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Abstract: The amide group (R-C(=0)-NH-R') is crucial in the functionality of biologically relevant compounds,
such as peptides, proteins, and active pharmaceutical ingredients. Its significance in drug design and
development is underlined by its presence in several top-selling drugs, where it contributes to the formation
of hydrogen bonds. This research examines how heteroatoms in a six- or five-membered pyridine, thiophene
or furan ring spacer between two carboxamide groups influence the hydrogen-bonding for advancements in
supramolecular chemistry and drug development. The solvent-free crystal structures of 3,5-
pyridinedicarboxamide (PDC), 2,5-thiophenedicarboxamide (TDC) and 2,5-furandicarboxamide (FDC-subl,
crystallized by sublimation) and the monohydrate structure of FDC-solv (crystallized from methanol) were
described by the Etter graph-set notation in level 1 units with the shortest rings and chains as calculated by
Mercury. The nearly planar dicarboxamide molecules all have an angular or V-shaped orientation of the two
amide groups. The carbon atoms of the amide groups form an angle of 124° in PDC, 129° in TDC and 117° in
FDC with the ring centroid. The orientations of the two amide groups with respect to each other are C=O anti
NH:z in PDC, syn-CO and syn-NHz in TDC and FDC. In TDC the CO groups are on the side of the sulfur
heteroatom. In FDC the NH: groups lie on the side of the furan O atom which enables a chelating-type R3(10)
ring H-bonding interaction with with the O=C group of a nearby symmetry-related molecule. Only in the
structure of PDC the heteroatom acts as an H-bond acceptor as part of a C1(6) chain. In TDC and FDC the
heteroatoms do not interact with the amide -NH: groups. In all structures except for FDC-subl complementary
head-to-tail R3(8) rings are formed together with Cj(6) and Cji(8) chains in PDC, with three different Cj(4)
chains in TDC with two of them straight and one 2i-helical, and with Ci(8), C5(10) and C3(16) chains, two
finite D}(2) patterns and R%(lO) rings in FDC-solv. From sublimation the FDC-subl crystals contain two
symmetry independent molecules in the asymmetric unit combining through two Ci(4), two C}(8) chains,
four different finite D}(2) patterns and two R3(10) rings.

Keywords: dicarboxamides; hydrogen bonding; Etter graph set; heteroatoms

1. Introduction

The amide group (R-C(=0)-NH-R') is an essential functional synthon and contributes
significantly to functionality of biologically relevant compounds, including peptides, proteins and
active pharmaceutical ingredients [1]. The amide bond has become increasingly important in drug
design and development. Several top-selling drugs contain an amide functional group as part of their
pharmacophore or auxophore [2]. The functionality of the amide group is due to its role in the
formation of hydrogen bonds [3]. For example, amide groups are used in the pharmaceutical industry
to engage an active pharmaceutical ingredient with a coformer or to modify drug properties [4]. In
order to transport the pharmaceutical ingredient to the desired location and achieve the intended
effect, drug delivery systems have become established in many medical fields [5,6]. These systems
increase efficacy, control the release of the active ingredient and reduce the required dose [7]. In this
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context, research into supramolecular interactions is crucial to understand the relationships between
materials, drugs and organisms and to advance the development of these systems [8].

Research in the field of supramolecular chemistry focuses on the construction of complex
chemical systems by using hydrogen bonds [9]. Due to the directionality of non-covalent hydrogen
bonds, they significantly influence phenomena such as crystal growth and the structural stabilization
of proteins and thus the physical properties of the materials [10]. The use of so-called supramolecular
synthons is a common approach here [7]. Synthons have molecular complementarity and occur either
between identical functional groups (homosynthons) or between non-identical functional groups
(heterosynthons).

Hydrogen bonds occur when a hydrogen atom attached to an electronegative atom (D) interacts
with a second electronegative atom (A) to form a D-H---A contact [10]. The electrostatic interaction
between the H-bond donor (D-H) and the acceptor atom (A) can occur between atoms within the
same molecule (intramolecular) or between atoms in different molecules (intermolecular) [11]. An
amide group typically contains two types of hydrogen bonds, where the carbonyl group acts as an
acceptor and the NH group as a hydrogen bond donor [4].

A systematic approach to characterize hydrogen bonding between molecules was originally
developed by M. C. Etter, who applied graph-set theory to identify patterns of hydrogen bonding
and then used them to understand and design molecular crystals [13-15]. Etter presented the
combination of four basic patterns, each identified by a designator: chains (C), rings (R),
intramolecular hydrogen bonds (S) and other finite patterns (D). The graph-set descriptor is specified
according to the following syntax: Gj(n), where G represents one of the four possible designators. A
pattern is characterized by a subscript d for the number of hydrogen bond donors and a superscript
a for the number of hydrogen bond acceptors. The number of atoms n in the pattern is given in
brackets as the degree of the pattern [16] (Figure 1).

In crystals of primary amides, the orientation of the two H atoms of the primary amide NH:
group can be differentiated as syn or anti to the carbonyl-O atom (Figure 1a). The H bonding
interactions between amide-amide homosynthons can occur through complementary head-to-tail
orientation and lead to the R3(8) ring hydrogen-bond motif, involving syn-oriented hydrogen atoms
relative to the adjacent C=O bond (Figure 1b). Further, the hydrogen bonding interaction between the
C=0bond and the anti-oriented hydrogen atom results in the formation of the Cj(4) chain hydrogen-
bond motif (Figure 1c).

H H

/
0] H syn-H O---H—N --0 [11 '?
/ 2 ~
>X_N R—Z( R(8) )7—R Y Hoo-O N
H anti-H N—H---0 R Ci@ !
(a) (b) H (c)

Figure 1. (a) Differentiation of the anti- and syn-H atom in primary amides. Classical hydrogen-
bonding interactions between amide groups with the Etter notation for a ring (b) and chain (c) motif.

Hydrogen bonds can be classified into weak, strong and very strong hydrogen bonds based on
their energetic properties and are shown in Table 1 [17].

Table 1. Classification of hydrogen bond strength.

Properties very strong strong weak
Bond energy [kcal/mol] 1540 4-15 <4
DA [A] 2.2-25 25-3.2 3.0-4.0
H-A [A] 1.2-1.5 1.5-2.2 2.0-3.0
D-H--A[°] 175-180 130-180 90-180

Structurally authenticated primary dicarboxamides of small molecules have been extensively
analyzed in terms of their packing modes with respect to the ideal hydrogen bonds of the amide
groups and are shown in Table 2 [17].
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Table 2. Literature examples of primary dicarboxamides of small molecules. The graph-set notation
depicts only the level 1 units with the shortest rings and chains as calculated by Mercury [32].

Compounds Name Graph-set Reference
2
[><CONH2 Cyclopropane-1,1-dicarboxamide E%(g) [19]
CONH, 1©)
H,NOC CONH, 4,5-Dicarbamoyl-1,3-dithiol-2-one R3(8) [20]
=L Ci(7)
e R3(14)
o
1,3-Benzenedicarboxamide R3(8) [21]
L cle
H,NOC CONH,
CONH;, Terephthalamide R3(8)
C19) [22]
Ci(4

CONH,

Surprisingly, the solid-state crystal structures of the dicarboxamides 3,5-pyridinedicarboxamide
(PDC), 2,5-thiophenedicarboxamide (TDC) and 2,5-furandicarboxamide (FDC) had not yet been
reported. Hence, we analyze their crystal structures to assess the influence of the heteroatoms in the
aromatic ring spacer between the carboxamide groups on the formation of intermolecular hydrogen
bonds between the carboxamide groups.

2. Materials and Methods

All chemicals were commercially obtained and were used without any further purification. (see
Supplementary Materials, Section S1). The used water was deionized.

FT-IR measurements were performed on a Bruker TENSOR 37 IR spectrometer (Bruker, Billerica,
MA, USA) in ATR mode (Platinum ATR-QL, Diamond) in the range 500-4000 cm™. NMR
measurements were caried out on a Bruker Avance III—300 (Bruker, Billerica, MA, USA) (*H: 600
MHz; BC{1H}: 75 MHz). EI mass spectra were recorded using a Thermo Finnigan Trace DSQ
spectrometer (Thermo Fisher Scientific). Thermogravimetric analyses were performed on a Netzsch
TG209 F3 Tarsus (Netzsch, Selb, Germany) under oxygen atmosphere with a ramp of 10 K min up
to 1000 °C. Melting points were measured using a Biichi Melting Point B-540 apparatus (Biichi
Labortechnik AG, Flawil, Switzerland). X-ray powder patterns were obtained by using a Rigaku
Mini-Flex600 (Rigaku, Tokyo, Japan) (600 W, 40 kV, 15 mA) at room temperature with Cu-Ka
radiation (A = 1.54184 A). The highest reflex was normalized to 1, and the simulated powder patterns
were derived from the single crystal data using MERCURY 2020.3.0 software [23].

The single crystal diffraction measurement for the materials were carried out on a Rigaku
XtaLAB Synergy S diffractometer (Rigaku, Tokyo, Japan) with a hybrid pixel arraydetector and a
micro-focus sealed X-ray tube, PhotonJet copper X-ray source (A =1.54184 A). Under a polarized-light
Leica M80 microscope (Leica, Wetzlar, Germany), suitable single crystals were chosen and covered
with oil on a cryo-loop. CRYSALISPRO was used for cell refinement, data reduction, and absorption
correction [24]. The crystal structures for compounds were solved using OLEX2 with SHELXT and
refined with SHELXL [25-27]. The graphics were drawn using DIAMOND 4.0 software [28].

The software package MultiWFN [29] was employed for AIM calculations, using .wfn files that
were derived from the molecular geometries based on crystal structure data. These .win files were
produced by a density functional theory (DFT) method implemented in Gaussianl6 [30], at the
B3LYP/6-31G** level of theory.

2.1 Synthesis of the Dicarboxamides
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Figure 2. Common synthesis scheme for 3,5-pyridinedicarboxamide (PDC), 2,5-
thiophenedicarboxamide (TDC) and 2,5-furandicarboxamide (FDC).

The dicarboxamides 3,5-pyridinedicarboxamide (PDC), 2,5-thiophenedicarboxamide (TDC) and
2,5-furandicarboxamide (FDC) were synthesized according to a route described in the literature as
shown in Figure 2 [33]. Briefly, a solution of 10.00 mmol of the corresponding dicarboxylic acid in 25
mL of thionyl chloride was refluxed at 90 °C for 12 hours with the addition of a catalytic amount (1
mmol) of dimethylformamide (DMF). The resulting light green solution was cooled to room
temperature and the excess thionyl chloride was removed under reduced pressure. The residue was
washed with 3x15 mL hexane and dried under vacuum. To this residue, 5 mL of a 25% aqueous
ammonia solution was slowly added dropwise. The reaction was carried out for one hour under
stirring in an ice bath. The solvents were evaporated under reduced pressure, and the residue was
washed with water and ethanol. The solid product was collected and dried. Colorless single crystals
of PDC and TDC suitable for X-ray crystallographic analysis were obtained under solvothermal
conditions. The product was introduced into a Pyrex® tube containing methanol, which was sealed
with a silicon cap. The sealed tube was then heated in an oven at 100 °C for 12 hours. After heating,
the tube was cooled to room temperature over a period of 96 hours.

Colorless crystals of FDC were either grown from a warm concentrated methanol solution upon
cooling to room temperature or by sublimation. The sublimation was carried out by placing FDC at
the bottom of a Schlenk tube which was equipped with an inner water-cooled cold finger. The
Schlenk tube was evacuated and heated in an oil bath at 160 °C, resulting in the crystallization of FDC
on the cold finger. The two FDC crystal samples are differentiated as FDC-solv and FDC-subl. In both
cases only a small amount of crystalline material could be obtained from solution and sublimation.
Thus, the NMR, IR, mass spectrometric and thermogravimetric analysis was done with the powder
materials which was obtained from the FDC synthesis.

3. Results and Discussion

The dicarboxamides 3,5-pyridinedicarboxamide (PDC), 2,5-thiophenedicarboxamide (TDC) and
2,5-furandicarboxamide (FDC) were obtained from the respective dicarboxylic acids through
transformation into the acyl chlorides followed by ammonolysis [33]. After synthesis, the materials
were authenticated and their purity assessed by 'H, *C NMR, IR and mass spectroscopy (see
Supplementary Materials, Section S3-55).

The IR spectra of the dicarboxamides (see Supplementary Materials, Section S4) show the

indicative bands for the NH2 group at around 1650 cm-! for (N-H) and 3050-3500 cm-! for v(N-H).

3.1. Crystal Structures of the Dicarboxamides PDC, TDC, FDC-solv and FDC-subl

The solid-state crystal structures of the three dicarboxamides had not yet been investigated prior
to our study. The compounds PDC, TDC, FDC-solv could be crystallized from methanol, where the
crystals of FDC-subl were obtained by sublimation. The simulated powder X-ray diffraction patterns
of the subsequently determined crystal structures were positively matched to the experimental
powder patterns, which confirmed a high phase purity for the crystalline part of each compound (see
Supplementary Materials, Section S6). The crystallographic parameters for the crystal structures of
the dicarboxamides are given in Table 3.

The three dicarboxamides crystallize in the monoclinic system. The molecular structures of the
asymmetric unit are depicted in Figure 2. The pyridine dicarboxamides PDC has the space group
P2i/n, and the asymmetric unit consists of one molecule (Z = 4, Z’ = 1). The thiophene and furan
dicarboxamides TDC and FDC-subl have the same space group P2i/c. In FDC-solv the space group
is C2/c, the dicarboxamide crystallizes with a water molecule and both the FDC molecule and the


https://doi.org/10.20944/preprints202408.0362.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024

d0i:10.20944/preprints202408.0362.v1

5

crystal water sit on a special position of a C2 axis passing through O1 and O3. The asymmetric units
of PDC, TDC and FDC-solv consist of one molecule (Z =4, Z’' = 1), but in the asymmetric unit of FDC-
subl, two crystallographically independent forms are found (Z =8, Z' = 2). It is also worth mentioning
that the unit cell volume of FDC-subl (vol = 1375 A3) is relatively large for this type of molecule. In
contrast, the cell volumes of TDC (vol = 691 A3), PDC (vol = 700 A3), and FDC-solv (vol = 742 A3) are

comparable.

Table 3. Crystal data for PDC, TDC and FDC.

PDC TDC FDC-solv FDC-subl
empirical formula C7/H7NO:2 CsHsN202S CesHsN204 2(CsHsN203)
mol wt (g mol") 165.16 170.19 172.14 308.26
temperature (K) 150 150 150 150
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2i/n P21/c C2/c P21/c
a(A) 3.7819 (1) 18.0336 (5) 7.4163 (1) 13.3086 (3)
b (A) 15.3344 (7) 3.8429 (1) 12.8942 (2) 10.1634 (1)
c(A) 12.1314 (5) 10.2084 (3) 7.8045 (1) 10.5981 (2)
a (deg) 90.00 90.00 90.00 90.00
B (deg) 96.023 (4) 102.507 (3) 96.290 (2) 106.399 (2)
Y (deg) 90.00 90.00 90.00 90.00
Volume (A?) 699.65 (5) 690.67 (3) 741.83 (2) 1375.19 (4)
Z,7 Z=4,7=1 Z=4,7"=1 Z=4,7=1 7=8,2'=2
Dealc (g/cm?) 1.568 1.637 1.541 1.489
u (mm-?) 1.007 3.746 1.14 1.048
F(000) 344 352 360 640
crystal size [mm?] 0.47 x 0.09 x 0.04 0.34 x 0.18 x 0.08 0.14 x 0.05 x 0.05 0.09 x 0.05 x 0.04
wavelength (A) 1.54184 1.54184 1.54184 1.54184
No. of unique 1284 13941 2801 797
reflections
No. of total 6472 13941 16323 23894
reflections
No. of parameters 125 117 231 68
Rint 0.0789 - 0.0306 0.0376
Ri[F?>20(F)] @ 0.0603 0.0548 0.0323 0.0305
wRi[F2 > 2G(F2)] @ 0.1585 0.1725 0.0818 0.0846
ke ‘31;251;2 [all 0.0669, 0.1651 0.0572, 0.1740 0.0390, 0.0858 0.0317, 0.0854
S [all data] ® 1.111 1.148 1.047 1.081
AQmax, AQmin (e:A3) ® 0.39, 0.44 0.98, -0.69 0.15, -0.26 0.19, -0.21
CCDC no. 2374614 2374615 2374616 2374617

*Ri1=[Z(1 | Fol = IFel [)/ZIFol]; wR2 = [E[w(Fs? - F22]/Z[w(F?)?2]]"2 Goodness-of-fit S =[Z[w (Fo? - F2)2]/(n - p)]'".
b Largest difference peak and hole. ) This measurement is based on a non-merohedrally twinned structure. For

non-merohedral twinning, data must not be merged, and therefore, the Rint value is not defined.
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Figure 2. Asymmetric units with molecular structures of (a) PDC, (b) TDC, (c) FDC-solv and (d) FDC-
subl (50% thermal ellipsoids, H atoms with arbitrary radii). Symmetry code for (c): (i) -x+2, y, -z+1/2.

The three dicarboxamides have an angular or V-shaped orientation of the two amide groups.
The carbon atoms of the amide groups form an angle of 124° in PDC, 129° in TDC and 117° in FDC
with the ring centroid (Figure 3). In their crystal structures the orientation of the C=O and NH: part
of the two amide groups is anti in PDC, syn-CO and syn-NH: in TDC and FDC. Thereby, in TDC the
CO groups are on the side of the sulfur heteroatom and in FDC the NH: groups are on the side of the
oxygen heteroatom (Figure 3). This syn-NH-2 orientation to the furan-O atom may be brought about
by long and strongly bent intramolecular N-H-Orran bonds (2.28-2.41 A, 102-106°). The syn-NH:
orientation on the side of the heteroatom in FDC brings the NH: groups rather close together and
enables a chelating-type R3(10) ring H-bonding interaction with an acceptor group (see below).

anti-CO, anti-NH, syn-CO syn-NH,
o 129° o HN 1177 NH,
- N 700,
H,N \ 7/ NH, (e} \ "/ o
syn-NH, syn-CO
PDC TDC FDC

Figure 3. Camide-centroid-Camide angle (in green) and syn/anti amide-CO and -NH: orientation in PDC,
TDC and FDC (both -solv and -subl).

3.2 Intermolecular Strong Hydrogen-Bonding Interactions of the Dicarboxamides

We will only present and discuss the N-H:--O/N hydrogen bonds. These hydrogen bonds are at
the upper limit of the strong H bonds (cf. Table 1). The structure of PDC is the only case among the
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three carboxamide structures where the heteroatom acts as an H-bond acceptor. The reason may be
the basic nature and the open position of the pyridine-N atom in 3,5-pyridinedicarboxamide, PDC,
that it is not flanked by the amide groups. In the analogous 2,6-pyridinedicarboxamide, with the
amide groups adjacent to the pyridine-N atom, there are only two long and strongly bent
intramolecular N-H--Npy bonds so that Npy does not accept intermolecular hydrogen bonds anymore
[21]. In TDC, FDC-solv and FDC-subl the heteroatoms do not interact with the amide-NH: groups.
Thus, N-H--X hydrogen bonds exist in these structures only between the amide groups and
additionally between amide and crystal water in FDC-solv. The parameters for these strong hydrogen
bonds are provided in Table 4-Table 7.

The strong hydrogen bonds occurring in each dicarboxamide are shown and described using
the Etter graph-set notation in Figure 4-Figure 7. The graph-set notation depicts only the level 1 units
with the shortest rings and chains as calculated by Mercury [32].

Table 4. Hydrogen bond parameters of the crystal structure of PDC.

D—H-A® D—H[ A] H-A[A] D-A[A] D—H-A [deg] Bond energy
[kcal/mol]
N2—H2A--Oli  0.93 (4) 1.88 (4) 2.810 (2) 177 (3) 24
N2—H2B--02i  0.88 (4) 2.12 (4) 2.968 (2) 161 (4) -12
N3—H3A--N1ii (.93 (4) 2.16 (4) 3.033 (3) 156 (3) -16
N3—H3B--02v 0.92 (3) 2.08 (3) 2.978 (2) 165 (3) -16

@ Symmetry codes: (i) -x+3/2, y-1/2, -z+3/2; (ii) -X, -y+1, -z+1; (iii) x-1/2, -y+3/2, z-1/2; (iv) -x+2, -y+2, -z+1.

Table 5. Hydrogen bond parameters of the crystal structure of TDC.

D—H-A @ D—H[A] H-A[A] D-A[A] D—H-A [deg] Bond energy
[kcal/mol]
N1—H1A--O1i 0.89 (5) 2.15 (5) 3.022 (5) 166 (4) -12
N1—H1B-O1ii (.87 (4) 2.08 (4) 2.944 (4) 172 (3) -6
N2—H2A--02  0.90 (7) 2.33(7) 3.225 (5) 171 (4) -8
N2—H2B--02v 0.93 (5) 2.03 (5) 2.927 (4) 162 (4) -15

@ Symmetry codes: (i) x, -y+3/2, z+1/2; (i) x, -y+1/2, z+1/2; (iii) -x+2, -y, -z+1; (iv) -x+1, y+1/2, -z+1/2.

Table 6. Hydrogen bond parameters of the crystal structure of FDC-solv.

D—H-A @ D—H[A] H-A[A] D-A[A] D—H-A [deg] Bond energy
[kcal/mol]
N1—H1A--O3¥ 0.881 (16) 2.300 (16) 3.1799 (13) 176.7 (14) -16
N1—H1B--02" 0.880 (18) 2.058 (19) 2.9269 (14) 169.2 (16) -16
O3—H3--02i  0.88(2) 2.10 (2) 2.9395 (13) 160 (2) -14

@ Symmetry codes: (i) -x+2, y, -z+1/2; (ii) -x+1, y, -z+1/2.

Table 7. Hydrogen bond parameters of the crystal structure of FDC-subl.

D—H-A® D—H[A] H-A[A] D-A[A] D—H+A[deg]  Bond energy
[kcal/mol]
N1—H1A-O02  0.895 (18) 2.286 (18) 3.1683 (14) 168.3 (15) -8
N1—H1B--O6ii  0.882 (18) 2.026 (19) 2.9040 (14) 173.8 (16) -17
N2—H2A--06i  0.914 (19) 2.061 (18) 2.8498 (14) 143.7 (15) -15
N2—H2B--02  0.845 (18) 2.125 (19) 2.9545 (14) 167.3 (16) -14
N3—H3A--03¥ 0.903 (19) 1.974 (19) 2.8761 (15) 178.5 (16) -19
N3—H3B-05"  0.904 (18) 2.270 (19) 3.1645 (15) 169.8 (15) -8
N4—H4A-O5  0.893 (19) 2.269 (19) 3.1433 (16) 166.1 (16) 9
N4—H4B-03  0.90 (2) 1.95 (2) 2.8406 (14) 168.7 (18) -18

@ Symmetry codes: (i) -x+2, y-1/2, -z+1/2; (ii) X, -y+1/2, z-1/2; (iii) -x+2, -y+1, -z+1; (iv) -x+1, y+1/2, -z+3/2; (v) X, -
y+3/2, z-1/2.
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Figure 4. Section of the packing diagram of PDC where the graph-set pattern consists of two different
R3(8) rings which are connected by a C%(6) chain (in green) and a Cl (8) chain (in pink) such that the
R3(8) rings from O1 and N2 are linked by the Cl (8) chain and the R3(8) rings from O2 and N3 are
linked by the Cj(6) chain. Thereby, the rings and chains have the same NH2 donor group. Further,
the two different rings are connected by the Cj(8) chain (in pink). The hydrogen bonds are depicted
as colored dashed lines with the color according to their graph-set assignment. Some molecules have
been truncated to avoid overlay. Symmetry codes: (i) -x+3/2, y-1/2, -z+3/2; (ii) -X, -y+1, -z+1; (iii) x-1/2,
-y+3/2, z-1/2; (iv) -x+2, -y+2, -z+1.
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Figure 5. Section of the packing diagram of TDC where the graph-set pattern consists of one R3(8)
rings which is connected by a Ci(4) chain (in green). The second amide group with O2 and N2 does
not form a ring but engages in two C%(4) chains (in pink and cyan). The pink C%(4)b chain involves
the syn H atom and winds as a 21 helix parallel to the b axis. The cyan and green Cj(4)a and ¢ chains
which use the anti H atoms run in the c direction. The cyan and pink Cj(4)a and b chains share the
O-C-N atoms of the same amide group. The hydrogen bonds are depicted as colored dashed lines

with the color according to their graph-set assignment. Symmetry codes: (i) x, -y+3/2, z+1/2; (ii) x, -
y+1/2, z+1/2; (i) -x+2, -y, -z+1; (iv) -x+1, y+1/2, -z+1/2.

@®o0
oN
©c
CH

Figure 6. Section of the packing diagram of FDC-solv with graph-set pattern which consists of R5(8)
rings alternating with R3(10) rings. The crystal water molecule accepts H bonds from the amino
groups and donates to the carboxyl groups in the finite D}(2)aandb pattern (blue and red),
respectively. At the same time, the water molecule and the O=C-C-O-C-C=O segment is part of a
C3(10) chain (in pink). The chains Ci(8) and C5(16) coincide with most of their atoms. The Ci(8)
chain (in light green) runs along the --O=C-C-O-C-C-N-H-- segment. The C3(16) chain (in dark
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green) has a period of two, involves two FDC molecules with alternating --O=C-C-O-C-C=0O-- and
-+-H-N-C-C-O-C-C-N-H-- segments. The hydrogen bonds are depicted as colored dashed lines with
the color according to their graph-set assignment. Symmetry codes: (i) -x+2, y, -z+1/2; (i) -x+1, y, -z+1/2;
(iii) -x+3/2, -y+1/2, -z+1; (iv) x+1/2, y+1/2, z; (v) -x+1, -y+1, -z+1.

(a)

%
3

-

R;(w)

(b)

Figure 7. Section of the packing diagrams of FDC-subl with graph-set pattern. (a) Mercury analysis
with level 1 graph-sets dissects the H-bonding network into finite D](2) patterns (differentiated as a,
b, ¢, d given in cyan, orange, brown and blue, respectively) and two different C%(4) chains (a —
magenta, b — red) and Ci(8) chains (a — light green, b — dark green). Some molecules have been
truncated to avoid overlay. (b) Highlighted R3(10) rings as part of the level 2 graph-sets with the
rings being also part of the chains segments noted under (a). Symmetry codes: (i) -x+2, y-1/2, -z+1/2;
(i) x, -y+1/2, z-1/2; (iii) -x+2, -y+1, -z+1; (iv) -x+1, y+1/2, -z+3/2; (v) x, -y+3/2, z-1/2.

The crystal structure of PDC consists of molecules held together by hydrogen-bonded R3(8)
rings (Figure 4). Both symmetry independent amide groups form these R3(8) rings and in both cases
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to their inversion-symmetric counterparts. The N-C and/or C=O bond of these rings coincide with
either the C%(S) chains or with both C%(6) and C%(S) chains. The latter are the two shortest chains
in the structure of PDC (longer ones from level 2 are not discussed here). The Ci(6) chain includes
~Npyr-C-C-C-N-H---. The C{(8) chain runs along --O=C-C-O-C-C-N-H:-. These chains involve the
anti-H atoms of the NH2 groups, with the cis-H atoms being engaged in the R3(8) rings.

For TDC, only one of the symmetry independent amide groups forms a R3(8) ring (Figure 5).
The N-C and C=0 bond of this ring are at the same time part of a Cj(4)c chain which expectedly uses
the anti-H atom of the NH2 group. Remarkably the other amide group does not form a ring but is
part of two Cl(4) chains. With the anti-H atom, the expected straight Cl(4)a chain is formed (cyan
in Figure 5). With the syn-H atom which is normally used for the typical rings, a second Ci(4)b chain
is formed (pink in Figure 5) which winds as a 2i-helix parallel to the b axis. Note again that longer
chains from level 2 are not discussed here.

From methanol solution, FDC-solv crystallizes with a water molecule. This water molecule
becomes, of course, part of the H-bonding network as both an acceptor from the NH: groups and a
donor towards the C=O groups in finite Di(2) patterns which are differentiated as a and b in Figure
7. At the same time this crystal water molecule is part of a C3(10) chain (in pink in Figure 7) running
along the --O=C-C-O-C-C=0--H-O-H: part of the FDC molecule. Crystallographically there is only
one unique amide group as the FDC molecule has a C2 axis bisecting the furan ring. This unique
amide group forms a R3(8) ring. Across this ring then run a Ci(8) and C3(16) chain (in light and
dark green, respectively in Figure 7. The shorter Cj(8) chain utilizes the -O=C-C-O-C-C-N-H--
segment. The longer C3(16) chain (in dark green) extends two FDC molecules with alternating
~0=C-C-O-C-C=0O- and -~H-N-C-C-O-C-C-N-H-- segments. Such similar long chains also exist in
the structures of PDC and TDC as part of the not discussed level 2 graph-sets. For FDC-solv there are
no shorter chains so that the above longer chains became part of level 1 graph-sets.

The FDC-subl crystals from sublimation contain two symmetry independent molecules in the
asymmetric unit. This gives rise to four different finite D}(2) patterns, two different Ci(4) and
C%(S) chains each, which is more than what was seen in the other three structures at level 1 from the
Mercury graph-set analysis (Figure 7a). Noteworthy, unlike the other three structures in this study,
FDC-subl does not form the amide-amide R3(8) synthons. At level 2 each independent molecule
forms an R}(10) ring with the O=C group of a symmetry-related molecule (Figure 7b).

Unlike the pyridine N-atom in PDC, neither the S-atom in TDC nor the O-atom in both FDC
structures become involved in the hydrogen bond network. Yet, the higher negative charge density
at the furan-O atom compared to the thiophene-S atom maybe responsible for the orientation of both
NH: groups on the side of the furan-O atom in FDC, whereas the NH2 groups in TDC are oriented
away from the S-atom.

3.3. Hirshfeld Analysis

Hirshfeld surface analysis, conducted using the program CrystalExplorer, was employed to
investigate intermolecular interactions within the materials [31]. This technique involves
constructing 3D surface maps based on electron distribution, which facilitates the visualization of
close contacts between molecules (Figure 8). In order to identify interactions, additional 2D
fingerprint plots were generated (Figure 9) [34,35]. This two-dimensional mapping method uses
Hirshfeld surfaces to plot the proportion of surface points against the closest distances to the nuclei
inside and outside the surface. Breaking down this fingerprint plot into distinct features allows the
identification of specific interactions or contacts (O--H, N--H, S--H, C:~-H, C---C, and H---H) within
the crystal structures of all compounds, thus offering a comprehensive understanding of the
molecular organization in the crystalline state. The 2D plots with graphical visualizations of the
contributions of each interaction for all dicarboxamides can be seen in the Supplementary Materials
in Section 57.
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(a) PDC (b) TDC

(c) FDC-solv

(d) FDC-subl

Figure 8. 3D Hirshfeld surface representation of the dicarboxamides plotted over dnorm (a) PDC, (b)
TDC, (¢) FDC-solv and (d) FDC-subl.

de contact Contribution

24 [%]
22

50 O---H 29.5
18 N--H 15.2
1.6

1.4 9.2
2 H-H 27.1
1.0

0.8 8.2
06

di

(A) U6 U8 TU T2 TA& T8 T8 20 227 24

(a) PDC


https://doi.org/10.20944/preprints202408.0362.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 d0i:10.20944/preprints202408.0362.v1

13

de
24 contact Contribution
22 [%]
20
O--H 38
1.8
1.6 N--H 43
1.4
" C--H 8.5
1.0 S--H 12.2
08
06 H"'H 189
di
(A) 06 U8 TO0 T2 T4 T6 18 20 272 24 ,,,C 64
(
b)
TDC
de
24 contact Contribution
22 [%]
2.0
O--H 38.6
1.8
16 N---H 2.2
1.4
- C-H 17.8
1.0 H--H 30.5
08
06 C--C 0.1
di
U U8 10 1.2 T4 16 1.8 20U 22 Z4
(
¢) FDC-
solv
b de contact Contribution
vy [%]
2.0 40.4
1.8
N---H 3.8
1.6
1.4 19.2
1.2
o H--H 24.6
0.8 3.1
06 i
di

(A) U6 U8 TUO T2 T4 T6 T8 20 2272 24


https://doi.org/10.20944/preprints202408.0362.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024

14

(
d) FDC-subl

Figure 9. 2D fingerprint plots and the contribution percentage of individual atomic contacts to the
Hirshfeld surface of (a) PDC, (b) TDC, (c) FDC-solv and (d) FDC-subl. The spikes pointing to the
lower left corner are due to N-H---O/N interactions; di and de are the distances from the surface to the
nearest atom interior and exterior to the surface, respectively.

All investigated dicarboxamides exhibit characteristic spikes in the Hirshfeld 2D plot,
confirming the presence of N-H---O hydrogen bonds (Figure S16, S21, 527, S32). The blue-green lines
along these spikes suggest a high proportion of close O---H bond contacts. The dicarboxamides show
characteristic spikes extending down to (di, de) = (~0.8, ~1.1) which corresponds to the shortest
hydrogen bond distance of 1.9-2.0 A.

For PDC, this spike shows a broadening due to the contribution of N(pyridine)---H interactions,
resulting from the additional hydrogen bonding of the nitrogen atom of the pyridine ring with the
closest contact at 2.1 A (d;, de) = (0.83, 1.24) (Figure 517). The absence of broad wings in PDC explains
the significantly lower proportion of C---H interactions (9.2%) (Figure S18). The H---H interactions
(27.1%) then cover most of the remaining area in the 2D plot (Figure S19). The intense green area
around d. = di = 1.7 A stems in part from C---C, that is, n---7 interactions (Figure S20).

For TDC the pronounced broad wings are not due to C---H interactions (Figure 523) but due to
weak S---H interactions (di + de = 2.8 A), which contribute 12.2 % to the interactions (Figure S24). H---H
interactions (18.9 %, Figure S26) cover the central area of the 2D plot and C---C interactions (Figure
S25) contribute to the green area at de=di~ 1.7 A.

For FDC-solv, the O---H spikes do not show significant broadening. C---H interactions (17.8%,
Figure 529) and H---H contacts (30.5%, Figure S30) fill the body of the 2D plot. Different to PDC and
TDC, there is no high concentration of green dots in the range de = di ~ 1.7 A.

The O---H spikes of FDC-subl exhibit broadening beyond (d;, d.) = (0.9, 1.3) (Figure 532) which
can be attributed to O(furan)---H interactions. The 2D plot of FDC-subl exhibits more pronounced
wings, primarily due to C---H interactions (19.2%, Figure S34). H---H contacts (24.6%) cover the
central part along the diagonal (Figure S35). Noteworthy, the spread of O---H interactions in FDC-
subl is the broadest from (d, d.) = (~0.75, ~1.1) to (~2.1, ~2.3) (Figure S32).

The carboxamide N atoms are almost within the plane of the attached heterocycle, as measured
by the torsion angles C—C—C(=0O)—N which deviate at the most by 11° (in TDC) (Table 8).

Table 8. Torsion angles between amide groups and central aromatic plane of dicarboxamides.

Torsion angle [°]

PDC C—C—C(=0)—N3 7 C—C—C(=0)—N2 2
TDC C—C—C(=0)—N1 11 C—C—C(=0)—N2 8
FDC-solv C—C—C(=0)—N1 0.6
FDC-subl C—C—C(=0)—N1 6 C—C—C(=0)—N2 3
C—C—C(=0)—N3 3 C—C—C(=0)—N4 2

3.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to assess the temperature stability of the
compounds (Figure 10).
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Figure 10. TGA curves of the dicarboxamides (heating rate 10 K min-1).

For PDC, the TGA curve shows a mass loss of 6% up to 180 °C and 12% up to 240 °C. Starting at
240 °C, a significant mass loss of 82% takes place, followed by complete decomposition at about 550
°C.

TDC exhibits a mass loss of ~7% up to a temperature of 280 °C. Then, after a steep mass decrease
complete decomposition is reached at 350 °C.

With FDC (powder form) a first significant decomposition already occurs at 170 °C reaching a
mass loss of 25% at 250 °C which continues with a steep decrease up to 300 °C with complete
decomposition reached at 550 °C.

Additionally, the melting points were determined using an open capillary method. The
temperature was gradually increased, and the melting of the samples was visually observed. It is
notable that all dicarboxamides, except for FDC, melted within a narrow temperature range followed
by subsequent decomposition. The observed melting ranges were 305-307 °C for PDC, 335-337 °C for
TDC, and 255-262°C for FDC. The order follows the start of the decomposition from TGA. It was also
observed that all samples changed the color to brown and shrank before reaching the melting range,
indicating decomposition prior to melting.

4. Conclusions

The heteroatom in the central aromatic ring of 3,5-pyridinedicarboxamide (PDC) participates in
the hydrogen bonding from the amide-NH: groups in a Cj(6) chain but not the ring heteroatom in
2,5-thiophenedicarboxamide (TDC) and 2,5-furandicarboxamide (FDC). The reason may be the more
open position at some distance to the amide-CO acceptors and the most basic nature of the pyridine-
N atom in PDC versus the heteroatom in TDC and FDC. In TDC the less-basic thiophene-S atom is
flanked by the amide-CO groups so that they will be the preferred H-acceptor sites. In FDC the
amide-NH2 groups flank and shield the furan-O atom. It would be interesting to investigate the
analogous 3,4-thiophenedicarboxamide and 3,4-furandicarboxamide with more open S and O atoms
for participation in the hydrogen-bonding network.

The structures of PDC, TDC and FDC-solv form the head-to-tail R3(8) rings together with
various chains, such as C}(6) and C}(8) in PDC, several Cj(4) chains in TDC, C}(8), C3(10) and
C3(16) in FDC-solv. In PDC and FDCs-solv both amide groups form R3(8) rings. Noteworthy, in
TDC only one amide group engages in R3(8) ring formation, the other one is part of a 21-helical Cj(4)
chain. The two FDC structures stick out with their syn-NH2 conformation which leads to R%(lO)
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rings. The method of crystallization also seems to be important as FDC-subl contains two symmetry
independent molecules in the asymmetric unit which feature two Ci(4) and two Ci(8) chains, four
different finite D}(2) patterns and two R%(lO) rings, but surprisingly no R%(8) rings.

In summary, dicarboxamide structures with central heterocycles offer a multitude of hydrogen-
bond patterns which depend on the role of the heteroatom, the position of the amide groups to the
heteroatom and the method of crystallization. A description of the hydrogen-bond pattern is best
given by its ring, chain or finite elements according to the Etter graph-set formalism.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Section S1: Chemicals used; Section S2: Preparation of dicarboxamides; Section
53: NMR spectra of the dicarboxamides; Section S4: IR spectra of the dicarboxamides; Section S5: Mass spectra
of the dicarboxamides; Section S6: PXRD spectra of the dicarboxamides; Section S7: 2D Hirshfeld plots of the
dicarboxamides.
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