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90-145 Łódź, Poland; beata.olszewska@umed.lodz.pl (B.O.); monika.stefaniak@umed.lodz.pl (M.S.);
krzysztof.walczynski@umed.lodz.pl (K.W.)

* Correspondence: andrzej.olczak@p.lodz.pl (A.O.); malgorzata.szczesio@p.lodz.pl (M.S.)

Abstract: Seven new low-temperature structures of 4-n-propylpiperazine derivatives, potential H3
receptor antagonists, have been determined by X-ray crystallography, with the following symme-
try and unit cell parameters: 2-(4-propyl-piperazin-1-yl)oxazolo[4,5-c]pyridine (compound 1), P-1,
5.9496 Å, 12.4570 Å, 12.8656 Å, 112.445◦, 95.687◦, 103.040◦; 2-(4-propyl-piperazin-1-yl)thia-zolo
pyridine (compound 2), I2/a, 22.2087 Å, 7.5519 Å, 19.9225 Å, β = 92.368◦; 2-(4-propyl-piperazin-1-yl)
oxazolo[5,4-c]pyridine (compound 3), C2/c, 51.1351 Å, 9.36026 Å, 7.19352 Å, β = 93.882◦;
2-(4-propyl-piperazin-1-yl)thiazolo[5,4-c]pyridine (compound 4), Pbcn, 19.2189 Å, 20.6172 Å, 7.4439 Å;
2-(4-propylpiperazin-1-yl)[1,3]oxazolo[4,5-b]pyridine, hydrate (structure 5), Pbca, 7.4967 Å, 12.2531 Å,
36.9527 Å; 2-(4-propylpiperazin-1-yl)[1,3]oxazolo[4,5-b]pyridine, first polymorph (structure 6), P-1,
7.2634 Å, 11.1261 Å, 18.5460 Å, 80.561◦, 80.848◦, 76.840◦; 2-(4-propylpiperazin-1-yl)[1,3]oxazolo[4,5-b]
pyridine, second polymorph (structure 7), P21, 8.10852 Å, 7.06025 Å, 12.41650 Å, β = 92.2991◦. All the
compounds crystallized out as hydrobromides. Oxazole structures show a much greater tendency to
form twin crystals than thiazole structures. All the investigated structures display N—H···Br hydro-
gen bonding. (ADME) analysis, including the assessment of absorption, distribution, metabolism,
and excretion, determined the physicochemical properties, pharmacokinetics, drug similarity, and
bioavailability radar, and confirmed the usefulness of the compounds in question for pharmaceu-
tical utility. This work is a continuation of the research searching for a new lead of non-imidazole
histamine H3 receptor antagonists.

Keywords: crystal structure; non-imidazole histamine H3 antagonists

1. Introduction

The histamine H3 receptor has been the subject of much recent interest, due to its
central role in regulating neurotransmitter levels. This G-protein-coupled receptor acts
as presynaptic auto- and heteroreceptor, mainly in the central nervous system (CNS) [1],
controlling the synthesis and release of histamine, but also modulating several other
neurotransmitter systems, e.g., acetylcholine [2,3], dopamine [4], noradrenalin [5], and
serotonin [6]. A variety of potential therapeutic applications for H3 receptor antago-
nists/inverse agonists have been proposed as potential drugs for the treatment of several
CNS disorders, such as attention-deficit hyperactivity disorder (ADHD) [7], Alzheimer’s
disease [8], and schizophrenia [9]. The physiological and pathophysiological implications
of histamine H3 receptors increase the need for potent and selective ligands as pharmaco-
logical tools and for potential drug development. The first generation of H3 antagonists
was characterized by the presence of an imidazole ring as in histamine, many of which
have found utility as pharmacological tools [10]. In contrast to the early work in the field,
most chemical series of current interest appear to be non-imidazole compounds because

Materials 2021, 14, 7094. https://doi.org/10.3390/ma14227094 https://www.mdpi.com/journal/materials

https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-9235-3601
https://orcid.org/0000-0001-6478-2329
https://doi.org/10.3390/ma14227094
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14227094
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14227094?type=check_update&version=2


Materials 2021, 14, 7094 2 of 17

of the major disadvantages of the 4-substituted imidazole moiety, including poor brain
penetration and issues related to hepatic cytochrome P450 enzyme inhibition, such as
drug–drug interactions, liver toxicity, and inhibition of adrenal synthesis [11].

Some years ago, we reported the synthesis and pharmacological characterization of the
series of 2-(4-propylpiperazin-1-yl)thiazolopyridines and their analogue 2-(4-propylpiperazin-
1-yl)-oxazolopyridines in vitro. Thiazoles displayed a higher activity than their oxazole
analogs [12]. The most active compounds of both series are presented in Figure 1.
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The rational design of new highly active compounds that selectively bind to specific
receptors requires both knowledge of the active site structure of the receptor and the ligand
itself. The compound represented by structures 5, 6, and 7, having no significant activity,
was added for comparative purposes.

In the present study, we report the crystallographic investigation of the following
seven new structures 1–7: (2-(4-propylpiperazin-1-yl)oxazolo[4,5-c]pyridine—compound 1;
2-(4-propylpiperazin-1-yl)thiazolo[4,5-c]pyridine—compound 2; 2-(4-propylpiperazin-1-yl)
oxazolo[5,4-c]pyridine—compound 3; 2-(4-propylpiperazin-1-yl)thiazolo[5,4-c]pyridine—
compound 4; 2-(4-propylpiperazin-1-yl)[1,3]oxazolo[4,5-b]pyridine crystallized as two
polymorphs (6, 7) and a hydrate (5) (Figure 1). The obtained data can be used for molec-
ular modeling of these ligands, e.g., in calculations of docking to the receptor, provided
the receptor structure is known, or in 3D QSAR or pharmacophore design, when more
structures of this type are identified.

2. Materials and Methods

The synthesis of all compounds was described by Walczyński [12]. Single crystals of
compounds 1, 2, 3, 4, 5, 6 and 7, suitable for X-ray diffraction, were obtained from methanol–
water–DMF (1:1:1 v/v) solutions by slow evaporation of the solvents at room temperature.
The crystal measurements were performed on a XtaLAB Synergy diffractometer, Dualflex,
Pilatus (Bioz Stars, Los Altos, CA, USA) 300 K [13]. All diffraction experiments were carried
out with CuKα radiation. Diffraction data were processed with CrysAlis PRO (Rigaku
Oxford Diffraction. CrysAlis PRO; Rigaku Oxford Diffraction Ltd: Yarnton, Oxfordshire,
England, 2020) [14]. Crystal structure solution and refinement were carried out with
SHELX [15,16]. All H atoms (except majority of those engaged in hydrogen bonds) were
geometrically optimized and allowed as riding atoms, with C—H = 0.95 Å for aromatic CH
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groups, 0.97 Å for secondary CH2 groups and 0.96 Å for methyl groups, and N—H = 0.86 Å,
with Uiso(H) = 1.2 Ueq(C, N). In all studied structures, the methyl H atoms were refined
with Uiso(H) = 1.5 Ueq(C).

Quantum calculations were performed with GAMESS-US quantum computing pack-
age [17] using DFT/B3LYP [18–21] functional with the base functions 6-311 G(d,p) to
optimize the geometry of the studied compounds, taking into account the solvent effect
of water using polarizable continuum model. The MOLDEN package [22] was used for
the preparation of input files and for visualization purposes. MULTIWFN was used for
calculation of CHELPG charges [23].

Additionally, ADME analysis was performed to test the use of the studied compounds
as drugs. ADME analysis was performed using SwissADME service (Swiss Institute of
Bioinformatics 2021) [24–26] and ProTOX II service to predict toxicities of tested com-
pounds [27].

3. Results and Discussion
3.1. Crystallography

The crystal data, data collection, and structure refinement details are summarized in
Table 1 (full details are deposited in supplementary materials).

Table 1. Crystal data, data collection and refinement details.

Compound 1 2 3 4 5 6 7

Chemical
formula

C13H20N4O2+·
2(Br−)·H2O

2(C13H19N4S+)·
C3H7NO·2(Br−)

C13H19.50N4O1.5
+ 1.5(Br1.5-)·

0.25(C3H7NO)·H2O
C13H19N4S+·Br− C13H20N4O2+·

2(Br−)·H2O C13H19N4O+·Br− C13H19N4O+·Br−

Mr 426.15 759.66 404.22 343.28 426.15 327.22 327.22

Space group P-1 I2/a C2/c Pbcn Pbca P-1 P21

Temperature (K) 100 100 100 100 102 100 100

a, b, c (Å)
5.9496 (1),

12.4570 (2),
12.8656 (1)

22.2087 (3),
7.5519 (1),
19.9225 (2)

51.1351 (4),
9.36026 (8),
7.19352 (8)

19.2189 (2),
20.6172 (2),
7.4439 (1)

7.4967 (1),
12.2531 (2),
36.9527 (6)

7.2634 (3),
11.1261 (5),
18.5460 (7)

8.10852 (3),
7.06025 (3),
12.41650 (7)

α, β, γ (◦)
112.445 (2),
95.687 (2),
103.040 (2)

90, 92.368 (1), 90 90, 93.8822 (9), 90 90, 90, 90 90, 90, 90 80.561 (3), 80.848
(3), 76.840 (3) 90, 92.2991 (4), 90

V (Å3) 840.20 (3) 3338.51 (7) 3435.19 (6) 2949.57 (6) 3394.40 (9) 1428.04 (10) 710.25 (1)

Z 2 4 8 8 8 4 2

µ (mm−1) 6.21 4.56 4.74 5.06 6.15 3.92 3.94

No. of measured,
independent and

observed
[I > 2σ(I)]
reflections

87,115, 3443,
3276

20,179, 3404,
3251 4702, 4702, 4462 31,570, 3078,

2815 6678, 6678, 6025 39365, 6692, 6224 69,597, 2988,
2969

R[F2 > 2σ(F2)],
wR(F2), S

0.039, 0.115, 1.13 0.025, 0.064, 1.07 0.046, 0.146, 1.05 0.020, 0.050, 1.04 0.071, 0.216, 1.08 0.080, 0.217, 1.10 0.033, 0.083, 1.05

No. of reflections 3443 3404 4702 3078 6678 6692 2988

No. of
parameters 203 219 179 176 210 348 177

No. of restraints 0 0 0 0 3 0 1

∆max, ∆min
(e Å−3)

1.43, −1.12 0.38, −0.43 1.07, −0.85 0.31, −0.41 1.87, −1.38 2.13, −2.22 2.24, −0.38

Absolute
structure

parameter
– – – – – – 0.051 (10)

Except structure 7, all the oxazole structures revealed a propensity for twinning.
For structure 1, two components of the crystal were rotated approximately 2◦, and were
difficult to separate, hence the data were processed as a single crystal, giving rise to high
mosaicity. For structure 3, many components were identified in all the studied crystals.
Finally, a crystal with four components was chosen for the diffraction experiment. The
contributions of the components to the total intensity were the following: 0.51, 0.23, 0.02,
and 0.24. Moreover, in this structure, very high disorder for Br anions, and probably DMF
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and water molecules, was observed, which could not be resolved, and, consequently, the
SQUEEZE procedure [28] has been applied. For structure 5, four components were also
identified, with the following contributions to the total intensity: 0.37, 0.09, 0.25, and 0.29.
For structure 6, only two components were identified, with contributions of 0.58 and 0.42.

In all the oxazole structures, high values of residual electron density were located
in the difference electron density maps in the vicinity of Br anions (Table 1, Figure 2a).
This is probably (at least partly) due to the anharmonicity of the thermal motion of the
ions, because taking into account the third and fourth orders of displacement parameters
(25 additional parameters) (Olex2 v.1.3.0) [29] leads to a significant reduction in the residual
maxima for structure 1 (from 1.6 to 1.1 e/A3, and from −1.0 to −0.4 e/A3) (Figure 2b), and
to a reduction in the R factor from 4.2% to 3.5%, with a still relatively high Nref/Npar ratio
of 14. Similar behavior is observed for, e.g., structure 7, where the reduction in the residual
maxima amounts to 1.4 e/A3 (from 2.2 to 0.8 e/A3) and the reduction in the R factor from
3.3% to 2.1%, with an Nref/Npar ratio of 15. On the contrary, for thiazole derivatives (2, 4),
such anomalies in the difference Fourier maps were not observed.
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Figure 2. Difference Fourier electron density maps for 1. (a) Harmonic approximation to displacement
factors for non-hydrogen atoms resulting in ∆ρmax = 1.6 and ∆ρmin = 1.0 (eÅ−3). (b) Anharmonic
approximation to the Br ion displacements taking into account 10 components of Cijk and 15 components
of Dijkl symmetric tensors resulting in ∆ρmax = 1.1 and ∆ρmin = 0.4 (eÅ−3). Drawing prepared with
Olex2 v.1.3.0 [29].

The molecular structures of the studied compounds in their crystals are shown in
Figure 3.
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drawn at the 50% probability level and H atoms are shown as small spheres of arbitrary radii. Drawing prepared with 
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Figure 3. The molecular structures of 1, 2, 3, 4, 5, 6 and 7, showing the atom-labeling schemes. Displacement ellipsoids
are drawn at the 50% probability level and H atoms are shown as small spheres of arbitrary radii. Drawing prepared with
Mercury software [30].

The structures 2, 4, 6, and 7 crystallized out in the monoprotonated form. In all the
investigated compounds, the piperazine nitrogen atom N11 is protonated. Compound 2
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crystallizes as a solvate, with a disordered DMF molecule built into the structure. In
contrast to the 2, 4, 6, and 7 compounds, 1 and 5 crystallized out as a diprotonated hydrate.

For structure 3, very high structural disorder is observed. Large maxima in the
difference Fourier map with electron densities of ~19.2 and 11.2 e/A3 (Figure 4) can be
attributed to sites partially occupied by bromide anions, with displacement factors ~3 times
higher than that for the Br1 anion. The remaining maxima seem to be uninterpretable.
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Figure 4. Difference electron density map for 3 showing the area of electron density representing
delocalized solvent molecules (probably DMF and water) and probable sites of disordered bromide
anions (two big yellow ellipsoids), which were excluded from the refinement and instead SQEEZE
procedure was applied. Drawing prepared with ShelXle.

Omitting this whole part of the structure, one can observe large voids forming channels
throughout the crystal structure along the [001] direction (Figure 5). Such channel-like
structures may lead to high disorder that is difficult to resolve, which is why we decided to
use the SQUEEZE procedure in PLATON. The resulting voids constitute approximately
18% of the volume of the unit cell, and there were 149 recovered electrons in a single void.
As we can observe, e.g., for structures 1, 2, or 5, both water and DMF molecules can be built
into the structure of the studied compounds. Hence, we assume that there are two bromide
anions in each channel, one DMF, and four water molecules, which gives 150 electrons
per void.
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Figure 5. Voids identified by SQUEEZE procedure in structure 3. The voids contain disordered Br
anions and possibly DMF and water molecules. The voids form channels across the crystal structure
down the c axis.

Thus, it seems that this structure contains 1.5 bromide anions per molecule with
the protonated piperazine nitrogen atom N11 and the half-protonated nitrogen atom
N25, which ensures that charge balance is preserved. Hence, the crystal structure is a
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1:1 mixture of mono-cations and di-cations of compound 3. The disordered Br− anion (1/2
per molecule of 3) and solvent molecules (0.25 DMF per molecule and 1 H2O per molecule)
are located in the channel of the blur of electron density (Figure 4).

In structure 1, ribbons are formed by hydrogen bonds of the studied molecule with
water molecules and Br2 (C1,2(4) symbol—according to the graph-set theory of Bern-
stein [31]—Figure 6, Table 2). These ribbons are joined together by hydrogen bonding,
N11—H11 ··· Br1 and C24—H24 ··· Br1 (R2,4(22)), and weaker bonds to C27—H27 ··· N29
(R2,2(8). The stacking interaction (3.241(1) Å) additionally stabilizes the layered packing of
the molecules. Water molecules and bromide ions fill the gaps between the molecules of
compound 1, and they line up along the [100] direction (Figure 7).
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Figure 6. The intermolecular hydrogen bonds in compound 1. (a) Strong hydrogen bonds, (b) all
hydrogen bonds. [Symmetry code: (i) x−1, y, z; (ii) −x, −y, −z+2; (iii) −x, −y+1, −z+1; (iv) −x+1,
−y+1, −z+2.].

Table 2. Strong hydrogen-bond geometry (Å, º) for 1. Symmetry codes: (i) x−1, y, z.

D—H···A D—H H···A D···A D—H···A
O1—H1D···Br2 0.83 (5) 2.47 (5) 3.263 (3) 161 (5)

O1—H1E···Br2i 0.74 (6) 2.85 (5) 3.436 (3) 138 (6)

N11—H11···Br1 0.90 (4) 2.27 (4) 3.169 (3) 174 (4)

N26—H26···O1 0.83 (5) 1.84 (5) 2.666 (4) 176 (6)

In structure 2, a strong hydrogen bond, N11—H11···Br1, is formed (Figure 8, Table 3).
Additionally, the molecule of compound 2 forms a hydrogen bond, C24—H24···O31, with
the DMF molecule. DMF molecules fill the channel formed along the [010] direction
(Figure 9).
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Table 3. Strong hydrogen-bond geometry (Å, º) for 2.

D—H···A D—H H···A D···A D—H···A
N11—H11···Br1 0.88 (2) 2.31 (2) 3.1844 (15) 172 (2)

Additionally, in structure 3, a typical hydrogen bond, N11—H11···Br1, is present.
In addition, there is an interesting hydrogen bond, N25—H25···N25, forming a dimer
(Figure 10, Table 4) where the H25 atom site is half occupied. The stacking interaction
(3.346 (1) Å) stabilizes the layered packing of the molecules (Figure 11).
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Table 4. Strong hydrogen-bond geometry (Å, º) for 3. Symmetry codes: (i) −x+1, −y+1, −z+2.

D—H···A D—H H···A D···A D—H···A
N11—H11···Br1 0.98 (4) 2.28 (4) 3.227 (2) 163 (3)

N25—H25···N25i 0.88 1.81 2.684 (4) 176

Materials 2021, 14, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 9. The crystal packing of 2. 

Table 3. Strong hydrogen-bond geometry (Å, º) for 2. 

D—H···A D—H H···A D···A D—H···A 
N11—H11···Br1 0.88 (2) 2.31 (2) 3.1844 (15) 172 (2) 

Additionally, in structure 3, a typical hydrogen bond, N11—H11···Br1, is present. In 
addition, there is an interesting hydrogen bond, N25—H25···N25, forming a dimer (Figure 
10, Table 4) where the H25 atom site is half occupied. The stacking interaction (3.346 (1) 
Å) stabilizes the layered packing of the molecules (Figure 11). 

 
Figure 10. The intermolecular hydrogen bonds in compound 3. 

 
Figure 11. The crystal packing of 3, viewed along the b-axis. Figure 11. The crystal packing of 3, viewed along the b-axis.

As in all the above structures, the typical hydrogen bond N11—H11 ··· Br1 is also
present in structure 4. Moreover, a dimer is formed through C27—H27···N29 hydrogen
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contacts (forming ring R2,2(8)) (Table 5, Figure 12). The layered system is stabilized by
stacking interactions at a distance of 3.452 (1) Å (Figure 13).

Table 5. Strong hydrogen-bond geometry (Å, º) for 4.

D—H···A D—H H···A D···A D—H···A
N11—H11···Br1 0.90 (2) 2.29 (2) 3.1903 (12) 174.0 (14)
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Structures 5, 6, and 7 were obtained from the same sample. Structure 5 is in the form of
a dibromohydrate. The packing of this structure differs from the analogous dibromohydrate
(compound 1) (Figure 14). In this case, all the strong hydrogen bonds (Table 6 and Figure 15)
form a chain. Additionally, the weak hydrogen bonds (C–H . . . O, Br, or N type) stabilize
the packing of the molecules.
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Table 6. Strong hydrogen-bond geometry (Å, º) for 5.

D—H···A D—H H···A D···A D—H···A

O1—H1D···Br2i 0.85 (8) 2.44 (8) 3.285 (6) 169 (8)

O1—H1E···Br1ii 0.86 (9) 2.53 (10) 3.342 (6) 159 (9)

N11—H11···Br1 0.85 (8) 2.34 (8) 3.184 (6) 172 (7)

N27—H27···Br2 0.83 (11) 2.41 (10) 3.232 (6) 169 (9)

Symmetry codes: (i) x−1/2, −y+1/2, −z+1.
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Structures 6 and 7, on the other hand, are polymorphs of this compound. Both of these
structures are in the form of bromide, and have the same strong hydrogen bond between
bromine and the piperazine system (Br . . . H–N) (Figures 16 and 17, and Tables 7 and 8).
Analysis of molecular packing (Figures 18 and 19) reveals different polymorphs. In
structure 7, a layered arrangement of molecules is observed (Figure 19).
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Table 7. Strong hydrogen-bond geometry (Å, º) for 6.

D—H···A D—H H···A D···A D—H···A
N11A—H11A···Br1A 1.00 2.20 3.189 (7) 169

N11B—H11B···Br1B 1.00 2.20 3.194 (7) 172

Table 8. Strong hydrogen-bond geometry (Å, º) for 7.

D—H···A D—H H···A D···A D—H···A
N11—H11···Br1 1.06 (5) 2.15 (5) 3.180 (3) 163 (4)
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The greatest variation in the geometry of the studied molecules can be observed on
the nitrogen atom N14, the conformation of which determines the direction of the two-ring
aromatic system (Figure 20). This conformation can be defined as the angle, let us call it
δ, between the N14—C21 bond and the plane formed by the following atoms: C13, N14,
and C15. For the most planar case (structure 5), the angle is less than 1◦, and the highest
value of this angle, almost 30◦, is for structure 2. The δ angle takes the following values for
the individual structures: 1—23.07◦; 2—29.38◦; 3—10.22◦; 4—20.99◦; 5—0.74◦; 6A—17.34◦;
6B—23.84◦; 7—27.91◦.
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Figure 20. Overlay of molecules for all determined structures; 1—blue; 2—red; 3—cyan; 4—orange;
5—green; 6—light green; 7—grey.

Another clear conformational difference shown in Figure 20 is the conformation of
the aliphatic chain, which can be described by the C2–C3–N11–C16 torsion angle. This
angle takes the following values for the individual molecules: 1—61.7 (0.4); 2—63.8 (0.2);
3—62.7 (0.3); 4—70.3 (0.2); 5—56.7 (0.8); 6A—−177.3 (0.7); 6B—178.1 (0.6); 7—167.7 (0.3).

The structural feature that clearly distinguishes thiazole derivatives from oxazole
derivatives is the geometry of the five-membered ring. This geometry, in turn, determines
the position of a piperazine ring (Figure 21), which can influence the biological activity
of the compounds. It is known that, among the studied structures, the thiazoles are more
active than the oxazoles [12].
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3.2. Density Functional Theory (DFT) Calculations

We were interested in how many conformations of the studied molecules in their
crystal environment were different from those optimized in solution, where molecules expe-
rience more conformational freedom, to observe how the interactions in the crystal modify
these conformations. For calculations, we used the GAMESS-US quantum computing
package with the parametrization described in the Materials and Methods section.

It turned out that the optimized conformations were very close to the crystallographic
conformations for all the examined structures. Thus, it seems that the degree of freedom
associated with the above-mentioned angle δ is very “soft”, and, therefore, its variability
among the examined structures is most likely due to the intermolecular interactions in
the crystalline state. The other parameters determining the geometry of the optimized
molecules are also very similar to those observed in crystals; hence, in the case of the tested
compounds, crystallographic studies provide structural information that can be transferred
directly to the non-crystalline state.

Using the geometry of molecule 3 as a starting point, we optimized its geometry in
an unprotonated form, and calculated the electrostatic potential (ESP) charges with the
MULTIWFN [23] package for this unprotonated molecule, to see which of the four nitrogen
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atoms is most willing to attach protons (Table 9). In Figure 22, a graphical representation of
the electrostatic potential is presented.

Table 9. Energy of the optimized geometry of molecule 3 in the following different mono-protonated
states: at N25, N29 and N11 nitrogen atoms, and CHELPG ESP fitted atomic charges for the optimized
molecule 3 in unprotonated state.

Atoms Energy (kcal/mol) ESP Charges

N29 10.1 −0.69

N25 0 −0.61

N14 29.0 −0.19

N11 1.5 −0.53
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Unfortunately, these results do not correlate well with the structures determined
experimentally, where the first protonation candidate is the N11 atom, followed by the
N25 atom. Moreover, protonation of the N29 atom was not observed in any of the experi-
mentally determined structures, which, according to ESP calculations, is best suited for the
attachment of a proton.

We also calculated the free energies of the molecules in the mono-protonated state,
for all the nitrogen atoms, by the PCM method, with water as a solvent. The results are
presented in Table 9. The lowest energy occurs for N25—H and N11—H (with a difference
of only 1.5 kcal/mol between the two). The energy for N29—H is higher (10 kcal/mol), and
it is much higher for N14—H (~30 kcal/mol). It seems that for the investigated structures,
the calculated energies are much better suited for predicting protonation sequences than
the ESP potentials.

3.3. ADMET Analysis

The bioavailability radars for all the studied compounds are very similar (Figure 23 for
compound 1). The pink-colored zone on the bioavailability radar (SwissADME) presented
the optimal range for each property, indicating the drug-likeness of a molecule. All
the compounds meet the rules of Lipinski [32], Ghose [33], Egan [34], Veber [35], and
Muegge [36]. All the compounds were found to be highly absorbed in the gastrointestinal
tract, making them effective drugs (Figure 24). An important element is that, having high
activity towards the H3 receptor, it crosses the blood–brain barrier. All of the studied
compounds are not inhibitors of the CYP3A4 isoenzyme, which is largely responsible for
the metabolism and elimination of most clinically used drugs [37]. Negative logKp values
indicate that the compounds are not available through the skin.
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Figure 24. Boiled-egg diagram for all compounds.

Servis ProTox II classified the compounds 1, 3, and 5 into toxicity class 4 (harmful if
swallowed), with a predicted LD50 of 1000 mg/kg. Compounds containing a sulfur atom
(2 and 4) are in toxicity class 3 (toxic if swallowed), with a predicted LD50 of 300 mg/kg.

4. Conclusions

Seven new crystal structures (histamine H3 antagonists) were determined, including
two polymorphs and one hydrate of the same compound. Interestingly, polymorphs 6 and
7 were both obtained from the same batch of crystallization. The two main factors differen-
tiating the conformation of the studied molecules are as follows: (i) chain conformation,
defined by the torsion angle N11–C3, and (ii) conformation at N14, defined by the angle
between the N14–C21 bond and the C13–N14–C15 plane. The variability in the latter param-
eter is probably due to the intermolecular interactions occurring in the crystal structures,
which is confirmed by QM calculations. The ADME analysis confirmed that the tested com-
pounds are good drug candidates. For thiazole derivatives (compounds 2 and 4), which
show higher activity (as non-imidazole antagonists of histamine H3) than their oxazole
analogues, the relative position of the aromatic bicyclic system and the piperazine ring is
slightly different to that of oxazoles, which may affect their biological activity.
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12. Walczyński, K.; Zuiderveld, O.P.; Timmerman, H. Non-imidazole histamine H3 ligands. Part III. New 4-n-propylpiperazines as
non-imidazole histamine H3-antagonists. Eur. J. Med. Chem. 2005, 40, 15–23. [CrossRef]

13. Rigaku Oxford Diffraction. CrysAlis PRO; Rigaku Oxford Diffraction Ltd.: Yarnton, Oxfordshire, UK, 2015.
14. Rigaku Oxford Diffraction. CrysAlis PRO; Rigaku Oxford Diffraction Ltd.: Yarnton, Oxfordshire, UK, 2020.
15. Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112–122. [CrossRef]
16. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Cryst. 2015, C71, 3–8. [CrossRef]

[PubMed]
17. Gordon, M.S.; Schmidt, M.W. Theory and Applications of Computational Chemistry: The First Forty Years; Dykstra, C.E., Frenking, G.,

Kim, K.S., G. Scuseria, E., Eds.; Elsevier: Amsterdam, The Netherlands, 2005; pp. 1167–1189.
18. Becke, A.D. Density-Functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
19. Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.

Phys. Rev. B 1988, 37, 785–789. [CrossRef] [PubMed]
20. Vosko, S.H.; Wilk, L.; Nusair, M. Accurate spin-dependent electron liquid correlation energies for local spin density calculations:

A critical analysis. Can. J. Phys. 1980, 58, 1200–1211. [CrossRef]

https://www.mdpi.com/article/10.3390/ma14227094/s1
https://www.mdpi.com/article/10.3390/ma14227094/s1
www.ccdc.cam.ac.uk/structures
http://doi.org/10.1038/nrd1631
http://www.ncbi.nlm.nih.gov/pubmed/15665857
http://doi.org/10.1111/j.1476-5381.1992.tb13386.x
http://doi.org/10.1016/S0014-2999(00)00085-6
http://doi.org/10.1007/BF01244933
http://www.ncbi.nlm.nih.gov/pubmed/8396945
http://doi.org/10.1007/BF00169035
http://doi.org/10.1007/BF00182737
http://doi.org/10.1007/PL00005200
http://doi.org/10.1007/PL00000175
http://doi.org/10.1523/JNEUROSCI.22-16-07272.2002
http://doi.org/10.1016/S0223-5234(00)00101-X
http://doi.org/10.1021/jm100064d
http://doi.org/10.1016/j.ejmech.2004.09.010
http://doi.org/10.1107/S0108767307043930
http://doi.org/10.1107/S2053273314026370
http://www.ncbi.nlm.nih.gov/pubmed/25537383
http://doi.org/10.1063/1.464913
http://doi.org/10.1103/PhysRevB.37.785
http://www.ncbi.nlm.nih.gov/pubmed/9944570
http://doi.org/10.1139/p80-159


Materials 2021, 14, 7094 17 of 17

21. Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption and Circular Dichroism
Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623–11627. [CrossRef]

22. Schaftenaar, G.; Noordik, J.H. Molden: A pre- and post-processing program for molecular and electronic structures. J. Comput.
Aided Mol. Des. 2000, 14, 123–134. [CrossRef]

23. Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction Analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
24. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal

chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 1–13. [CrossRef] [PubMed]
25. Daina, A.; Michielin, O.; Zoete, V. iLOGP: A Simple, Robust, and Efficient Description of n-Octanol/Water Partition Coefficient

for Drug Design Using the GB/SA Approach. J. Chem. Inf. Model. 2014, 54, 3284–3301. [CrossRef]
26. Daina, A.; Zoete, V. A BOILED-Egg to Predict Gastrointestinal Absorption and Brain Penetration of Small Molecules. ChemMed-

Chem 2016, 1117–1121. [CrossRef]
27. Banerjee, P.; Eckert, A.O.; Schrey, A.K.; Preissner, R. ProTox-II: A webserver for the prediction of toxicity of chemicals. Nucleic

Acids Research 2018, 46, W257–W263. [CrossRef]
28. Spek, A.L. PLATON SQUEEZE: A tool for the calculation of the disordered solvent contribution to the calculated structure factors.

Acta Cryst. 2015, C71, 9–18.
29. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A complete structure solution, refinement

and analysis program. J. Appl. Cryst. 2009, 42, 339–341. [CrossRef]
30. Macrae, C.F.; Bruno, I.J.; Chisholm, J.A.; Edgington, P.R.; McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.; Taylor, R.; van de Streek,

J.; Wood, P.A. Mercury CSD 2.0—New features for the visualization and investigation of crystal structures. J. Appl. Cryst. 2008, 41,
466–470. [CrossRef]

31. Bernstein, J.; Davis, R.E.; Shimoni, L.; Chang, N.-L. Patterns in hydrogen bonding: Functionality and graph set analysis in crystals.
Angew. Chem. Int. Ed. Engl. 1995, 34, 1555–1573. [CrossRef]

32. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2021, 46, 3–26, (Reprinted from Adv. Drug Deliv.
Rev. 1997, 23, 3–25). [CrossRef]

33. Ghose, A.K.; Viswanadhan, V.N.; Wendoloski, J.J. A knowledge-based approach in designing combinatorial or medicinal
chemistry libraries for drug discovery. 1. A qualitative and quantitative characterization of known drug databases. J. Comb. Chem.
1999, 1, 55–68. [CrossRef]

34. Egan, W.J.; Merz, K.M.; Baldwin, J.J. Prediction of drug absorption using multivariate statistics. J. Med. Chem. 2000, 43, 3867–3877.
[CrossRef] [PubMed]

35. Veber, D.F.; Johnson, S.R.; Cheng, H.Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular properties that influence the oral
bioavailability of drug candidates. J. Med. Chem. 2002, 45, 2615–2623. [CrossRef] [PubMed]

36. Muegge, I.; Heald, S.L.; Brittelli, D. Simple selection criteria for drug-like chemical matter. J. Med. Chem. 2001, 44, 1841–1846.
[CrossRef]

37. Ayoub Khalfaoui, A.; Noumi, E.; Belaabed, S.; Aouadi, K.; Lamjed, B.; Adnan, M.; Defant, A.; Kadri, A.; Snoussi, M.;
Khan, M.A.; et al. LC-ESI/MS-Phytochemical Profiling with Antioxidant, Antibacterial, Antifungal, Antiviral and In Silico
Pharmacological Properties of Algerian Asphodelus tenuifolius (Cav.) Organic Extracts. Antioxidants 2021, 10, 628. [CrossRef]
[PubMed]

http://doi.org/10.1021/j100096a001
http://doi.org/10.1023/A:1008193805436
http://doi.org/10.1002/jcc.22885
http://doi.org/10.1038/srep42717
http://www.ncbi.nlm.nih.gov/pubmed/28256516
http://doi.org/10.1021/ci500467k
http://doi.org/10.1002/cmdc.201600182
http://doi.org/10.1093/nar/gky318
http://doi.org/10.1107/S0021889808042726
http://doi.org/10.1107/S0021889807067908
http://doi.org/10.1002/anie.199515551
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.1021/cc9800071
http://doi.org/10.1021/jm000292e
http://www.ncbi.nlm.nih.gov/pubmed/11052792
http://doi.org/10.1021/jm020017n
http://www.ncbi.nlm.nih.gov/pubmed/12036371
http://doi.org/10.1021/jm015507e
http://doi.org/10.3390/antiox10040628
http://www.ncbi.nlm.nih.gov/pubmed/33924005

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Crystallography 
	Density Functional Theory (DFT) Calculations 
	ADMET Analysis 

	Conclusions 
	References

