (19)
3.2605 (16)

amide· · · amide
amide· · ·pyridine

Cl-DIP (in
sequence for

molecules A, B, C)

11.6 (3)
15.7 (3),
10.3 (3)
24.5 (2),
9.3 (3)

10.2 (3)

30.3 (2)
31.6 (2),
29.3 (2)
21.8 (2),
33.5 (2)
19.4 (2)

26.6 (2)
17.3 (3),
20.7 (3)
3.0 (3),
26.9 (2)
28.9 (2)

2.924 (4)
3.029 (5),
2.973 (4)
3.289 (4),
2.865 (4)
3.078 (4)

amide· · · amide

Br-DIP 36.4 (2)
46.6 (2)

38.8 (2)
1.5 (4)

2.6 (3)
47.8 (2)

3.186 (8)
2.999 (8)

amide· · · amide
amide· · ·pyridine

I-DIP•1/2(H2O) 4.6 (2)
19.21 (15)

28.8 (3)
9.0 (6)

24.2 (3)
10.2 (5)

2.897 (4)
2.931 (3)
2.833 (3)

amide· · ·H2O
(pyridine)N· · · I-C

Footnote: C6 is the isophthaloyl ring; C5N represents the terminal pyridine rings. The amides are represented as
the adjoining five atom C-C(=O)NC plane. The # refers to the ‘Primary hydrogen bonding· · ·pyridine’. Primary
hydrogen bonding; usually as either amide· · · amide or amide· · ·pyridine.

3. Methods

Fingerprint plots of contacts on the Hirshfeld surface around the molecules were
computed with CrystalExplorer17 [33] (ESI). The Hirshfeld surface contact statistics and
enrichment ratios were acquired using MoProViewer [34]. In the latter case, the hydropho-
bic hydrogen atom HC attached to a carbon atom is distinguished from HP the more polar
and charged the HO/N atoms attached to N or O are. Enrichments of hydrophobic contacts
and of H bonds are depicted in Figure 6. The contact types on the 3 independent Cl-DIP
molecules were averaged as the contacts CXY between chemical species X and Y and showed
globally a 97% correlation (Figure S8). In the case of the iodinated I-DIP•1/2(H2O) structure
with half a water molecule (hemi-hydrate) in the asymmetric unit, the Hirshfeld surface was
computed around an ensemble of one water and two I-DIP•1/2(H2O) molecules; molecules
not in contact with each other were selected in the crystal packing in order to obtain integral
Hirshfeld surfaces about all three entities.

4. Results and Discussion
4.1. Crystal and Molecular Structural Analysis of H-DIP

The X-DIP molecules contain two amides [O=CN(H)] and two pyridine rings per
molecule and therefore each X-DIP possesses two donor N-Hs and four acceptors (2 × O=C,
2 × Npyridine) (Figure 1). The donor:acceptor mismatch is usually compensated by C-H
donors pairing with the free O or N in the X-DIP crystal structures.
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4.2. H-DIP: Short C-H· · ·π(Arene) Contacts and Tight Ring· · ·Ring Stacking

The H-DIP crystal structure in space group P 1 (No. 2) refines to R = 3.1% with-
out issues [26]. H-DIP molecules adopt the syn/anti molecular conformation (Figure 1)
as noted by Malone and co-workers in PULHUZ [5,32]. The H-DIP structure exhibits
a range of intermolecular interactions and contacts especially involving the two amide
and the two pyridines yielding amide· · ·pyridine N1-H1· · ·N22i hydrogen bonds with
centrosymmetric rings. H-DIP also forms chains of amide···amide intermolecular inter-
actions as N2-H2· · ·O2=C2ii H bonds with symmetry codes (i, ii in Table S2, ESI Part II).
The N1-H1· · ·N22i interactions form cyclic R2

2(8) hydrogen-bonded rings augmented by
C23-H23· · ·π(arene)i contacts (H23· · ·Cgi = 2.63 Å, 156◦; [2.51 Å, 155◦ with normalized
C-H]) and with N2· · ·O2ii generating 1D columns along the a-axis direction [17]. With
two amides (N1, N2, O1, O2) and two pyridine N22, N32 atoms per H-DIP (underline for
amide· · · amide or pyridine· · · pyridine interactions), the amide carbonyl O1 and pyridine
N32 only participate in weaker, cyclic C25-H25· · · (O1=C1)iii as R2

2(14) rings and C15-
H15· · ·N32iv interactions as R2

2(16) rings (Table S2). This results in 1D columns linking via
C25-H25· · ·O1iii and C15-H15· · ·N32iv interactions and aromatic stacking.

H-DIP molecules aggregate as pairs through aromatic stacking about inversion centres
(Figure 1); this involves two approximately co-planar aromatic rings having a pyridine
and a benzene ring mutually oriented at 5.65(7)◦. Pairs of H-DIP molecules interact via
parallel offset stacking involving pyridine rings resulting in offset stacked columns in
the crystal structure and with aromatic rings parallel with the (1 34) plane. The closest
stacking contact is the pyridine ring C36· · ·C36xiv tight contact distance of 3.2864(16) Å
for inversion-symmetry-related C36 atoms (Table S2). The short C-H· · ·π(arene) contact
involving C23-H23···π(C11, . . . ,C16)i that augments the N1-H1· · ·N22i cyclic interaction
has a short H23· · · (Cg1 ring centroid)i = 2.63 Å distance and is similar in geometry to those
in the tightly interacting dimers of Moo where C-H· · ·π(arene) contacts form in tandem
with strong N-H· · ·N hydrogen bonding [17].

4.3. F-DIP

F-DIP was grown from a CH2Cl2/acetone mixture and adopts the anti/anti molecular
conformation in space group P21/c (No. 14) (Figure 2). The central molecular C6 ring
and a fluoropyridine ring (F34) are mutually oriented close to planarity at an interplanar
angle of 14.20(6)◦, but at angles of 47.20(4)◦ and 48.55(4)◦ to the F24 fluoropyridine ring,
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respectively. Both amido groups lie close to planarity with the fluoropyridine rings to
which they are attached, at 3.22(7)◦ and 3.97(7)◦.
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F-DIP aggregates through the formation of tight hydrogen-bonded dimers. This arises
via N1-H1· · ·N32v hydrogen bonding about inversion centres, graph set R2

2(20), with
N1· · ·N32v = 3.3129(19) Å and in tandem with the reciprocal (C33-H33)v· · ·N22 = 3.269(2)
Å, graph set = R2

2(7) and offset amide· · · aromatic ring stacking. The hydrogen-bonded
dimers are linked by the second amide N-H as the N2-H2· · ·O1=C1vi = 3.2605(16) Å
interaction (two per dimer, assisted by C14-H14 as R1

2(7)). The O2=C2 is involved in
weaker C15-H15· · · (O2=C2)vi interactions, though from the same molecule. The H· · ·N/O
distances are within the range 2.36 to 2.52 Å (with D· · ·A is 3.2605(16) to 3.3936(17) Å,
with angles from 138◦ to 174◦). The hydrogen-bonded aggregate forms one-molecule-
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wide molecular sheets parallel with (100) and linked by C23-H23· · · F34viii intermolecular
contacts (with H23· · · F34viii = 2.61 Å, C-H· · · F of 126◦) spanning the sheets (Figure S3b).
F-DIP has all of its strong donors/acceptors engaged in intermolecular hydrogen bonding
which is augmented by both intramolecular and intermolecular C-H···O contacts.

In contrast to F-DIP, the TOYQIJ molecular structure [32,35] (differing only from
F-DIP by the ipsoC-H C12-H12 replaced by N), adopts a syn/syn conformation. The confor-
mational stability of TOYQIJ is enhanced by two intramolecular N-H· · ·Npyridine interac-
tions involving the central pyridine N atom in preference to forming either of the syn/anti
(as in H-DIP) or anti/anti conformations (in F-DIP) as favored by having the C12-H12
moiety. This is a recurring feature in the X-DIP molecular systems in comparison to their
pyridine relatives.

4.4. Cl-DIP: A Crystal Structure (Z’ = 3) with Two Different Conformations

Cl-DIP (as grown from ethyl acetate) crystallises with three independent molecules
in the asymmetric unit (Z’ = 3) in space group P 1 (No. 2). Cl-DIP is a rare example of
a crystal structure with two distinct conformations (in ratio 1:2). Molecule A adopts the
anti/anti molecular conformation and is similar to F-DIP, whereas molecules B and C
have the syn/anti conformation and are more comparable in structure to H-DIP (Figure 3).
The molecular conformations clearly differ as exemplified by the para [Cl1 . . . C15 . . .
Cl2]A/B/C angles of 125.06(4)◦ (molecule A), 104.75(4)◦ (B) and 110.41(4)◦ (C) with the two
smaller angles for the syn/anti conformations. The aromatic rings and amide groups in
Cl-DIP do not twist much from co-planarity and the largest twist is 33.5(2)◦ for the two
flanking fluoropyridine rings in molecule B, with corresponding data for molecules A and
C being 8.5(3)◦ and 5.8(3)◦.
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The aggregation is of interest in that all six amides in molecules A to C are involved in
N-H· · ·O=C interactions. There are no strong N-H· · ·Npyridine hydrogen bonding interac-
tions as the amide donors/acceptors are all utilised in strong amide···amide intermolecular
interactions. The molecules aggregate (using one of the two amide groups per molecule)
forming individual chains of (A . . . A . . . )n, (B . . . B . . . )n and (C . . . C . . . )n molecules
in the a-axis direction. The second amide group links chains together as (A . . . C . . .
B . . . A . . . )n. As such, all six amides are involved in regular, elegant amide· · · amide
hydrogen bonds. The six amide . . . amide interactions can be grouped into two categories
with the shorter intrachain interactions as A . . . Aii = 2.924(4) Å, B . . . Bviii = 2.973(4)
Å, C . . . Cviii = 2.865(4) Å (for the N· · ·O distances) and are considerably shorter than
the 3.078(4) Å, 3.289(4) Å and 3.029(5) Å for the interchain N· · ·O distances of [C . . . B
. . . A . . . Cii]n. The pyridine-N atoms are at most involved in weaker C-H· · ·N contacts
(e.g., C35C-H35C· · ·N32Aix) augmenting the primary interactions. This is unusual, as
ortho-N pyridine atoms usually form cyclic hydrogen-bonded rings, but this does not
arise due to the plethora of amide· · · amide hydrogen bonds. Furthermore, there are two
halogen· · · halogen contacts of note, namely Cl1B· · ·Cl1Cv = 3.249(2) Å and Cl2B· · ·Cl2Cxv

= 3.308(2) Å (both of which are <3.50 Å, the van der Waals radii sum [15,28]) and a weak
C25B-H25B· · ·Cl1Axvi hydrogen bonding contact (2.90 Å) as well as aromatic stacking.
Cl-DIP demonstrates a snapshot of dynamic behaviour between three distinct conforma-
tions and with the syn/anti and anti/anti conformations isolated in the crystal structure.
Of further note are the two Ru derivatives of Cl-DIP (with the N-H deprotonated and N
atoms as donors) and one is a RuII(terpy)(Cl-DIP) structure [CITDAL] [23].

4.5. Br-DIP: A Wall of Bromine Atoms at the 2D Sheet Interfaces

Br-DIP is a twinned structure in space group C2/c and is isostructural with F-DIP
(Figure 2), adopting the anti/anti conformation (Figure 4). Br-DIP molecules aggregate
via reciprocal N1-H1· · ·N32x and C33-H33· · ·N22x interactions about inversion centres
forming molecular pairs (with graph sets R2

2(7) and R2
2(20)). This is similar to the pairs

formed in F-DIP. In Br-DIP, hydrogen-bonded dimers are connected by N2-H2· · ·O1xi and
C15-H15· · ·O2xi hydrogen bonds that cumulatively aggregate and form a sheet that is one
molecule or ~20.4 Å wide (or 1/2 unit cell a-axis), and parallel with the bc plane (Figure 4).
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Strong intermolecular interactions form within the sheet using both amides (N1-H1, N2-H2,
O1, O2) and pyridines (N22, N32), together with additional C-H· · ·O/N contacts. There
are two sheets per unit cell intersecting at x = 0, 1/2 (midpoint at x = 1

4 , 3
4 ). The sheet surface

contains both terminal Br atoms (Br24, Br34) interspersed in a regular fashion as an array
with the five shortest Br· · ·Br distances in a range from 4.1 to 5.1 Å. Sheets are aligned so
that Br· · ·Br halogen bonding contacts arise with the shortest interfacial sheet distance
being Br24· · ·Br34xvii = 3.6197(17) Å; 121.2(3)◦, 155.7(3)◦ [Nc = 0.98] [14]. In addition, two
Br34· · ·Br34xviii,xix distances are noted spanning the sheet interface and are 3.8534(14) Å
and 3.8988(16) Å, respectively [14,15,28]. When the Hirshfeld surface is computed between
two layers of molecules, the Br· · ·Br contacts constitute 76% of the surface and Br· · ·HC
constitute 24%. One can speculate that sheets can glide over one another with relative
ease. This may provide some rationale for the twinning in this crystal structure (additional
diagrams of the Br-DIP sheets are provided; ESI, Figures S5 and S6). F-DIP differs from
Br-DIP with unit cell wide sheets and F-DIP interfacial interactions comprising weak C-
H· · · F contacts. The Br-DIP hydrogen bonding distances are mostly ca. 0.1 Å shorter than
their F-DIP equivalents. However, the KPI packing index is 69.1 (Br-DIP) and 71.1 (F-DIP)
as calculated using PLATON [28]. This small difference is accountable by small voids in
proximity to the Br···Br interactions at the sheet interface in Br-DIP [14,27,28].

An overview of the X-DIP crystal structures suggests that H-DIP contains tight
amide· · ·pyridine and amide· · · amide interactions. The F-DIP and Br-DIP structures
are essentially isostructural, but with key differences involving their F· · ·H and Br· · ·Br
interactions at the 2D sheet interfaces, as shown for the wall of bromine atoms in Figure 4b.
Of note is that Cl-DIP diverges in structure from the other three X-DIPs (H, F, Br) by having
strong amide· · · amide hydrogen bonding interactions forming exclusively. The F, Cl and
Br halogenated crystal structures all have walls of halogen· · · halogen interactions but the
Br-DIP case is more pronounced, notably due to the larger size of the bromine atom.

Symmetry 2023, 15, x FOR PEER REVIEW 10 of 22 
 

 

that Br⋯Br halogen bonding contacts arise with the shortest interfacial sheet distance 
being Br24⋯Br34xvii = 3.6197(17) Å; 121.2(3)°, 155.7(3)° [Nc = 0.98] [14]. In addition, two 
Br34⋯Br34xviii,xix distances are noted spanning the sheet interface and are 3.8534(14) Å and 
3.8988(16) Å, respectively [14,15,28]. When the Hirshfeld surface is computed between 
two layers of molecules, the Br⋯Br contacts constitute 76% of the surface and Br⋯HC 
constitute 24%. One can speculate that sheets can glide over one another with relative 
ease. This may provide some rationale for the twinning in this crystal structure (additional 
diagrams of the Br-DIP sheets are provided; ESI, Figures S5 and S6). F-DIP differs from 
Br-DIP with unit cell wide sheets and F-DIP interfacial interactions comprising weak C-
H⋯F contacts. The Br-DIP hydrogen bonding distances are mostly ca. 0.1 Å shorter than 
their F-DIP equivalents. However, the KPI packing index is 69.1 (Br-DIP) and 71.1 (F-
DIP) as calculated using PLATON [28]. This small difference is accountable by small voids 
in proximity to the Br···Br interactions at the sheet interface in Br-DIP [14,27,28]. 

An overview of the X-DIP crystal structures suggests that H-DIP contains tight 
amide⋯pyridine and amide⋯amide interactions. The F-DIP and Br-DIP structures are 
essentially isostructural, but with key differences involving their F⋯H and Br⋯Br 
interactions at the 2D sheet interfaces, as shown for the wall of bromine atoms in Figure 
4b. Of note is that Cl-DIP diverges in structure from the other three X-DIPs (H, F, Br) by 
having strong amide⋯amide hydrogen bonding interactions forming exclusively. The F, 
Cl and Br halogenated crystal structures all have walls of halogen⋯halogen interactions 
but the Br-DIP case is more pronounced, notably due to the larger size of the bromine 
atom. 

 
(a) 

 

Figure 4. Cont.



Symmetry 2023, 15, 738 11 of 22Symmetry 2023, 15, x FOR PEER REVIEW 11 of 22 
 

 

 
(b) 

Figure 4. (a) An ORTEP view of Br-DIP with atoms depicted at 30% displacement ellipsoids. (b) 
CPK views of the (i) primary hydrogen and halogen bonding interactions, (ii) wall of bromines only 
with Br24 (brown) and Br34 (orange) and (iii, iv) two views of the wall of Br atoms on the bromine-
rich sheet interface in the Br-DIP crystal structure (both Br as brown). 

4.6. I-DIP½(H2O): The N⋯I, I⋯I Halogen Bonding and Role of the Water Molecule 
The I-DIP molecular structure adopts the syn/anti conformation and is comparable 

to H-DIP in molecular structure, although a hydrate is incorporated per I-DIP halogen-
bonded dimer. The primary interactions driving the aggregation involve (i) amide⋯amide 
chain formation along the b-axis direction, (ii) a hydrogen-bonding synthon involving two 
aminopyridine groups and a water molecule that resides on twofold axes in a tightly 
bound arrangement, together with (iii) compact N22⋯I34 halogen bonding (Nc = 0.877) 
that drives I-DIP dimer formation [14] and further linked by the water, chain formation 
and aromatic stacking. 

The primary hydrogen bonding in I-DIP•½(H2O) is N1-H1⋯(O1=C1)vii along the b-
axis direction (with offset aromatic stacking forming a column). This is augmented by 
centrosymmetric N22⋯I34xiii halogen bonding between pairs of chains to aggregate as a 
two-molecules (slipped) stack with a cyclical N22⋯I34xiii assembly of R22(28) halogen-
bonded rings. The iodinated compound is the only one among X-DIP to form N⋯X 
halogen bonds. The centrosymmetric C35-H35···O2=C2xiii hydrogen bonds complement 
the N22⋯I34xiii dimer formation [14]. Halogen bonding as I24⋯I34xx = 3.8441(3) Å (Nc = 
0.97) with C24-I24⋯I34xx = 168.23(9)° and I24⋯I34xx-C24xx = 91.56(8)° is noted [14]. The 
O1W water molecule resides on a twofold axis and is tightly sandwiched between a pair 
of I-DIP molecules. It engages in hydrogen bonding to two amide N2-H2 donors and N32 
pyridine acceptors (related by twofold symmetry: Figure 5a,b). There are also two weak 
C14-H14⋯O1W contacts per water molecule augmenting the stronger interactions. 
Centrosymmetric columns are linked by this hydrogen bonding involving (2 × N, N-H, C-
H) and the O1W water molecule. Therefore, the O1W molecule interacts with two donors 
(as 2 × O1W-H1W) and as four acceptors (from 2 × N2-H2⋯O1W; 2 × C14-H14⋯O1W) and 
links the two-molecule columns into a sheet. The C14-H14⋯O1W is long but nonetheless 
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Figure 4. (a) An ORTEP view of Br-DIP with atoms depicted at 30% displacement ellipsoids. (b) CPK
views of the (i) primary hydrogen and halogen bonding interactions, (ii) wall of bromines only with
Br24 (brown) and Br34 (orange) and (iii, iv) two views of the wall of Br atoms on the bromine-rich
sheet interface in the Br-DIP crystal structure (both Br as brown).

4.6. I-DIP•1/2 (H2O): The N· · · I, I· · · I Halogen Bonding and Role of the Water Molecule

The I-DIP molecular structure adopts the syn/anti conformation and is comparable
to H-DIP in molecular structure, although a hydrate is incorporated per I-DIP halogen-
bonded dimer. The primary interactions driving the aggregation involve (i) amide· · · amide
chain formation along the b-axis direction, (ii) a hydrogen-bonding synthon involving two
aminopyridine groups and a water molecule that resides on twofold axes in a tightly bound
arrangement, together with (iii) compact N22· · · I34 halogen bonding (Nc = 0.877) that drives
I-DIP dimer formation [14] and further linked by the water, chain formation and aromatic
stacking.

The primary hydrogen bonding in I-DIP•1/2(H2O) is N1-H1· · · (O1=C1)vii along the
b-axis direction (with offset aromatic stacking forming a column). This is augmented by
centrosymmetric N22· · · I34xiii halogen bonding between pairs of chains to aggregate as
a two-molecules (slipped) stack with a cyclical N22· · · I34xiii assembly of R2

2(28) halogen-
bonded rings. The iodinated compound is the only one among X-DIP to form N· · ·X
halogen bonds. The centrosymmetric C35-H35···O2=C2xiii hydrogen bonds complement
the N22· · · I34xiii dimer formation [14]. Halogen bonding as I24· · · I34xx = 3.8441(3) Å
(Nc = 0.97) with C24-I24· · · I34xx = 168.23(9)◦ and I24· · · I34xx-C24xx = 91.56(8)◦ is noted [14].
The O1W water molecule resides on a twofold axis and is tightly sandwiched between a
pair of I-DIP molecules. It engages in hydrogen bonding to two amide N2-H2 donors and
N32 pyridine acceptors (related by twofold symmetry: Figure 5a,b). There are also two
weak C14-H14· · ·O1W contacts per water molecule augmenting the stronger interactions.
Centrosymmetric columns are linked by this hydrogen bonding involving (2 × N, N-H,
C-H) and the O1W water molecule. Therefore, the O1W molecule interacts with two
donors (as 2 × O1W-H1W) and as four acceptors (from 2 × N2-H2· · ·O1W; 2 × C14-
H14· · ·O1W) and links the two-molecule columns into a sheet. The C14-H14· · ·O1W is
long but nonetheless a contributing hydrogen bonding contact (with normalised data for
H14· · ·O1W giving a H· · ·O distance = 2.58 Å, C14-H14· · ·O1W = 150◦). The I24· · · I34xx,
C35-H35· · · (O2=C2)xiii and aromatic stacking interactions complete the 3D interactions
(Figure 5c,d). The I-DIP•1/2(H2O) packing does not display 2D layers of I· · · I interactions,
but such interactions are only repeated along lines parallel to the b axis.
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Figure 5. (a,b) An ORTEP plot of the I-DIP•1/2(H2O) structure and a view of the hydrate in the
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4.7. How Unusual Is the Water Environment in I-DIP•1/2(H2O)?

The synthon involving the water molecule is uncommon although there are notable
cases in the CSD [32]. For example, in CIMTOI, the ligand wraps around the H2O molecule,
resulting in two short O-H· · ·N, two short N-H· · ·O and two longer N-H· · ·O hydrogen
bonds [36]. In context, it is a relatively rare synthon to observe in ortho-amidopyridine (HN-
C5HN4)-type structures as the tendency is for this group to form hydrogen-bonded dimers
with graph set R2

2(8) as noted in an ortho-methyl-N-(2-pyridyl)benzamide (Moo) [17].
Insertion of a water molecule to disrupt this cyclic assembly is relatively rare [32]. In
UGARIE, the water molecule is located such that it is involved in an excess of the usual
[2D+2A] H2O hydrogen bonding arrangement [37]. Another example (MIJSII01) highlights
research on an unusual exotic state of a water molecule located in hydrophilic nanoconfined
spaces [38].

4.8. CSD Analyses with the 2021.3.0 Version (January 2023)

A CSD search shows that there are 8446 ortho-aminopyridine (HNC5N) fragments (hits)
with 3D coordinates; 3509 with C-H. There are 3971 (47%) organic without a metal (4M) [32].
A total of 574 (7%) form hydrogen-bonded dimers (N . . . N within van der Waals limits).
There are several notable examples of the (N, NH)2•OH2-type synthon present in the
CIMTOI, ESALES, MONGON, SEMGEY and WAMSOT structures [32]. It can be shown
that this represents only <1% of these general-type structures. Incorporation of a water
molecule to disrupt ‘aminopyridine dimer’ formation is therefore unusual. Statistics do not
vary much from analyses using datasets from the earlier versions of the CSD. An analogous
study of carboxylic acid structures as C-CO2H with 3D coordinates shows similar statistics
when compared with organic carboxylic acids without 4M dimer formation and also
checking for H2O insertion between the carboxylic acids (as for pyridine above).

5. Comparisons with Related Structures

The isostructural N,N’-bis(4-halophenyl)pyridine-2,6-dicarboxamides TOYQIJ
(F-pyr) [35] and MEWNEJ (Br-pyr) [39] in space groups P21/c and C2/c, respectively, differ
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from F-DIP and Br-DIP by replacing the central aromatic ipsoC-H with N. This difference
enforces syn/syn conformations on TOYQIJ and MEWNEJ via a relay of intramolecular N-
H· · ·N· · ·H-N interactions and contrasting with the anti/anti conformations in F-DIP and
Br-DIP. As noted from our X-DIP structures, the ipsoC-H exerts both steric and electronic
effects on the neighboring amido N-Hs and does not promote intramolecular hydrogen
bonding apart from weak C-H···O=C hydrogen bonds. Therefore, the ipsoC-H moiety
does not form strong intramolecular hydrogen bonding, and this facilitates the relatively
free rotation about the C6-amide bond from the syn/syn to anti/anti conformation via
syn/anti.

6. Crystallographic Structural Summary

Although the syn-syn conformation is the most stable conformation, the H-DIP,
I-DIP and Cl-DIP (molecules B, C) have the syn-anti conformation, whereas the F-DIP,
Cl-DIP (molecule A) and Br-DIP adopt anti-anti conformations. The five crystal struc-
tures aggregate by similar intermolecular interactions due to their overall molecular sim-
ilarities (varying only by the terminal aromatic para-H to para-I relative to the amide
group). Amide· · · amide hydrogen bonding dominates as the main hydrogen bonding
interaction responsible for aggregation with an Nc value ≈ 0.81 for the Cl-DIP, Br-DIP
and I-DIP•1/2(H2O) structures, while in H-DIP and F-DIP, the amide . . . amide inter-
action is less notable (Nc values ≥ 0.90). In tandem, the R1

2(7) bifurcated interaction
from the C=O· · ·H–N interaction and central C6 ring C–H (as C=O· · ·H–C) is present
in all crystal structures, except for I-DIP•1/2(H2O). Moreover, the N–H· · ·Npyridine hy-
drogen bonding dominates in F-DIP as the N-H· · ·O interaction is weaker with a rel-
atively long H···O distance of 2.488 Å. Despite their structural similarities, each com-
pound exhibits its own unique intermolecular interactions. For H-DIP, ring· · · ring in-
teractions play a crucial role in aggregation by both phenyl· · ·pyridine stacking and
pyridine· · ·pyridine ring stacking. Additionally, the F-DIP and Br-DIP compounds ex-
hibit a larger amount of C–H· · · F interactions and Br· · ·Br contacts, respectively. In
I-DIP•1/2(H2O), the I· · ·Npyridine halogen bonding interaction is present, in addition to
weaker I· · · I contacts with C34-I34· · · I24 = 91.56(8)◦. The water solvate also plays a crucial
role in aggregation.

In previous studies of 3 × 3 isomer grids, we reported detailed analyses of their
melting points and examined the influence of the substituent position and molecular
symmetry [17–19,40]. The X-DIP series with six compounds shows a melting point
trend increasing along the series from H→F→Cl→Br→I→NO2, noting Z’ = 3 for Cl-DIP
and hemihydrate in I-DIP•1/2(H2O). The average melting point changes from 184 ◦C
(H-DIP), 224 ◦C (F-DIP), 236 ◦C (Cl-DIP), 246 ◦C (Br-DIP), 265 ◦Cdecomp (I-DIP•1/2(H2O) to
300 ◦Cdecomp (NO2-DIP). This is expected on increasing molecular weights in the X-DIP
series. Of note is the recent study examining the lowering of melting points in deformed
plastic crystals [41] and would be of interest if extended to crystals with Z’ > 1 and isomor-
phous structures [20,32].

7. Fingerprint and Contact Analysis

All five crystal structures were analyzed using fingerprint analysis (ESI). It has to be
noted that for the Cl-DIP (Z’ = 3) structure, a set of separated molecules was analyzed
globally (Hirshfeld surfaces around three molecules not in contact in order to have an
integral surface around each molecule). For I-DIP•1/2(H2O), the hemihydrate molecule is
not included in the crystal packing.

8. Contacts Statistics on the Hirshfeld Surface

The Hirshfeld surface represents the region where molecules come into contact. The
contact surface is attributed to pairs of chemical species X and Y in mutual contact. The
contacts’ enrichment and derived ratios are in the ESI part II, as computed with Mo-
ProViewer [34].
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The strong hydrogen bonds O· · ·HP and N· · ·HP involving the H-N (and water H-O
in the I-DIP•1/2(H2O) structure) polar hydrogen atoms are nearly always significantly over-
represented at enrichments E > 3 (Figure 6b). The only exception occurs for the chlorinated
Cl-DIP structure, where, despite the presence of three independent molecules, all the
strong H bonding occurs only in N-H· · ·O interactions (E = 9.9). The weaker hydrogen
bonds HC· · ·O and HC· · ·N do also occur; they are generally also over-represented but
with E values closer to unity (extreme values are 0.55 and 2.43 for I-DIP•1/2(H2O).
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The enrichment of hydrophobic contacts between C, HC and halogen X atoms are
shown in Figure 6a. The X· · ·X contacts appear to be the most favoured hydrophobic
interaction in the four halogenated compounds and the highest enrichment ratio reaches 3.5
for the Br-DIP crystal (Table S4). The halogen· · · halogen contacts in relation to the molec-
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ular geometry are discussed in more detail in the enriched halogen· · · halogen contacts
section below.

The C· · ·C and N· · ·C contacts are always slightly enriched (E between 1.0 and 1.5)
which denotes the occurrence of aromatic stacking in the five DIP structures. Aromatic
stacking is generally favoured in aromatic heterocycles as the presence of electropositive
and electronegative atoms on the aromatic rings allows attractive electrostatic interactions
between adjacent cycles [42,43]. HC· · ·HC contacts have limited enrichments which remain
close to unity as competition arises with X· · ·HC, N· · ·HC and O· · ·HC weak H bonds.
The C· · ·HC contacts also exhibit limited E values close to one, as all compounds show
significant aromatic stacking. They are essentially van der Waals contacts (between aromatic
rings that are not far from being parallel) rather than C-H· · ·π weak hydrogen bonds.

In statistical studies of the interaction propensities in crystal structures of halogenated
compounds [44,45], it was observed that HC atoms are generally the favoured interaction
partners for organic halogen atoms, which are hydrophobic in nature. The X· · ·H-C weak
hydrogen bonds do occur in all four halogenated crystal structures but are over-represented
only in the F-DIP case. The Br· · ·HC contacts are particularly disfavoured (EBrHc = 0.64)
in the Br-DIP crystal structure which instead displays high Br· · ·Br contact enrichment
(Table S4). It can be seen in Figures S5 and S6a–e (ESI), that the bromine atoms interact
almost only with Br atoms and to a small extent with the HC hydrogen atoms.

9. Enriched Halogen···Halogen Contacts

The Br, F and Cl-DIP compounds display all layers in the crystal packing formed by
halogen atoms forming many frontal and lateral contacts. These halogen layers may be
related to the para- position of the halogen atoms, at the extremities of the molecules which
are nearly linear for the Br, F and Cl crystal structures (Figures 2–4). The Br-DIP crystal
has, for instance, all molecules oriented along the a-axis direction, which is the longest unit
cell axis (40.80 Å). There are layers of Br atoms in the planes x = n and x = n + 1/2. The
situation is the same in Cl-DIP crystal where c is the longest unit cell axis (33.83 Å) and the
Cl layers are located at z = n and z = n + 1/2. In the case of F-DIP, molecules are oriented
along a, the long unit cell axis, but there are layers of F atoms only in the planes x = n as the
a-axis is not so long (17.94 Å). The halogen· · · halogen interactions in these layers are all of
type II (C1-X1· · ·X2 ≈ C2-X2· · ·X1) where the two halogen atoms minimize repulsion by
interfacing the neutral regions of their electrostatic potential surfaces [46].

On the contrary, the I-DIP•1/2(H2O) and H-DIP compounds (Figures 1 and 5a–d) do
not have a global linear shape but are bent (syn-/anti- conformations). In I-DIP•1/2(H2O),
the iodine atoms are not located in crystalline layers, but are located along rows parallel
to the short unit cell axis b. The shortest I· · · I contact has type II geometry [47] with
∠C34-I34· · · I24 = 91.56(8)◦ ≈ 90◦ and C24-I24· · · I34xx = 168.23(9)◦ near linearity (180◦)
and is an electrophilic (σ-hole)· · · nucleophilic interaction. In addition, longer I· · · I-type
contacts are present.

By analogy, there are several other crystal structures of elongated molecules with
aryl groups halogenated in the para position as detailed in the CSD [32]. Among the four
para-dihalo-benzene crystals, the C6H4F2 [48] and C6H4Cl2 (ZZZPRO05; [32]) compounds
also show plane layers of halogen atoms.

Among the four 4,4′-di-halo-biphenyl compounds, which are elongated molecules
with halogen atom in para positions, the iodinated [49] and fluorinated [50] compounds
show plane layers constituted by the halogen atoms. The molecules in the crystal display
two orientations but the line between the two halogen atoms is always oriented in the same
direction. The chlorinated and brominated compounds show head-to-tail X· · ·X contacts,
but the halogen atoms are distributed in unidimensional rows. Para-difluoro benzamide is
also a typical example of such packing [51]. The 4-fluoro-N-(4-fluorophenyl)benzamide
molecules are all aligned in space group P-1 (No. 2) along the c-axis corresponding to the
longest unit cell axis and the crystal has layers of fluorine atoms around planes z = n + 1/2.
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In the study of contact propensities in the crystal structures of halogenated organic
molecules [44], the packing of the C22H12Br2 molecule (OKANOE [32,52]) was identified as
having a particularly high Br···Br contact enrichment. The molecule 2,3-dibromopentacene
is a very long rigid elongated molecule bearing two Br atoms on its extremities where the
shape of the molecule plays an essential role in the crystal packing formation. The packing
shows the typical elongated unit cell with layers of bromine atoms (together here with HC
atoms) around planes z = n and z = n + 1/2.

In related halogen bonding research, the effect of temperature on isostructural triethyl-
tris(4-halophenoxy)-methylbenzenes shows that the increase in interhalogen distance on
increasing temperatures is the reverse order of the strength of the interhalogen interac-
tion [53]. Recently, in an elegant study, the differences in thermal expansion and motion
ability were reported for a series of (di)imines, (di)olefins and di(azo) derivatives. Herring-
bone packing and face-to-face π stacking were studied and key differences in expansion
and motion were analysed [54]. In comprehensive melting point analyses, we have shown
that the substituent position is more important than the nature of the substituent in a series
of 3 × 3 benzamide isomer grids [17–19]. Together, these and other studies highlight the
complex considerations needed in the design and structures of new materials, especially
those containing halogen atoms [14,32].

10. Structure Optimization—Ab Initio Calculations

The X-DIP molecules were modelled in gas phase using DFT (B3LYP/6-311++G**)
methods [30,31] and only the I-DIP molecule was optimised by several semi-empirical
methods (AM1, PM3, MNDO), then optimised by the (B3LYP/3-21G) method due to the
difficulty in using (B3LYP/6-311++G**) for iodo-containing molecules [30,31,55,56]. The
main geometric parameters are the (i) α-dihedral C12–C11–C1=O1 angle, (ii) β-dihedral
C1–N1–C21–C26 and (iii) γ or amide dihedral angle H1–N1–C1=O1. On the opposite
side of the DIP structures are the (iv) α-dihedral C12–C13–C2=O2 angle, (v) β-dihedral
C2–N2–C31–C36 and (vi) γ or amide dihedral angle H2–N2–C2=O2, with all six angles
tabulated in Tables 3 and 4.

Table 3. Torsion angles (◦) of the optimized X-DIPs by DFT (B3LYP/6-311++G**) method.

Dihedral
Angle

O1–C1–C11–C12
(α1)

C1–N1–C21–C26
(β1)

O1–C1–N1–H1
(γ1)

O2–C2–C13–C12
(α2)

C2–N2–C31–C36
(β2)

O2–C2–N2–H2
(γ2)

Molecular Energy
(103 kJ mol−1)

H-DIP 152.38 −4.12 171.73 152.38 −4.12 171.73 −2793.9

F-DIP 152.31 −4.04 171.68 152.31 −4.04 171.67 −3315.1

Cl-DIP 152.53 −3.98 171.68 152.53 −3.98 171.69 −5207.4

Br-DIP 152.43 −3.98 171.63 152.43 −3.97 171.63 −16,307.6

NO2-DIP 152.48 −4.00 171.18 152.48 −3.98 171.20 −3868.04

Table 4. Torsion angles (◦) of the optimized I-DIP conformations by DFT (B3LYP/3-21G) method.

I-DIP O1–C1–C11–C12
(α1)

C1–N1–C21–C26
(β1)

O1–C1–N1–H1
(γ1)

O2–C2–C13–C12
(α2)

C2–N2–C31–C36
(β2)

O2–C2–N2–H2
(γ2)

Molecular Energy
(103 kJ mol−1)

syn-syn 170.73 −0.41 175.15 170.72 −0.40 175.51 −38,982.94

syn-anti −13.20 164.03 163.25 −178.75 0.04 −179.41 −38,982.73

anti-anti −17.65 161.91 161.16 −17.65 161.91 161.16 −38,982.84

The six DIP compounds were optimized to the lowest energy structure having the
syn-syn conformation (Figure 7). This is shown in Figure 8 (as the Potential Energy Scans
or PES diagram) and only the I-DIP structure was optimized as the syn-syn, syn-anti and
anti-anti conformations. In the syn-syn conformation, the outer pyridine rings are not co-
planar with the central aromatic ring and rotated by ~28◦, while they are almost co-planar
with the amide linkages (~4◦ deviation). Additionally, the amide linkages are planar as
expected (Table 3) with γ1 and γ2 values of ~171◦. The different substituents do not affect



Symmetry 2023, 15, 738 17 of 22

the molecular geometries, which is expected, since the substituents are para-related relative
to the amide linkage. However, the crystal structures showed the effect of these substituents
on intermolecular interactions. The molecular energies decrease in the expected order since
the negative interaction energy increases with the enhancement of halogen bonding, which
has the lowest value in the presence of iodine. This explains the small differences in energy
between F-DIP, NO2-DIP and H-DIP compared with the other halogens [57–59]. Moreover,
the crystal structures reveal the increase in halogen· · · halogen intermolecular interactions
as noted by the Cl· · ·Cl contacts in the Cl-DIP structure and Br· · ·Br contacts in Br-DIP
and ultimately both N· · · I halogen bonding and I· · · I contacts in the I-DIP structure. For
I-DIP, optimization of the three different conformations reveals the syn-syn conformation
to have the lowest molecular energy and syn-anti to have the highest.
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The anti-anti conformation in I-DIP shows the pyridine rings to be almost perpen-
dicular to the phenyl ring while the carbonyl groups are not co-planar. The amide bridges
retain planarity (as expected) and with the syn-syn conformation resulting in a highly
planar structure. The syn-anti conformation, though, shows a slight deviation from pla-
narity in the anti component and complete planarity for the syn side. Despite the different
geometries between the syn-syn and the anti-anti conformation, their energies vary within
a few kJ and are to be discussed in the conformational analysis section.

11. Conformational Analysis

Conformational analysis is a useful approach to understand the relationships between
energy and geometry [17–20]. The possibility of attaining different conformational prefer-
ences as influenced by steric and electronic factors may be realised by varying the position
of carbonyl groups relative to the aromatic rings and to the position of the N atom in the
pyridine rings (Figure 7). Because the substituents atoms are located para, the effect of pyri-
dine ring rotation is not influenced by the para-substituent nature. Only the position of the
pyridine ring with respect to the amide linkage is responsible for the change in the energy
as shown in PES diagrams (Figure 8) as represented by a blue curve. The lowest energy is
obtained by having the Npyridine in the opposite direction to the carbonyl group and planar
with the amide linkage. The rotation of the pyridine ring in the syn-syn conformation to
the perpendicular position increases the molecular energy (TSNI) by 36.5 ± 0.5 kJ mol−1 (as
for F-DIP increasing to 34 kJ mol−1 and for NO2-DIP to 44 kJ mol−1). If the rotation occurs
with the Npyridine in the same direction of the carbonyl group, it increases the energy of
molecule (TSNII) by 38.1 ± 0.5 kJ mol−1 (only NO2-DIP increases to 44 kJ mol−1). In I-DIP,
the energy increase reaches 56.8 kJ mol−1and 57 kJ mol−1, respectively. This highlights and
ties in with the analysis of the X-DIP crystal structures that their torsion angles are always
close to the global minimum point (Figure 8).

The rotation of the carbonyl group around the phenyl ring as represented by the red
curve in the PES (Figure 8) is found to be more flexible since the maximum transition
point is 15.8 ± 1 kJ mol−1 in all syn-syn conformations and can be observed in the crystal
structure torsion angles of H-DIP and Cl-DIP. The corresponding transition energy doubles
in I-DIP. The PES for the X-DIP compounds shows the lowest energy molecule to adopt
the syn-syn conformation, then the anti-anti conformation, as noted in the F-DIP and
Cl-DIP (molecule A) structures. Although the syn-anti conformation is found to have a
relatively high energy compared with the other two conformations, it is seen in the H-DIP,
Cl-DIP (molecules B, C) and I-DIP crystal structures. Differences between the syn-syn and
syn-anti conformations do not exceed 5.0 kJ mol−1; however, the difference between the
anti-anti and syn-anti conformation varies by up to 10 kJ mol−1.

12. Conclusions, Insights and Future Work

Isophthalamides are an interesting group of molecules that provide a diverse range of
structural types as noted in their crystal structures. The development of molecules with
functional groups and directing components to facilitate subtle structural changes is of
interest. The crystal and model structures of the N1,N3-di(pyridin-2-yl)isophthalamide
H-DIP and four N1,N3-bis(5-X-pyridin-2-yl)isophthalamides (X = F, Br, Cl, I) as X-DIP
are reported, with an assessment of the roles which their molecular conformations and
interactions play in solid-state aggregation. Peculiarly, Cl-DIP (Z’ = 3) exhibits two different
syn/anti and anti/anti molecular conformations. The hydrogen bonding hierarchy and
sheet formation in Br-DIP creates a bromine-rich environment that manifest as a ‘wall of
bromine atoms’ at the 2D sheet interfaces (ESI: Figures S5 and S6a,b). This leads to the
possibility for use as potential model structures for bromine-rich surface environments and
interfaces in materials science structures. The Br-DIP crystal structure is reminiscent of
the lead(II) bromide and copper(II) bromide structures as presented for PbBr2 in Figure
S6d [60,61]. For I-DIP•1/2(H2O), the hemihydrate forms a rare synthon involving a water
molecule sandwiched between two I-DIP molecules. The X-DIP compounds are being
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further modified with the development of new mixed amide-imide and di-imide systems
of interest in several research areas [62].

Much research has gone into understanding intermolecular interactions such as halo-
gen bonding in order to facilitate the construction of new materials [14,32,63]. When
presented with a rare type of structural feature, it can promote a new direction in a research
program. The changing of H by F is feasible and in many X-ray crystal structures does
not yield a different structural type e.g., in fluorobenzamides [18]. A small and subtle
shift of changing the meta-H to a meta-F atom in the bromopyridine ring in Br-DIP may
be able to facilitate the wall of bromines being augmented by F atoms in the indentations,
thereby further enhancing of the halogen-rich interface [14,63]. Model compounds such
as this can be useful in designing new materials, or at least be used to study interesting,
halogenated surfaces.

Contact enrichment analysis on the Hirshfeld surface pinpoints that the F, Br,
Cl-DIP compounds have very over-represented halogen . . . halogen interactions [14,46].
In the crystal packing of the F-DIP, Cl-DIP and Br-DIP compounds, the molecules have an
elongated skeleton and form layers of halogen atoms in planes perpendicular to the long
unit cell axis. This kind of behaviour is often observed in elongated molecules which are
halogenated at their extremities and may prove useful in the future design of new layered
materials with specific functionalities.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/sym15030738/s1. Crystallographic data for the five X-DIP crystal
structures are deposited with the Cambridge Crystallographic Data Centre, CCDC numbers 2171172
to 2171177. The Cl-DIP structural data have been collected using both Cu (2171174) and Mo (2171175)
radiation. CIF data may be accessed from the CCDC. Data are available as CIF files from the corre-
sponding author in DCU—J.F.G. ESI_Part-1_Synthesis. Enlarged Figure 8 and Optimized structures.
ESI_Part-2_Structures. Table S1 (Crystal Structure Experimental details). Table S2 (Selected hydrogen-
bond parameters). Table S3 (The X-DIP melting point ranges); CSD studies and parameters. Figures
S1–S7: (for the H-DIP, F-DIP, Cl-DIP, Br-DIP and I-DIP·0.5(H2O) structures. Figure S8: Contact types
on the Hirshfeld surfaces of Cl-DIP. Table S4: Hirshfeld Surface content SX, actual contacts CXY and
enrichment ratios EXY. Figure S9: Views of the five X-DIP crystals as mounted prior to data collection.
ESI_Part-3_Fingerprint plots. Finger plots for the X-DIPS.
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