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Preface to ”Pharmaceutical Crystals (Volume II)”

We are delighted to deliver the second reprint of the series of ”Pharmaceutical Crystals (Volume

II)”, a Special Issue of Crystals.

The crystalline state is the most used and essential form of solid active pharmaceutical

ingredients (APIs) in manufacturing, processing, storing, and administering. The center of the

characterization of pharmaceutical crystals is crystal structure analysis, which reveals the molecular

structure and the alignment of the molecules of important pharmaceutical compounds. This

structural information is the key to understanding intermolecular interactions, and a wide range of

physicochemical and biological properties of the APIs (e.g., solubility, stability, tablet ability, color,

hygroscopicity, etc.).

The second reprint of the Special Issue series on ”Pharmaceutical Crystals” aimed to publish

novel molecular and crystal structures of pharmaceutical compounds, especially new crystal

structures of APIs, including polymorphs and solvate crystals, and multi-component crystals of APIs,

such as co-crystals and salts.

Thus, this Special Issue demonstrates the importance of crystal structure information in many

sectors of pharmaceutical science. Ten articles present the latest research findings, including in areas

of morphology, spectroscopic, theoretical calculation, and thermal analysis with the crystallographic

study. This wide variety of studies is the essence of this Special Issue, presenting current trends in the

structure-property study of pharmaceutical crystals.

This Special Issue focuses on physicochemical properties and crystal structure, correlating

various physical properties to crystal structure.

Multi-component crystals (MCCs), a generic term for crystals, such as co-crystals, salt crystals,

and hydrates, have been the focus of recent research on pharmaceutical crystals. Half of the articles in

this Special Issue deal with MCCs. MCCs are essential for improving other crystals’ properties with

challenging physical properties since they can contain the same drug substance but have different

physicochemical properties due to their unique crystal structure.

Tamboli et al. [1, 2] newly synthesized 1:1 salt crystals (MCC) of the anti-arrhythmic drug,

Disopyramide, with phthalates and studied their crystal structures in detail. Strong charge-assisted

hydrogen bonding interactions are observed between ionized molecules in the crystal. The

conformations of the API molecules in the “mother crystal” and in the MCC are different. The

differences in physicochemical properties between these two crystals were further characterized by

differential calorimetric analysis, thermal gravimetric analysis, powder X-ray diffraction and infrared

spectroscopy. It is important to analyze and evaluate crystals using various methods, along with

crystal structure analysis.

Research to improve the solubility of drug crystals by MCC formation is one of the most exciting

topics because crystals with low solubility result in low bioavailability of the API. For example,

Enrofloxacin is an antibacterial drug of fluoroquinolones, and its low solubility is a problem. Pang

et al. [3] synthesized three new organic salt crystals of Enrofloxacin (with tartaric acid, nicotinic

acid, and suberinic acid). They performed crystal structure analysis to compare the structures and

study the molecular interactions’ characteristics. Solubility measurements revealed that these new

salt crystals exhibit excellent water solubility. Combined crystal characterization (field emission

scanning electron microscopy, powder X-ray diffraction, Fourier transform infrared spectroscopy, and

differential scanning calorimetry) was also performed in this research, and new data were reported.

A wide variety of intermolecular interactions are observed in MCC, and, in recent years,

ix



halogen bonding has been attracting attention in addition to traditional hydrogen bonding, which

is understood as an electrostatic attraction interaction between a positive region on a halogen atom

and a negative part on another molecule, which has strength and directionality similar to hydrogen

bonds. Kryukova et al. [4] targeted anastrozole, a well-known aromatase inhibitor, and successfully

made MCCs by halogen bonding. This research used advanced analysis using quantum chemical

calculations and QTAIM analysis to study the intermolecular interactions quantitatively.

Hydrate crystals are important MCCs. By studying the relative positions and interactions

between API molecules and water molecules in crystals and comparing them to the structure of

anhydrous crystals, we can gain insight into the stability of hydrate crystals. In addition, by making

hydrate crystals with various hydration numbers and examining the conditions of dehydration, one

can establish a landscape encompassing various crystals of the API molecule and gain insight into

the stability of the crystals. Štefan et al. [5] synthesized chemical derivatives of the thyreostatic

drug methimazole and successfully made tetrahydrate, dihydrate, and anhydrous crystals, which

were analyzed for crystal structures. These crystal structures are being evaluated with spectroscopy,

microscopy, and thermal analysis.

The sodium salts of pharmaceutical molecules often form hydrate crystals. Hydrate crystals

are considered potentially unstable because they dehydrate depending on environmental conditions

such as temperature and humidity. To utilize sodium salt hydrates as pharmaceuticals, it is important

to clarify the changes in crystal structure by dehydration/hydration via crystallographic analysis.

Oyama et al. [6] studied the structural change of diclofenac sodium salt 4.75 hydrate, a non-steroidal

anti-inflammatory drug, to 3.5 hydrates and then to anhydrate crystals upon dehydration. They

elucidated the complex mechanism of dehydration and hydration involving the coordination of water

to sodium ions.

Determination of the three-dimensional structure of molecules is important in docking research

of drug molecules for developing novel anticancer drugs. Shin et al. [7] synthesized an isoflavone

compound and revealed its crystal structure by single crystal X-ray structure analysis. Interestingly,

they found two independent molecules in the crystal, each with its disorder, and compared

their molecular structures. Information on crystal structures leads to research on intermolecular

interactions and then to intermolecular docking studies. This study suggests that this isoflavone

compound has the potential to bind to the active site of IKKβ, which may be explored as an anticancer

drug targeting IKKβ inhibition.

On the other hand, crystallographic analysis of protein complexes in which disease-related

protein molecules and API molecules are docked has been performed. Would the structure of the

API molecule change with or without docking? For example, Venetoclax is an API molecule used

as a selective inhibitor of B-cell lymphoma-2 that can be administered orally. Until now, only the

molecule’s structure docked with a protein molecule was known, but Perdih et al. [8] reported the

first crystal structure of API alone. By comparing the conformations of two independent molecules

with the molecular structure of the bound state, they revealed that the supramolecular structure is

achieved through various intermolecular interactions.

The elucidation of molecular and crystal structures is also important for developing new

pharmaceuticals. Crystal structure analysis is an essential tool to confirm the chemical synthesis

of compounds, and it can also provide information on intermolecular interactions in solids, such as

hydrogen bonding. Furthermore, the three-dimensional structure of a compound can be used for

research on the expression of its activity as a drug. Xiong et al. [9] designed and synthesized two

fenclorim derivatives and revealed their molecular structures by crystallographic analysis. These

compounds showed superior in vitro activity compared to known pharmaceuticals, suggesting their
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potential as new pyrimidine fungicides.

As a parallel topic to the detailed discussion on crystal structures, we present an important,

review of crystals in the last article.

Nanocrystalline materials (NCMs) are crystalline materials composed of nanoparticles with

dimensions less than 1000 nm. Their application in drug crystals and co-crystals is an example of

NCMs with attractive physicochemical properties. They have attracted significant attention as an

important material class with great potential in drug delivery. This review article by Witika et al.[10]

summarizes recent advances in therapeutic options using drug NCMs. It also provides a detailed

description of the basic characterization methods of drug NCMs and their applications, as well as

their impact on the performance of NCMs after formulation.

In conclusion, this Special Issue presents a wide range of recent studies about pharmaceutical

crystals and provides valuable information for future studies in the related field. The guest editors

hope the readers enjoy this fruitful Special Issue of ”Pharmaceutical Crystals (Volume II)”.
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Abstract: Salt formation is a useful technique for improving the solubility of active pharmaceutical
ingredients (APIs). For instance, a nonsteroidal anti-inflammatory drug, diclofenac (DIC), is used in
a sodium salt form, and it has been reported to form several hydrate forms. However, the crystal
structure of the anhydrous form of diclofenac sodium (DIC-Na) and the structural relationship among
the anhydrate and hydrated forms have not yet been revealed. In this study, DIC-Na anhydrate
was analyzed using single-crystal X-ray diffraction (XRD). To determine the solid-state dehydra-
tion/hydration mechanism of DIC-Na hydrates based on both the present and previously reported
crystal structures (4.75-hydrate and 3.5-hydrate), additional experiments including simultaneous
powder XRD and differential scanning calorimetry, thermogravimetry, dynamic vapor sorption
measurements, and a comparison of the crystal structures were performed. The dehydration of the
4.75-hydrate form was found to occur in two steps. During the first step, only water molecules that
were not coordinated to Na+ ions were lost, which led to the formation of the 3.5-hydrate while
retaining alternating layered structures. The subsequent dehydration step into the anhydrous phase
accompanied a substantial structural reconstruction. This study elucidated the complete landscape
of the dehydration/hydration transformation of DIC-Na for the first time through a crystal struc-
ture investigation. These findings contribute to understanding the mechanism underlying these
dehydration/hydration phenomena and the physicochemical properties of pharmaceutical crystals.

Keywords: crystal structure analysis; diclofenac; diclofenac sodium; hydration–dehydration mecha-
nism; hydrate; anhydrate

1. Introduction

In drug development, improving the poor water solubility of many active pharma-
ceutical ingredients (APIs) is an attractive area of research. In addition to the formula-
tion of low-crystallinity solids such as solid dispersions [1,2] and cyclodextrin inclusion
compounds [3], other methods can increase solubility through the formation of a stable
multi-component crystalline state such as salt formation [4], co-crystallization [5], and
salt co-crystallization [6–8], in which the crystal structure differs from the mother API
crystal, providing an opportunity to change the solubility. Among these strategies, salt
formation is a common method for enhancing the solubility of some APIs with acidic or
basic functional groups (carboxy, conjugated hydroxy, amino, etc.) [9,10]. In particular,
sodium salt formation is a well-known technique for increasing the solubility of poorly
soluble acidic APIs in drug development, and sodium ions account for approximately 60%
of the counter cations of acidic API salts [11].

Sodium API salts often form hydrate crystals in which the water coordination geom-
etry around Na+ is more flexible than the structure of the transition metal ion hydrate
owing to the s-block atomic nature of Na [12]. This “pseudo-coordination bond” property

Crystals 2021, 11, 412. https://doi.org/10.3390/cryst11040412 https://www.mdpi.com/journal/crystals1
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of Na+–O(water) interactions contributes the specific hydration–dehydration behaviors of
sodium API salts [13–19].

Hydrate crystals often undergo dehydration according to variations in the ambient
temperature or humidity and transform into an anhydrous phase with different physico-
chemical properties [20,21]. Approximately one in three pharmaceutical compounds form
hydrate crystals [22], and analyzing the X-ray crystal structure is essential [23] because
the physicochemical properties of crystalline materials, such as their solubility [24], hy-
groscopicity [25,26], and tableting properties [27] depend on their crystal structure [28].
Sometimes, alternations in the crystal structure induced by a dehydration/hydration result
in a color change [29,30]. For pharmaceutical hydrates, such property changes may affect
their bioavailability and safety as pharmaceutical products. Therefore, the structural inves-
tigation of polymorphic transitions and the establishment of dehydration mechanisms of
drug hydrates are both important processes in drug development [31].

The nonsteroidal anti-inflammatory drug diclofenac (DIC, 2-[2-((2,6-dichlorophenyl)
amino)phenyl]acetic acid; Figure 1) is a widely used analgesic, and owing to its high
permeability but low solubility, it is categorized as a Biopharmaceutics Classification
System (BCS) Class II [32]. Since DIC has an acidic carboxyl group, it can be formulated
as a salt with sodium or potassium to improve its solubility. Diclofenac sodium (DIC-
Na) has been reported to form several hydrate crystals (Table S1, the Supplementary
Materials). Until now, however, the crystal structure of the anhydrous form of DIC-Na
and the structural relationship among this anhydrate and DIC-Na hydrates have not yet
been elucidated. The crystal structures of DIC-Na pentahydrate, 4.75-hydrate (4.75H), and
tetrahydrate were investigated independently, and the reported lattice parameters were
almost identical [33–35], implying either that they are isostructural hydrates or that hydrate
water molecules are misplaced. The trihydrate has also been recognized in the literature,
but its crystal structure is still unknown, and the number of water molecules it contains is
not clear [36]. In addition, a hemi-heptahydrate (3.5H) form was reported very recently [37].
Multi-component crystals of DIC-Na with organic agents such as phenanthroline [38] and
L-proline [39] have also been reported. In particular, the DIC solubility achieved by forming
the DIC-Na L-proline salt cocrystal was significantly higher than that of DIC-Na [39]. In
the DIC-Na L-proline study, a new hydrate form was observed, but the structure was not
revealed. Furthermore, in order to complete the overall picture of the DIC-Na hydrate
structures, analyzing the crystal structure of the anhydrous form of DIC-Na is essential,
which would also establish the complicated hydration–dehydration mechanism of DIC-Na
hydrates. The elucidation of such mechanisms is important in the pharmaceutical sciences.

Figure 1. Molecular structure of diclofenac (DIC).

In this study, a novel crystalline phase, anhydrate (AH), was revealed by single-
crystal X-ray diffraction (SCXRD) analysis, and the 4.75H and 3.5H crystal structures
were re-analyzed for an accurate structural comparison under the same measurement
conditions, such as temperature. Simultaneous powder X-ray diffraction (PXRD) and
differential scanning calorimetry (DSC) measurements were used to visualize the multi-
step dehydration process of DIC-Na 4.75H. Based on the crystal structures, the dehydration
mechanism of DIC-Na 4.75H is discussed.
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2. Materials and Methods
2.1. Materials

DIC-Na (anhydrous) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). Solvents (tetrahydrofuran, acetonitrile, and methanol) were obtained from Tokyo
Chemical Industry Co., Ltd., Nacalai Tesque, Inc. (Kyoto, Japan), and Sigma-Aldrich Japan
(Tokyo, Japan), respectively.

2.2. Preparation of Solid Samples
2.2.1. Diclofenac Sodium 4.75-Hydrate

Dissolving anhydrous DIC-Na (ca. 40 mg) in distilled water (5 mL) and then slowly
evaporating the solution yielded plate-like DIC-Na 4.75-hydrate crystals.

2.2.2. Diclofenac Sodium Hemiheptahydrate

Anhydrous DIC-Na (ca. 50 mg) was dissolved in tetrahydrofuran (5 mL), followed by
the slow evaporation of the solution, which yielded plate-like 3.5H crystals.

2.2.3. Diclofenac Sodium Anhydrate

After dissolving anhydrous DIC-Na (ca. 50 mg) in a mixed acetonitrile–methanol
(4:1 by volume, 5 mL) solvent, the solution was subsequently evaporated, resulting in
needle-like anhydrous crystals.

2.3. Powder X-ray Diffraction (PXRD)

PXRD was performed using SmartLab (Rigaku, Japan) in the manner of transmission
geometry. The data were collected from 2θ = 3◦ to 40◦ at an ambient temperature at step and
scan speeds of 0.01◦ and 3◦min−1, respectively, using a Cu Kα source (45 kV, 200 mA). The
conditions for simultaneous PXRD and DSC measurements are discussed in Section 2.6.

2.4. Single-Crystal X-ray Diffraction (SCXRD)

Single crystals of DIC-Na hydrates and anhydrate were prepared by the method
described in Section 2.2, and the SCXRD data were collected using R-AXIS RAPID (Rigaku
Tokyo, Japan) with Mo Kα radiation (λ = 0.71075 Å). Data reduction and correction were
performed using RAPID-AUTO (Rigaku) with ABSCOR (T. Higashi Rigaku, Tokyo, Japan).
The space group was determined using PLATON [40]. The structure was solved using a
dual-space algorithm of SHELXT [41] and then refined on F2 using SHELXL-2017/1 [42].
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms attached to oxygen
(water) and nitrogen atoms were found in the differential Fourier map. The water hydrogen
atoms were refined using standard distance restraints and constrained isotropic thermal
parameters. The hydrogen atoms attached to nitrogen were refined with lax distance
restraints of 0.88 Å and thermal parameters set to 1.2 times those of the parent atom. Other
hydrogen atoms were located in the geometrically calculated position and refined using
the riding model. The 3D structures of the molecules were drawn using Mercury 4.3.1 [43].

2.5. Thermogravimetric (TG) Analysis

Thermogravimetric (TG) and differential thermal analysis (DTA) measurements were
performed using a Thermo plus EVO (Rigaku, Tokyo, Japan). A sample of powdery 4.75H
(7.856 mg) in an unsealed aluminum pan was heated at 5 ◦C min−1 up to 150 ◦C under
flowing N2 gas (100 mL min−1).

2.6. Differential Scanning Calorimetry (DSC)

PXRD and DSC measurements were performed simultaneously using an XRD-DSC
(Rigaku, Japan) equipped with a D/tex Ultra detector and Cu Kα source (40 kV, 40 mA). A
powdery sample of DIC-Na 4.75H was heated at +1 ◦C min−1 up to 120 ◦C in an unsealed
Al pan with flowing N2 gas (100 mL min−1). The preliminary DSC measurement was
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performed up to 300 ◦C to confirm the absence of phase transformation over 150 ◦C (Figure
S1, the Supplementary Materials).

2.7. Dynamic Vapor Sorption (DVS)

The critical relative humidity (RH) where the hydration of the anhydrous DIC-Na AH
occurs was determined by dynamic vapor sorption (DVS) using a Dynamic Vapor Sorption
Advantage instrument (Surface Measurement Systems Ltd., Wembley, UK) at 25 ◦C. The
RH was increased from 0% to 90% and then decreased to 0% with a step width of 5%.

3. Results
3.1. Crystal Structure of DIC-Na Hydrates

The crystal structures of DIC-Na 4.75H, 3.5H, and AH were successfully analyzed
by SCXRD, and the crystallographic data are shown in Table 1. The phase agreement
between the solid powder samples obtained by the method described in Section 2.2 and
the analyzed single crystals was confirmed by their PXRD patterns.

Table 1. Crystallographic data of diclofenac sodium (DIC-Na) hydrates and anhydrate.

4.75H 3.5H AH

Chemical formula C14H10Cl2NNaO2
4.75(H2O)

C14H10Cl2NNaO2
3.5(H2O) C14H10Cl2NNaO2

Formula weight 403.69 381.17 318.12
Temperature/K 173 173 173
Crystal system Monoclinic Triclinic Orthorhombic

Space group P21 P1 Pbca
a/Å 9.5552(3) 9.3628(3) 26.3664(5)
b/Å 39.5393(8) 9.4844(3) 6.44256(12)
c/Å 9.8346(2) 19.0742(6) 32.8255(6)
α/◦ 90 90.1187(11) 90
β/◦ 90.7122(8) 99.5439(12) 90
γ/◦ 90 90.5134(11) 90

Volume/Å3 3715.28(16) 1670.28(9) 5575.97(18)
Z, Z’ 8,4 4,2 16,2

Density/g cm−3 1.443 1.516 1.516
R [F2 > 2σ(F2)] 0.0379 0.0347 0.0646
CCDC number 2065085 2065083 2065086

The lattice parameters of DIC-Na 4.75H shown in Table 2 are identical to those reported
by Llinàs et al. (Table S1) [34]. The asymmetric unit contained four DIC anions and 19 water
molecules (Figure 2). Na+ ions were surrounded by a large amount of water, and Na+

was coordinated to either six or five water molecules (6-coordination or 5-coordination,
respectively), while DIC anions formed no coordination bonds with Na+ ions. Five of
the 19 water molecules did not coordinate with Na+ ions and existed as crystalline water
molecules in the crystal.

Similarly, the lattice parameters of DIC-Na 3.5H in Table 1 are the same as those
reported by Nieto et al. (Table S1) [37]. DIC-Na 3.5H crystallized in the triclinic P1 space
group, and its asymmetric unit, consisted of two DIC anions, two Na+ cations, and seven
water molecules (Figure 3). All water in the crystal was bound to Na+. One Na+ ion was
coordinated to either five water oxygens and a carboxylate oxygen or to four water oxygens
and two carboxylate oxygens of DIC, resulting in a 6-coordination configuration in both
cases (Figure 4). Although the unit cell of 3.5H was relatively similar to that of 4.75H, its
crystallographic symmetry was reduced from monoclinic to triclinic.
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Figure 2. Asymmetric unit of DIC-Na 4.75H, with fourteen bonded (pink) and five non-bonded
(blue) water molecules and 6-coordinated (purple) and 5-coordinated (orange) Na+ ions.

Figure 3. Asymmetric unit of DIC-Na 3.5H (yellow water molecules are not included). One (left)
DIC is connected to Na+ ions, but the other (right) forms hydrogen bonds with water and does not
bond with Na+ ions.

Figure 4. Coordination environment around Na+ ions in DIC-Na 3.5H. Na2 (purple) is connected to
five H2O oxygens and one carboxylate oxygen, whereas Na1 (orange) bonds to four H2O oxygens
and two carboxylate oxygens. However, in both cases, Na adopts a six-coordinated configuration.
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For the first time, this work elucidated the crystal structure of DIC-Na AH, which
crystallizes into an orthorhombic system with the Pbca space group, wherein two DIC
anions and sodium cations are independent (Figure 5). In contrast to 4.75H and 3.5H,
AH does not show an alternating layered structure consisting of a hydrophilic region
(Na+, water, and carboxylate) and hydrophobic region (the main part of DIC)
(Figure 6). However, a one-dimensional hydrophilic Na–O chain structure appears along
the b-axis in the AH crystal, where [Na–O]2 squares and [Na–OCO(carboxylate)] kites are
connected alternately to form an infinite rigid chain (Figure 7). In the crystal structure,
each Na+ ion is coordinated to five carboxylate oxygens (three monodentate carboxylates
and one bidentate carboxylate) and adopts a 5-coordinated geometry. To visualize the
conformational differences in the two independent DIC anions in the asymmetric unit, they
are overlaid in Figure 8, which demonstrates great variation at the carboxylate moiety and
the second aromatic ring with chlorine atoms.

Figure 5. Asymmetric unit of DIC-Na AH.

Figure 6. Structural comparison among unit cells of three DIC-Na hydrates.
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Figure 7. One-dimensional Na–O chain in DIC-Na AH. (a) Crystal packing diagrams viewed from the
b- (left) and c-axes (right). (b) Infinite motif composed of Na–O–Na–O squares and Na–O–C–O kites.

Figure 8. Structural overlay between two independent DIC molecules in DIC-Na AH shown
in Figure 5.

The consistency between the powdery materials used in subsequent experiments and
the single-crystalline phases was confirmed using their PXRD patterns, and the patterns of
the experimental samples were verified to be identical to those calculated from the crystal
structure via Mercury 4.3.1 (Figure 9) [43].

3.2. Dehydration Behavior of DIC-Na 4.75H

The dehydration of DIC-Na 4.75H was examined by simultaneous PXRD-DSC mea-
surements, and the results are presented in Figure 10. The preliminary DSC measurement
was performed up to 300 ◦C to show there was no change from the dehydration tem-
perature (108.4 ◦C) to the melting point of DIC-Na (292.4 ◦C) (Figure S1). Therefore, the
PXRD-DSC and the TG-DTA data (Figure 11) were collected up to 120 ◦C and 150 ◦C,
respectively. The DSC curve showed two endothermic peaks corresponding to multi-step
dehydration transitions. After the first transition, the PXRD pattern changed slightly, indi-
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cating the emergence of a hemi-heptahydrate phase (i.e., 3.5H). The second transition led
to a distinct pattern derived from an anhydrous phase. Because the second peak bifurcated,
the second dehydration may be a multi-step process, and 3.5H may transform into AH via
intermediate phases.

Figure 9. Experimental and calculated powder X-ray diffraction (PXRD) patterns for DIC-Na 4.75H,
3.5H, and AH forms.

Figure 10. Simultaneously measured variable-temperature powder X-ray diffraction (PXRD) (left)
and differential scanning calorimetry (DSC) (right) diagrams. The colored PXRD patterns and
segments in the DSC diagram correspond to the emergence of new phases.

8



Crystals 2021, 11, 412

Figure 11. Thermogravimetric (TG) (left axis) and differential thermal analysis (DTA) (right axis)
diagrams of DIC-Na 4.75H.

The TG-DTA curves in Figure 11 exhibit the dehydration behavior in further detail.
Two DTA endothermic peaks appear. The first peak (42.2 ◦C) is accompanied by a 5.32%
weight decrease, indicating partial dehydration (4.75 to 3.5, calculation: 5.58%), which is
followed by the second peak (56.7 ◦C) with a 15.07% weight decrease, which corresponds
to complete dehydration (3.5 to 0, calculation: 16.54%).

The DVS experiments performed at 25 ◦C revealed hysteresis between the water
sorption and desorption processes (Figure 12). During the sorption process, AH started to
absorb water at 60% RH and transformed into 4.75H at 65% RH. On the other hand, during
the desorption process, 4.75H was almost stable down to 35% RH but started to desorb
water at 30% RH and completely changed into AH at 30% RH. The intermediate 3.5H form
(simulation: 19.8% mass change) was not observed during the desorption process.

Figure 12. Dynamic vapor sorption (DVS) isotherm plot at 25 ◦C of DIC-Na anhydrate (AH).
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4. Discussion
4.1. Verification of the Validity of the 4.75-Hydrate Crystal Structure

The published crystal structures of pentahydrate, 4.75H, and tetrahydrate have very
similar lattice constants but different water contents. Moreover, the space group of 4.75H is P21,
whereas those of the pentahydrate and tetrahydrate forms are both P21/m [33,35]. The crystal
structure of DIC-Na 4.75H contains a pseudo-mirror plane between two corresponding
DIC anions. However, the shape of the cluster of Na+ ions and water molecules is greatly
distorted from the mirror symmetry, so it is not suitable to set the mirror plane on this
cluster. The published pentahydrate structure was solved in the P21/m space group by
employing a disordered model at the position of Na+ ions [33]. However, this assignment
of the occupancy of disordered water may have been incorrect. The present study revealed
that, in one unit cell, four DIC-Na molecules are associated with not 20 but 19 water
molecules (4.75 water molecules for one DIC anion) in the hydrated solid state. Notably,
the 4.75H structure model reported by Llinàs et al. was validated by a low R factor in their
structural refinement [34].

Figure 13 shows the Na–O coordination network observed in the crystal structure of
DIC-Na 4.75H. Three 6-coordinated sodium ions (Na1, Na2, and Na3) form a waving [Na–
O–Na–O] chain structure, while a 5-coordinated sodium ion (Na4, orange) is connected
to the chain via water. The lower panel in Figure 13 displays the chain seen from the
direction parallel to the pseudo-mirror plane. Although most atoms have a corresponding
atom across the pseudo-mirror plane, one water molecule (red) does not. A different
Fourier map exhibited a 0.36 eÅ−3 residual electron peak at the corresponding position,
which might indicate a water oxygen. However, refining such a model was difficult
because the occupancy factor decreased to less than 8%, and the position was unstable.
Thus, we concluded that the residual error is not significant, and the phase contains
4.75 water molecules.

Figure 13. Na–O chain observed in the crystal structure of 4.75H. Three 6-coordinated sodium ions (Na1, Na2, and Na3)
form a waving [Na–O–Na–O] chain structure. Red water molecules do not have an associated atom across the pseudo-mirror
plane (non-paired water molecule). Figures were drawn with crystallographic a, b, c-axis marks.
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4.2. Hydration and Dehydration Mechanism 4.75H Crystal

DIC-Na AH sorbs water molecules and directly transforms into 4.75H, which does
not include the 3.5H form. In contrast, DIC-Na 4.75H loses water and transforms first into
3.5H and then into AH. The difference between the hydration and dehydration behaviors
can be explained based on the similarity of the crystal structures.

According to the DVS isotherm sorption plot (Figure 12, red), the DIC-Na AH form
was stable in a humid environment up to 50% RH. However, it rapidly absorbed water to
form DIC-Na 4.75H at 65% RH. The DIC-Na 3.5H form did not appear in the absorption
process. This stoichiometric absorption behavior may be due to the large difference in
the crystal structures between DIC-Na AH and 4.75H (Figure 6). In fact, the alternat-
ing layered structure of hydrophilic and hydrophobic regions in 3.5H and 4.75H forms
was not observed in the AH form. Usually, a large hysteresis in the DVS isotherm plot
(Figure 12) indicates a large difference in the crystalline structure. The AH form may be
kinetically stable owing to such a difference that it did not rapidly change into hydrate
phases. The hydration critical RH of 65% RH in the AH form exceeded the stable region of
the 3.5H form (30 to 60% RH), which prevented the formation of 3.5H during the hydration
of the AH form.

In the case of dehydration, the DVS isotherm desorption plot (Figure 12, blue) reveals
that DIC-Na 4.75H was stable down to 65% RH. Then, it gradually released water and tran-
sitioned to 3.5H, which was stable between 65% and 30% RH. Below 30% RH, the 3.5H form
rapidly when transformed to the AH form. The smooth dehydration from 4.75H to 3.5H can
be explained by their similar crystal structure, with analogous hydrophilic/hydrophobic
alternating layers (Figure 6). In the TG-DTA curve (Figure 11), which was recorded under
flowing dry N2 gas, a partial stoichiometric weight loss (5.32%) confirmed the presence
of 3.5H at approximately 50 ◦C. Similarly, the simultaneous PXRD-DSC measurements
(Figure 10) showed the first dehydration step to generate 3.5H, and a few 2θ diffraction
peaks revealing the presence of 3.5H were observed at 14◦, 29◦, and 32◦ (indicated by pink
markers in Figure 10). Together, these results suggested a mechanistic aspect of this transi-
tion, namely that it was not until the crystal lattice of 4.75H could no longer accommodate
the void structures formed during dehydration in which another lattice emerged, which
corresponded to that of 3.5H. In this manner, the reported “tetrahydrate” structure with the
same cell dimensions as 4.75H [35] might arise from the partial decrease in the occupancies
of water molecules.

The change in the crystal structure from 4.75H to 3.5H is illustrated in Figure 14. Out
of the 19 water molecules in the unit cell of 4.75H, the five that do not interact with Na+

were released during dehydration to form 3.5H (i.e., the ratio of water/DIC reduced from
19:4 (4.75) to 14:4 (3.5)). Thus, water molecules bonded to their surrounding molecules only
through classical OH · · · O hydrogen bonds were preferentially lost by dehydration. This
mechanism is consistent with the previous conjecture by Bartolomei et al. that some water
molecules were tightly bound and immobile, while the others were highly mobile [36].

The release of five water molecules during the dehydration changed the coordination
environment around Na+. The number of Na+ · · · O interactions is summarized in Table 2
with other crystallographic indices. During dehydration from 4.75H to 3.5H, the number
of Na+ · · · O(water) interactions decreased, but new Na+ · · · O(carboxylate) interactions
formed to compensate for this decrease, thereby maintaining either five or six Na+ · · · O(all)
interactions per one Na+. This change in the Na+ coordination environment implies that
the coordination of Na+ with O is flexible, allowing a smooth change in the coordinating
atom from O(water) to O(carboxylate). In addition, a coordination number of 5 or 6 around
Na+ in 4.75H is commonly observed, and more than 6-coordination is undesirable owing
to steric hindrance [44].
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Figure 14. Structural changes during the dehydration from 4.75H to 3.5H. Non-bonded water molecules are represented by
blue spheres. Hydrogen atoms are omitted. Figures were drawn with crystallographic a, b, c-axis marks.

During dehydration, the orientation of the DIC molecules changed. Both the 4.75H
and 3.5H forms have hydrophobic DIC layer structures, but the directions of these layers
differ. Specifically, the alternating layers in the crystal structure of 4.75H are oriented in
the opposite direction (orange and light-green in Figure 14), whereas the layers in 3.5H
are in the same direction (orange only). This change is highlighted by the yellow and
light-blue molecules in Figure 14. During dehydration, the yellow molecule retained the
same orientation in both structures, but the light blue one rotated. This rotation may have
facilitated the breaking and formation of Na+ · · · O (water or carboxylate) interactions
associated with structural reconstruction.

A large rearrangement in the crystal structure of the AH form was observed below
30% RH. During this change, the hydrophilic/hydrophobic alternating-layer structure
disappeared, and a one-dimensional chain structure of hydrophilic (Na+ and O) formed
along the b-axis (Figure 7). Although this change was large, O(carboxylate) atoms almost
maintained the Na+ coordination number at five. The packing indices (Table 2) were
calculated using the PLATON program [40]. The packing index of 4.75H is slightly lower
than that of 3.5H, possibly due to a small void space (ca. 5.9 Å3 × 2), which would explain
why the slightly unstable 4.75H starts to dehydrate to 3.5H, even in the high RH region.
Meanwhile, compared with AH, the 3.5H form is more efficiently packed, utilizes a greater
number of H-bonds, and has more water molecules filling spaces.
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Table 2. Number of Na+–O interactions and packing indices.

4.75H 3.5H AH

No. of water molecules per four DIC molecules 19 14 0
Na+–O(all) interactions 6 or 5 6 5

Na+–O(water) interactions 6 or 5 5 or 4 0
Na+–O(carboxylate) interactions 0 1 or 2 5

Packing index 70.3 73.3 71.9

5. Conclusions

The novel crystalline phase of DIC-Na AH was revealed by SCXRD. The re-determination
of the crystal structure and crystallographic investigation of 4.75H showed that the presence
of non-coordinated water molecules caused pseudo-symmetry and structural complexity.
The multi-step dehydration mechanism of DIC-Na 4.75H was successfully elucidated using
simultaneous PXRD-DSC, TG, and DVS, as well as a comparison of the crystal structures.
During the first dehydration step, only water molecules that were not coordinated to Na+

ions were lost, which led to the generation of 3.5H. The second dehydration step into
the anhydrous phase (AH) was accompanied by a large structural change. For the first
time, this work successfully elucidated the solid-state dehydration transition landscape of
DIC-Na, which is a commercially available form of this API, using X-ray crystallographic
analysis. These findings help understand the dehydration/hydration mechanism as well
as the physicochemical properties of pharmaceutical crystals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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Abstract: Disopyramide (DPA) is as a class IA antiarrhythmic drug and its crystallization from
cyclohexane at ambient condition yields lower melting form crystals which belong to the monoclinic
centrosymmetric space group P21/n, having two molecules in an asymmetric unit. Crystal structure
analysis of pure DPA revealed closely associated DPA molecules aggregates via amide–amide dimer
synthon through the N–H···O hydrogen bond whereas the second amide hydrogen N–H engaged in
an intramolecular N–H···N hydrogen bond with N-nitrogen of 2-pyridine moieties. Crystallization
of DPA and phthalic acid (PA) in 1: 1 stoichiometric molar ratio from acetone at ambient condition
yielded block shape crystals of 1:1 DPA_PA salt. Its X-ray single crystal structure revealed the
formation of salt by transfer of acidic proton from one of the carboxylic acidic groups of PA to
the tertiary amino group of chain moiety (N3-nitrogen atom) of DPA molecules. DPA_PA salt
crystals belong to the monoclinic centrosymmetric space group P21/n, comprising one protonated
DPA and one PA¯ anion (hydrogen phthalate counterion) in an asymmetric unit and linked by
N–H···O and C–H···O hydrogen bonds. Pure DPA and DPA_PA salt were further characterized
by differential calorimetric analysis, thermal gravimetric analysis, powder x-ray diffraction and
infrared spectroscopy.

Keywords: disopyramide; phthalic acid; salt; crystal structure; metastable

1. Introduction

Recent past literature related to crystal engineering revealed that there is an inten-
sification of interest in the preparation, crystallization, solid-state characterization and
the studying of the X-ray single-crystal structure of active pharmaceutical ingredients
(APIs) and their novel solid forms that includes polymorph [1–5], multi-component crystal
such as cocrystals [6–8], salt [9], and solvate [10–14] due to their potential applications
in the improvement of physicochemical properties of APIs such as solubility [15–17],
stability [18–20], hygroscopicity [21], bioavailability [22–24] and so on. Further, advance-
ment in this research area directed towards the understanding crystal–structure, study-
ing supramolecular synthons, hydrogen/halogen bonding interaction and other various
non-covalent interactions within them [25–27] as well as correlating structure with the
physicochemical properties [28–32]. These structure-property relation studies are help-
ful and encourage many researchers towards designing and synthesis of new functional
molecular solids, and multi-component complexes of APIs, and other molecular entities
with desirable and specific chemical or physical properties [33–38].
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Disopyramide (2-diisopropylaminoethyl)-phenyl-2-pyridineacetamide (DPA) was de-
veloped [39] as a class IA antiarrhythmic drug with a pharmacological profile of action
similar to that of quinidine and procainamide in that targets sodium channels to inhibit
conduction [40,41]. Currently, DPA and [C21H30N3O]+[H2PO4]− disopyramide dihydro-
gen phosphate are intravenously and orally administrated for clinical use. DPA displaying
polymorphism behavior and two solid forms were reported in the literature and named as
a low-melting type crystal (85–87 ◦C) and a high-melting type crystal (95–98 ◦C) [42]. Of the
two crystal forms, the high melting point type crystal is thermodynamically stable, and the
low melting point type crystal is easily converted to the high melting point type crystal [42].
However, single-crystal X-ray data of either of crystal form were not present in the Cam-
bridge Structural Database (CSD), whereas the crystal structure of [C21H30N3O]+[H2PO4]−
disopyramide dihydrogen phosphate has been reported by Kawamura and Hirayama in
2011 [43]. Furthermore, X-single crystal structure of (+)-disopyramide (2R,3R)-bitartrate
salt was reported in 1980 for determining the absolute configuration of disopyramide by
Burke and Nelson [44], and the structure was not present in the CSD. Moreover, to the best
knowledge of the authors, not much research has been carried out with respect to creating
the novel salt form of DPA.

DPA has asymmetric carbon marked by a star that is connected to four different
groups shown in Figure 1a. It has a flexible molecular framework as well as the presence
of a hydrogen bond donor and acceptor site, and hence there will be a high possibility
to form multicomponent crystals. Thus, it could be the potential candidate in exploring
its different conformational modification by obtaining X-ray single crystal structures of
different solid forms of DPA.
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We are going to focus on the crystallization and crystal engineering research on
active pharmaceutical ingredients (APIs), particularly on improving the physicochemical
properties of drug molecules by undertaking polymorphic study [45], making multi-
component crystals [46], such as its solvates [47], cocrystals [48], and salts [49]. In this
report, we discuss the X-ray single-crystal structure of the lower melting temperature form
of DPA and novel DPA_PA salt [Phthalic acid (PA), Figure 1b], detailed crystal structure
analysis and its characterization.

2. Materials and Methods
2.1. Materials

DPA and PA were purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
All other analytical-grade solvents and reagents were commercially obtained and used
without further purification.
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2.2. Crystallization
2.2.1. DPA

The minimum amount of solvent cyclohexane was used to dissolve the DPA by soni-
cation at 25 ◦C; it was then immediately filtered and the resulting solution was maintained
at ambient temperature for 1–2 days, yielding a colorless block-shaped crystal.

2.2.2. DPA_PA Salt for Single X-ray Crystal Structure Analysis

DPA and PA were each taken in a molar ratio of 1:1, suspended in diethyl ether and
stirred at 25 ◦C and 170 rpm (IKA Plate_RCT 4, IKA, IKA® Japan K.K., Osaka, Japan)
for 5 days. After that, the precipitated material was recrystallized in acetone, yielding a
colorless block-shaped crystal.

2.2.3. DPA_PA Salt for Characterization (PXRD, DSC, IR, and TG)

DPA (0.5 mmole) and PA (0.5 mmole) in a 1:1 molar ratio was grinded in a mortar and
pestle for about 10 min to become a fine powder, then a few drops of acetone were added to
it, then again grinded for 10–15 min to obtain powder. From this grinded material, 150 mg
was used for the crystallization experiment. Colorless crystals were obtained on the side
wall of the vial by upon dissolving the 150 mg grinded material in 20 mL acetone under
sonication at a temperature 30 ◦C for 10 min; the resulting solution obtained after filtration
was left for slow evaporation at ambient condition for 3–4 days.

2.3. Single-Crystal X-ray Diffraction

The single-crystal X-ray diffraction data for DPA and DPA_PA salt were collected
at 93 K. The measurements were carried out in ω-scan mode with an R-AXIS RAPID
II (Rigaku Co., Tokyo, Japan) using the Cu-Kα X-ray obtained from rotating the anode
source with a graphite monochromator. The integrated and scaled data were empirically
corrected for absorption effects using ABSCOR [50,51]. The initial structure was solved
using the direct method with SIR 2004 and refined on F2 with SHELXL 2014 [52,53]. All
non-hydrogen atoms were refined anisotropically. The hydrogen atom attached to the
nitrogen N2 and N5 atom in pure DPA and the hydrogen atom attached to the nitrogen
N2 as well as hydrogen H5A present in between the O3 and O5 oxygen in the DPA_PA
salt were located using the differential Fourier map and refined isotropically. All other
hydrogen atom positions were calculated geometrically and included in the calculation
using the riding atom model; the calculations were performed for all the hydrogen atoms.
Moreover, in the DPA_PA salt, protonated DPA molecules display disordered structure in
which two molecules with opposite configuration share the same site. Their occupancies
were fixed to 0.5.

The molecular graphics were produced using Mercury 4.1.0 software [54]. CCDC
2065231 contains the supplementary crystallographic data for the DPA and CCDC 2065230
contains the supplementary crystallographic data for the DPA_PA salt, and can be obtained
free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif (accessed on 2 April 2021).

2.4. Powder X-ray Diffraction (PXRD)

The PXRD patterns of all samples were measured in the reflectance mode using a
SmartLab diffractometer (Cu Kα source (40 kV and 200 mA), D/teX ultra-high-speed
position-sensitive detector, Rigaku). Diffraction patterns (2θ) were collected from 5◦ to 40◦

at 25 ◦C with a step of 0.01◦ and a scan speed of 20◦/min.

2.5. Differential Scanning Calorimetry (DSC) and Thermogravimetric (TG) Measurements

DSC and TG measurements were carried out with the Thermo plus EVO2-DSC 8230
and the Thermo plus EVO2-TG8120 TG-DTA, respectively (Rigaku). The DSC sample
(~3 mg) was placed in an aluminum-crimped pan, measured at a speed of 5 ◦C/min from
25 to 250 ◦C under nitrogen gas (flow rate = 50 mL/min. The TG sample (~10 mg) was
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placed into an aluminum-open pan, respectively, and measured at a speed of 5 ◦C/min
from 25 to 250 ◦C under nitrogen gas (flow rate = 50 mL/min for DPA, PA and 100 mL/min
for DPA_PA salt).

2.6. Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of samples were obtained using FT-IR (FT-IR-4200 spectrometer,
JASCO Co., Tokyo, Japan) with an attenuated total reflection (ATR) unit (ATR-PRO 670H-S,
JASCO Co.). The spectrum recorded represents an average of 64 scans obtained with a
resolution of 4 cm−1 at room temperature. The spectra were collected in the wavenumber
ranging from 4000 to 400 cm−1. The internal reflectance element used in this study was a
diamond trapezoid having 45◦ entrance and exit faces.

3. Results and Discussion
3.1. Crystal Structure of DPA

Suitable crystals of DPA were grown from the cyclohexane solvent by slow evaporation
at ambient conditions. Its structure was determined by single crystal X-ray diffraction and
showed that it crystalized in monoclinic centrosymmetric space group P21/n, containing
two symmetry independent molecules (designated as A and B molecules) in the asymmetric
unit and which have opposite configuration. The Oak Ridge Thermal Ellipsoid Plot
(ORTEP) of DPA is shown in Figure 2a. In the structural overlay studies two conformers
which, having similar configuration, are used and reveal a minor conformational difference
at the amide group, phenyl and 2-pyridine moieties, whereas difference at iso-propyl moiety
was found to be more as shown in Figure 2b. Furthermore, interestingly in both molecules
A and B of DPA, the phenyl ring moiety is nearly coplanar with the chain moiety (excluding
the iso-propyl moiety) whereas the 2-pyridine moiety is oriented nearly perpendicular to
the planar part as shown in Figure 2b. The crystallographic information and geometrical
parameters for the hydrogen bonding interaction are summarized in Tables 1 and 2.
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Figure 2. (a) The Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagram of Molecule A and Molecule B of DPA, showing the
atom numbering scheme in. Thermal ellipsoid drawn at 50% probability level, and H-atoms are shown as small spheres with
arbitrary radii. Both symmetry independent molecules A and B in the asymmetric unit display the N-H···N intramolecular
hydrogen bond in S1

1(6) motif; (b) Structural overlay of two conformers in DPA which, having similar configuration, reveal
considerable conformational differences at the iso-propyl moiety present on the tertiary N-atom of chain moiety. Molecule B‘
is inversion symmetry related to Molecule B.
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Table 1. Crystallographic data table for the DPA and DPA_PA salt.

Parameters DPA DPA_PA

Empirical formula C21H29N3O C29H35N3O5
Formula weight 339.47 505.60
Temperature [K] 93(2) 93(2)
Wavelength [Å] 1.54187 1.54187
Crystal system Monoclinic Monoclinic

Space group P21/n P21/n
Unit cell dimensions

a [Å]
b [Å]
c [Å]
α [◦]
β [◦]
γ [◦]

17.2970 (3)
10.7861 (2)
21.4831 (4)

90
99.385 (7)

90

14.2741 (4)
7.8827 (2)
23.5355 (7)

90
91.428 (6)

90
Volume[Å3] 3954.39 (15) 2647.35 (13)

Z and Z’ 4, 2 4, 1
Density (calculated) [g/cm3] 1.140 1.269

Absorption coefficient [mm−1] 0.552 0.705
F (000) 1472 1080.0

Crystal size [mm x mm x mm] 0.247 × 0.231 × 0.221 0.49 × 0.47 × 0.23
Theta range for data collection [◦] 3.048 to 68.192 3.582 to 68.188

Index ranges −20 <= h <= 20, −12 <= k <= 12,
−25 <= l <= 25

−17 <=h <= 17, −9<= k <=9,
−28 <=l <= 28

Reflections collected 44379 29013
Independent reflections 7200 [Rint = 0.0215, Rsigma = 0.0129] 4847 [Rint = 0.0412, Rsigma = 0.0326]

Completeness to theta = 67.687◦ 99.9% 100%
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents

Max. and min. transmission 0.873 and 0.711 0.850, 0.513
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 7200/0/475 4847/0/350
Goodness-of-fit on F2 1.052 1.079

Final R indices [I>2sigma(I)] R1 = 0.0416, wR2 = 0.1024 R1 = 0.0434, wR2 = 0.1123
R indices (all data) R1 = 0.0435, wR2 = 0.1040 R1 = 0.0489, wR2 = 0.11659

∆ρmax, ∆ρmin (e·Å–3) 0.424 and −0.215 0.265/−0.171

Table 2. Geometrical parameters of the hydrogen bond interaction in DPA and DPA_PA salt.

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A (◦) Symmetry Codes

DPA

N2-H2B···N1 0.887 (17) 1.965 (17) 2.7006 (16) 139.5 (14) Intramolecular
N2-H2A···O2 0.890 (16) 2.025 (16) 2.8959 (15) 166.2 (14) −x + 3/2, y − 1/2, −z+1/2
N5-H4B···N4 0.887 (17) 1.970 (17) 2.7035 (16) 139.1 (14) Intramolecular
N5-H4A···O1 0.890 (17) 2.046 (17) 2.9286 (14) 171.1 (14) −x + 3/2, y + 1/2, −z+1/2
C2-H2···O2 0.95 2.677 3.605 165.71 −x + 3/2, y − 1/2, −z+1/2

C10-H10···O2 0.95 2.62 3.3855(15) 138 x, y, z
C11-H11···Cg4 0.95 2.98 3.7910(13) 145 x, y, z
C32-H32···Cg2 0.95 2.90 3.7631(13) 152 −1 + x, y, z

C42-H42A···Cg4 0.98 2.93 3.6320(18) 129 1/2 − x, 1/2 + y, 1/2 − z
Cg2 centroid of the ring (C1-C2-C3-C4-C5-C6), Cg4 centroid of the ring (C22-C23-C24-C25-C26-C27) of molecule A and molecule B

of DPA respectively
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Table 2. Cont.

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A (◦) Symmetry Codes

DPA_PA salt

N2-H2A···O4 0.88 (2) 2.02 (2) 2.895 (2) 174 (19) x, y, z
N2-H2B···O1 0.920 (18) 2.071 (18) 2.9910 (17) 177.8 (18) −x, 2 − y, 1 − z
N3-H3A···O2 1.00 1.72 2.7159 (16) 173 −1/2 + x, 3/2 − y, 1/2 +z
O5-H5A···O3 1.11(2) 1.30 (2) 2.4047 (19) 172 (2) Intramolecular
C2-H2···O1 0.95 2.52 3.4269 (19) 159 −x, 1 − y, 1 − z
C9-H9···O4 0.95 2.36 3.294 (2) 167 x, y, z

C15-H15B···N1 0.99 2.57 3.078 (2) 112 Intramolecular
C17-H17C···O1 0.98 2.54 3.4952 (19) 166 Intramolecular
C22-H22···O2 0.95 2.33 2.674 (2) 101 Intramolecular
C25-H25···O4 0.95 2.33 2.688 (2) 101 Intramolecular

C17-H17A···O2 0.98 2.685 3.359 (2) 126.23 −1/2 + x, 3/2 − y,1/2 + z
C14-H14B···O2 0.99 2.603 3.0812(18) 109.73 −1/2 + x,3/2 − y, 1/2 + z
C11–H11···O2 0.95 2.711 3.519 143.35 1 − x, 2 − y, 1 − z

C18-H18A···Cg5 0.98 2.93 3.6222(18) 129 −x, 1 − y, 1 − z
C29–O4··· Cg2 3.4808 (16) 146. 59 (14) x, y, z
C29–O4··· Cg3 3.4808 (16) 146.59 (14) x, y, z

Cg2 centroid of the ring (C1-C3-C2-C1A-C6-C5), Cg3 centroid of the ring (N1-C2-C3-C1-C5-C6) of disordered protonated DPA, Cg5
centroid of the ring (C22-C23-C24-C25-C26-C27) of PA¯ anion in the DPA_PA salt

In the crystal structure of pure DPA, two closely associated DPA molecules, that is,
molecules A and B aggregate via amide homodimer through N–H···O hydrogen bonds,
namely N2-H2A···O2, N5-H4A···O1 hydrogen bonds involving amide hydrogen N–H and
amide C=O oxygen from both DPA molecules resulting R2

2(8) ring motifs involving two
donor and two acceptor atoms. Whereas second amide hydrogen N–H in both symmetry
independent DPA molecules formed an intramolecular N-H···N hydrogen bond with the N-
nitrogen atom of 2-pyridine moiety in S1

1(6) motif, namely N2-H2B···N1 and N5-H4B···N4,
and hence it controls orientation of 2-pyridine moiety of DPA molecules in the crystal
structure as shown in the Figure 3.
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Figure 3. Two closely associated molecules of DPA, that is, molecules A and B involved in ring
formation (basic dimeric unit) through an N–H···O hydrogen bond and the resulting R2

2(8) ring
motifs. A second amide hydrogen N–H engaged in intramolecular hydrogen bonding with the
N-atom of the 2-pyridine moiety in S1

1(6) motif. Dotted lines indicate the non-covalent interaction
(hydrogen atoms not involved in the hydrogen bonding were removed for clarity).
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Packing of the dimeric unit down the c-axis, resulting in a 1-D chain of the dimeric
unit along the ab-diagonal, wherein dimeric units of DPA are linked through C-H···O
and C-H···π interaction, containing alternate arrangements of vertically and horizontally
oriented dimeric units. In this association C10-H10, C11-H11 hydrogen of 2-pyridine moiety
of molecule A and C32-H32 hydrogen of 2-pyridine moiety, and C42-H42A hydrogen
of iso-propyl moiety of molecules B are involved in the alternate C10-H10···O2, C11-
H11···Cg4, and C32-H32···Cg2, C42-H42A···Cg4 interaction shown Figure 4a. The dimeric
unit assembled helically along the b-axis to form a helical chain of the dimeric unit as
shown in Figure 4b and dimeric unit along the b-axis linked through longer and roughly
linear C2-H2···O2 (H2···O2, 2.67 Å, Angle 165.71◦) interaction.
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Figure 4. (a) Packing view of the dimeric unit down the c-axis, resulting in a 1-D chain of dimeric unit containing an
alternate arrangement of vertically and horizontally oriented dimeric unit along the ab-diagonal; they are associated through
alternate C10-H10···O2, C11-H11···Cg4, and C32-H32···Cg2, C42-H42A···Cg4 interaction and (b) Packing of dimeric unit
along the b-axis resulting in a helical chain of the dimeric unit, linked through C2-H2···O2 interaction.

Combining the above mentioned packings resulted in the 2-D packing of the dimeric
unit in the ab-plane, as shown Figure 5. In this packing, the neighboring helical chain of
the dimeric unit packed in the ab-plane through the alternate C10-H10···O2 C11-H11···Cg4,
and C32-H32···Cg2, C42-H42A···Cg4 interaction generate the 2-D packing of the dimeric
unit in the ab-plane, as shown in Figure 5.

Furthermore, such 2-dimensional structure of the dimeric unit assembled loosely due
to the absence of strong interaction along the c-axis. In this direction, that is, along the
c-axis, the 2-D network of dimeric units interact with each other by weak non-covalent
interactions and hydrophobic forces between adjacent phenyl and iso-propyl groups and
such packing of dimeric unit in the ac-plane creates a solvent assessable void of size 54.85
Å3 per unit cell and 1.4% of unit cell volume, calculated by using contact surface from
Mercury 2020, 2.0 software [54] shown in Figure 6. Crystal with assessable solvent void is
recently reported in [55].
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Figure 6. Neighboring 2-dimensional network of dimeric units of DPA assembled loosely via
relatively weak non-covalent interaction and hydrophobic forces along the c-axis, resulting in 3-
dimensional packing; such packing creates a solvent accessible void between them.

3.2. Crystal Structure of DPA_PA Salt

DPA and PA in the 1: 1 stoichiometric molar ratio were crystallized from acetone at
ambient condition to obtain a colorless block shape crystal. The ∆pKa difference between
DPA (pka: 8.36) and coformer PA (pKa: 2.94, 5.41) is more than 3 and salt formation was
expected based on the basic rule of three [56]. The X-ray single-crystal structure confirmed
the formation of DPA_PA salt with approximately similar C–O bond lengths C28-O2, 1.2438
(18), C28-O3, 1.2676 (19) Å) of the (COO¯) carboxylate group of PA. These approximate
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similarities in the bond length of C–O confirmed the transfer of an acidic proton from one
of the carboxylic acidic group of PA to the N3-nitrogen atom of the tertiary amino group
(chain moiety) of DPA. DPA_PA salt crystalized in the monoclinic centrosymmetric P21/n
space group comprising one protonated DPA and one PA¯ anion in an asymmetric unit,
revealing the molecular salt in the 1:1 molar ratio. In the crystal structure of DPA_PA salt,
protonated DPA molecules displayed positional disorder and ratio fixed 0.5/0.5 for the two
disordered components. DPA is a racemic compound consisting of R and S configurations.
These two racemic components R and S are found to occupy the same site with 0.5 and 0.5
occupancy in DPA_PA. In this disorder model, phenyl and pyridine ring were exchanged
between R and S, and the other part of DPA molecule was completely overlapped in
DPA_PA salt. (Figure 7a).
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Hereafter, one conformer of disordered protonated DPA molecule used for discus-
sion of crystal structure and packing of DPA_PA salt. Crystal structure of DPA_PA salt 
reveals the presence of a dimeric association between the protonated DPA molecule 
through the N–H∙∙∙O hydrogen bond like DPA alone with different symmetry operation 
(Table 2 and Figure 8a). There is no direct association between the PA¯-PA¯ anion ob-
served in DPA_PA salt. However the protonated DPA molecule linked PA¯ anions alter-
natively through N–H∙∙∙O, and charge assisted the N+–H∙∙∙O¯ hydrogen bond shown in 
Figure 8b, in which one PA¯ anion associated with the protonated DPA molecule by form-
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salt pair. (b) The disordered DPA molecule in salt crystal. R and S configuration molecules occupied the same site with 0.5
and 0.5 occupancy.
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A similar phenomenon was also observed in the crystal structure of ketoconazole [57].
Interestingly, in the one configuration, the phenyl ring is roughly coplanar with chain moi-
ety (excluding the iso-propyl moiety), whereas in other configuration, the 2-pyridine moiety
is roughly coplanar with the chain moiety (excluding the iso-propyl moiety). (Figure 7b).

Both the component in the asymmetric unit, that is, protonated DPA and PA¯ anion
linked by strong N2–H2A···O4 hydrogen bond and C9–H9···O4 hydrogen bonds and
such assembly in salt facilitated the formation C=O···π interaction between the carboxyl
C=O4 of PA¯ anion and phenyl ring Cg2 in one configuration/2-pyridine ring Cg3- in
other configuration. In the crystal structure of salt, PA¯ displaying an intramolecular
strong O5-H5A···O3 hydrogen bond in which hydroxyl (O5-H5A) of the carboxyl group
of the PA¯ anion donates H5A hydrogen intramolecularly to an O3-oxygen atom of
the carboxylate group of the PA¯ anion and other C-H···O intramolecular hydrogen
bonds namely, C22-H22···O2, C25-H25···O4 present in PA¯ anion and C17-H17C···O1,
C15-H15B···N1 in protonated DPA which stabilize the conformation the salt as shown in
Figure 7a. The crystallographic information and geometrical parameters for the hydrogen
bonding interaction are summarized in Tables 1 and 2.

Hereafter, one conformer of disordered protonated DPA molecule used for discussion
of crystal structure and packing of DPA_PA salt. Crystal structure of DPA_PA salt reveals
the presence of a dimeric association between the protonated DPA molecule through the
N–H···O hydrogen bond like DPA alone with different symmetry operation (Table 2 and
Figure 8a). There is no direct association between the PA¯-PA¯ anion observed in DPA_PA
salt. However the protonated DPA molecule linked PA¯ anions alternatively through
N–H···O, and charge assisted the N+–H···O¯ hydrogen bond shown in Figure 8b, in which
one PA¯ anion associated with the protonated DPA molecule by forming the N–H···O
hydrogen bond involving carbonyl C=O4 oxygen of the carboxyl group of PA¯ anion
and amide N-H2A hydrogen of protonated DPA. Whereas the other PA¯ anion associated
by forming a charge assisted N+–H···O¯ hydrogen bond by using carboxylate (COO¯)
O2-oxygen of the PA anion and the protonated tertiary amino group N3+-H3A hydrogen
of protonated DPA; both associations were supported by C–H···O interaction as shown
in Figure 8b.

In the crystal structure of DPA_PA salt, two inversion-symmetry related protonated
DPA molecules form amide homodimer, via a pair of strong N2–H2B···O1 hydrogen bonds
in R2

2(8) ring motif that involve two acceptor and two donor atoms. In this association,
protonated DPA donates amide hydrogen N2–H2B to amide carbonyl (C=O1) oxygen of
inversion-symmetry related protonated DPA molecules in dimeric N2–H2B···O1 hydrogen
bonding interaction. Further, this amide homodimer of protonated DPA molecule linked to
two PA anions through N2–H2A···O4 hydrogen bonding interaction between the second
hydrogen of amide N2–H2A and carbonyl (C=O4) oxygen of the carboxyl group of the
PA¯ anion and further supported by C9–H9···O4 interaction, between C9–H9 hydrogen of
the phenyl ring of protonated DPA and carbonyl (C=O4) oxygen of the carboxyl group of
the PA¯ anion resulting basic dimeric unit shown in Figure 9.

The dimeric unit linked to four n-glide related neighboring dimeric units through
charge assisted strong and linear N+–H···O¯ hydrogen bonding interaction and supported
by two longer and non-linear C–H ···O¯ interactions, namely C17–H17A ···O2¯, C14–
H14B ···O2¯ resulting 2-D packing. In this association, the carboxylate (COO¯) O2-
oxygen of PA¯ anion is made hydrogen bond with N3+–H3A (protonated tertiary amino
nitrogen) hydrogen of protonated DPA via the charge assisted strong N3+–H3A···O2¯
hydrogen bond; such association was further supported by longer and non-linear C–
H···O¯ interaction, namely C17–H17A···O2¯, C14–H14B···O2¯ interactions and resulting
packing view down the a-axis is shown in Figure 10a (above). In this packing, the dimeric
unit assembled along the b-axis through the short C2–H2···O1 hydrogen bond between
amide carbonyl (C=O1) oxygen and C2–H2 hydrogen of 2-pyridine moieties of the next
dimeric unit along the b-axis and supported by weak C18-H18A···Cg5 interaction between
the C18–H18A hydrogen of iso-propyl moieties of protonated DPA and the π cloud of the
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aromatic ring (C22-C23-C24-C25-C26-C27) of PA¯ anion; the resulting association is shown
in Figure 10a (down). Similar packing views in the ac-plane, reveal that the neighboring
dimeric unit assembled along the ac-diagonal through hydrogen bonding, wherein there
is an alternate arrangement of protonated DPA amide dimer and PA¯ anion as shown
in Figure 10b.
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Further, such a two-dimensional network of dimeric unit assembled centrosymmetri-
cally along the a-axis (parallel to the ac-diagonal) through longer and weak C11–H11···O2¯
interaction between C11-H11 hydrogen of the phenyl ring of protonated DPA and car-
boxylate (COO¯) O2-oxygen of PA¯ anions resulting in three-dimensional packing of the
dimeric unit in the ac-plane, as shown in Figure 11.
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H11···O2¯ interaction resulting in 3-D packing of dimeric unit in the ac-plane.

3.3. Structural Overlay

DPA (Figure 12a), has freely rotatable groups connected to asymmetric carbon marked
by a star and anticipated to display conformational or orientational changes in its solid
forms. The structural overlay of the DPA molecule by overlapping the (C-C-C-N) backbone
chain, shown in Figure 12b, reveals conformational and orientational differences owing to
rotational freedom around the C−C, C-N bonds. Conformational difference in both solid
forms could be characterized by torsion angles τ1, τ2, τ3 and τ4 as shown in Figure 12a,
and the dihedral angle between the phenyl and 2-pyridine moieties and values listed in
Table 3. In pure DPA crystal structure, both conformers in the pure DPA crystal display
slight difference in torsion angles τ1 (−179.78, −171.37), while values of τ2 (177.67, 177.17)
and τ3 (−1.01, 3.01) are comparable and indicate that the (C-C-C-N) backbone chain moiety
connecting to the phenyl ring are nearly coplanar in molecule A, while there is a slight
deviation observed in coplanarity in B molecules. On the other hand, the 2-pyridine
ring is roughly perpendicular to the planar part of A and B molecules. The dihedral
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angle between the phenyl and 2-pyridine rings is 87.16◦ and 79.83◦ in molecules A and B,
respectively. In DPA_PA salt crystal structure, the torsion angles τ1 and τ2 are −177.58◦,
−175.47◦ suggesting coplanarity in the backbone chain as pure DPA, whereas torsion
angles τ3 −16.81◦ indicate deviation in coplanarity in backbone chain moiety and the
phenyl ring. Further, the dihedral angle between the phenyl and 2-pyridine moiety is
significantly changed to 59.43◦and such deviation in orientation of 2-pyridine and phenyl
moiety could be due to the association of salt former (PA) with drug (DPA) through
hydrogen bond in this direction. However, the torsional value τ4 is for the orientation of
the amide group with a planar part; it is nearly similar for both conformers in pure DPA,
and such orientation of the amide group brings 2-pyridine moiety close enough to facilitate
an intramolecular hydrogen bond between amide N-H hydrogen and N-atom of 2-pyridine
moiety. Whereas in the DPA_PA salt a conformational twist is observed at amide group
as shown in Figure 12b to facilitate the intermolecular hydrogen bond between amide
N-H hydrogen of protonated DPA and carbonyl oxygen (C=O) of the carboxyl group PA¯
anion. Moreover, iso-propyl moiety present on tertiary nitrogen in all molecules shows
conformational/orientational difference.
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Figure 12. (a) Chemical structure of DPA, in which the (C-C-C-N) backbone chain is marked by a red color bond and (b)
Structural overlay of DPA molecules in both solid forms showing significant conformational variation; Green-Molecule A,
Red-Molecule B‘ in DPA, Light green-DPA molecules from DPA_PA salt.

Table 3. Torsional/dihedral angle in DPA and DPA_PA.

τ1
◦ τ2

◦ τ3
◦ τ4

◦ Dihedral Angle ◦

DPA Molecule A −179.78 177.67 −1.01 63.83 87.16(6)
DPA Molecule B‘ −171.37 177.17 3.12 63.90 79.83(6)

DPA from Salt −177.60 −175.45 −16.81 69.39 59.43(7)
In DPA Molecule A: τ1—C7-C14-C15-N3, τ2—C6-C7-C14-C15, τ3—C1-C6-C7-C14, τ4—C13-C7-C14-C15; In DPA
Molecule B‘: τ1—C28-C35-C36-N6, τ2—C27-C28-C35-C36, τ3—C22-C27-C28-C35, τ4—C34-C28-C35-C36; DPA
from Salt: τ1—C7-C14-C15-N3, τ2—C8-C7-C14-C15, τ3—C4-C8-C7-C14, τ4—C13-C7-C14-C15. The dihedral
angle is the angle between planes of the phenyl and 2-pyridine ring in DPA.

Crystal structure analysis showed that the drug–drug amide homosynthon retained
in salt as in pure DPA (differed in symmetry operation). Further, the density of DPA alone
and its salt DPA_PA calculated from single crystal X-ray diffraction were found to increase
from 1.140 g/cm3 in DPA to 1.269 g/cm3 in the salt, indicating denser packing in salt.

3.4. Characterization of DPA and DPA_PA Salt
3.4.1. PXRD

The PXRD pattern recorded for commercially available DPA, DPA crystals, DPA_PA
salt and PA. The PXRD pattern of the commercially available DPA and DPA crystal is
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matched to reveal that both are in the same crystalline phase. Further PXRD patterns of the
salt are different from individual components, suggesting formation of a new crystalline
phase in the solid-state. (Figure S1). Furthermore, the overlapping of the experimental
PXRD pattern of these crystals matched well the simulated PXRD pattern obtained from
the single-crystal X-ray data, confirming the homogeneity of the sample.

3.4.2. FT-IR Spectrum

Considered as a reasonable and reliable technique to detect the formation of the multi-
component crystal, Fourier transform infrared (FT-IR) spectroscopy is a very important tool
to determine typical carboxylate anion and confirm the proton transfer when carboxylic
acid is used as a coformer.

FT-IR spectra were obtained for commercial DPA, prepared DPA crystal, PA and
DPA_PA salt (Figure S2). FT-IR spectrum of commercial DPA and prepared DPA crys-
tal showed same characteristic peaks, which were observed as amide N-H stretching
at 3263 cm−1, amide C=O stretching and NH2 deformation overlap peak at 1664 cm−1,
whereas in DPA_PA amide N-H stretching was observed at 3354.57 cm−1, amide C=O
stretch and NH2 deformation at 1680, 1625 cm−1, respectively [58]. The blue shift of
amide-derived peaks suggests the possible changes in the hydrogen bonding interaction
between molecules due to the formation of a new solid form [59,60]. In general, for
tertiary amine salts, a broad band at 2300–2700 cm−1 was due to the NH+ stretching,
which was also observed in DPA-PA salt, revealing the protonation of tertiary amine in
DPA [60,61]. In addition, the peaks at 1590 and 1568 cm−1 in DPA were probably attributed
to benzene and pyridine rings. It was observed that similar peaks appeared with minor
differences in DPA_PA salt. Hence, it appears there is no chemical interaction on benzene
and pyridine rings.

Due to the hydrogen bond of the PA dimer, pure PA existed over a broad band
around 2800 cm−1, attributed to the OH group, which shifts to 3191 cm−1 in DPA_PA
salt. The carbonyl stretches of two carboxylic acid groups of PA were observed at 1666
and 1583 cm−1, which appeared at 1679 cm−1 for the COOH group and 1556 cm−1 for the
COO¯ group in DPA-PA salt [62].

In short, the appearance of a broad band at 2300–2700 cm−1 and a peak at 1556 cm−1,
where the ionized tertiary amine and carboxylate group could be observed, respectively,
indicate a proton transfer from the salt former PA to DPA, confirming the salt formation
between DPA and PA.

3.4.3. Thermal Properties

The thermal properties of the DPA and DPA_PA salt were evaluated by DSC and
TG measurements. DSC revealed a single sharp endotherm at 84 ◦C in agreement with a
reported metastable form at 85 ◦C. In the DSC curve of the DPA_PA salt, the endothermic
peak at around 161 ◦C is the melting point of salt, which is significantly different from DPA
(84 ◦C) and PA (216 ◦C) (Figure S3). TG data of the DPA single crystal revealed that no
weight loss before melting confirmed the absence of any solvent or hydrate in the crystal
lattice as same as that of DPA commercial. Also, the thermal stability and decomposition
processes of DPA_PA salt have been shown, measured by simultaneous TG in flowing air.
The DPA_PA salt is stable until 160 ◦C (Figure S4). There are no thermal moments for all
crystals before the melting process, indicating that these crystals are unsolvated.

4. Conclusions

Pure DPA and its 1:1 DPA_PA salt crystals have been obtained from the slow solvent
evaporation method and both belong to the centrosymmetric monoclinic crystal system
having a P21/n space group. The asymmetric unit of pure DPA contains two molecules
while 1:1 DPA_ PA salt contains one protonated DPA and one PA¯ anion.

Crystal structure analysis of pure DPA showed two closely associated molecules
formed amide–amide dimer through an N-H···O hydrogen bond and resulting in the R2

2(8)
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ring motifs. Dimeric units were assembled in the ab-plane through C-H···O and C-H···π
interaction, whereas it packed loosely along the c-axis via weak non-covalent interaction.
Crystal structure analysis of 1: 1 DPA_ PA salt showed a strong association between the
drug and the salt former leading to compact molecular packing, with an increase in crystal
density compared to DPA alone. In salt, two inversion symmetry related protonated DPA
molecules formed amide homodimer through an N-H···O hydrogen bond in R2

2(8) ring
motifs and such dimer is hydrogen bonded to two PA¯ anions through N-H···O and
C-H···O hydrogen bonds to form the basic dimeric unit comprising two protonated DPA
and two PA¯ anion. Furthermore, dimeric units linked to four n-glide related neighboring
dimeric units through a strong N+–H···O¯ hydrogen bond resulted in a 2-Dimentional
packing network. Such a 2-D network assembled in centrosymmetric fashion along the
a-axis through weak C-H···O interaction resulting 3-D packing in the ac-plane.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11040379/s1, Figure S1. PXRD patterns of (a) commercial DPA; (b) DPA crystal, (c)
simulated DPA, (d) PA, (e) DPA_PA salt and (f) simulated DPA_PA salt, Figure S2. FT-IR spectra of (a)
commercial DPA; (b) DPA crystal, (c) PA, (d) DPA_PA salt, Figure S3. DSC profiles of (a) commercial
DPA, (b) DPA crystal, (c) PA, (d) DPA_PA, Figure S4. TG curves of commercial DPA (yellow), DPA
crystal (gray), PA (orange), DPA_PA salt (blue).
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Abstract: 1:1 salt of Disopyramide (DPA) with Terephthalic acid (TA) was obtained by the slow
solvent evaporation and the slurry crystallization methods. X-ray single crystal diffraction of DPA:TA
confirmed the formation of salt by the transfer of an acidic proton from one of the carboxylic acidic
groups of TA to the tertiary amino group of the chain moiety (N3-nitrogen atom) of the DPA molecules.
DPA:TA salt crystals crystalize in the triclinic system with space group P-1. The asymmetric unit,
comprising one protonated DPA and one TA anion, are linked by a strong charge assisted N+–H···O¯
hydrogen bond and a C–H···O¯ hydrogen bond. Moreover, structural characterization of DPA:TA
salt was carried out using Fourier transform infrared spectroscopy, differential scanning calorimeter,
thermogravimetric analysis, and powder X-ray diffraction techniques

Keywords: Disopyramide; Terephthalic acid; salt; crystal structure; molecular packing; slurry
crystallization

1. Introduction

Crystal engineering deals with the study of non-covalent interactions within crystals,
the understanding of crystal structures, and the design and synthesis of new solids with
desired and specific properties by utilizing the hydrogen bond, supramolecular synthon
strategy [1–5]. Crystal engineering approaches have been used in the preparation of novel
solid active forms of pharmaceutical ingredients (APIs), for improving the physicochemical
properties of drug molecules by making multi-component crystals, such as solvates [6],
cocrystals [7–9], and salts [10]. In the supramolecular synthon strategy in the pharmaceuti-
cal field, salt formation of APIs remains a potential method to improve the solubility and
stability of native APIs.

Disopyramide (2-diisopropylaminoethyl)-phenyl-2-pyridineacetamide) (DPA) is a
class IA antiarrhythmic drug [11] that shows polymorphism behavior [12]. Disopyramide
and its phosphate salt are intravenously and orally administrated for clinical use [13,14].
There is very limited research on the crystal engineering of DPA available in the litera-
ture [15], and there are only limited DPA phosphate salt [16] crystal structures of solid
forms of DPA to be found in the Cambridge Structural Database (CSD). DPA has a basic
nature and is likely to form salts/cocrystal adduct with different cofomers that have acid
functionality. Moreover, DPA has a flexible molecular framework, with a hydrogen bond
donor and acceptor site, and can adopt different orientations or conformations in the
novel solid form; hence, from a crystal engineering viewpoint, DPA could be a molecules
that has the potential for the exploration of different solid forms by the use of crystal
engineering principles.

With this in mind, our intention is to explore the novel solid form of DPA by using
different acidic coformers and to see their effect on the conformation of DPA and molecular
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packing in crystal structures, because there is only one crystal structure of DPA phosphate
salt reported by Kawamura and Hirayama [16] in the CSD. In the current study, we have
selected Terephthalic acid (TA) as the salt former, which has a para disubstituted carboxyl
group on the benzene ring (Figure 1). In this article, we discuss the preparation method of
DPA:TA salt and carry out X-ray single-crystal structural analysis; the obtained new salt
was further evaluated by solid-state characterization.
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2. Materials and Methods
2.1. Materials

DPA and TA were purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
All other analytical-grade solvents and reagents were commercially obtained and used
without further purification.

2.2. Crystallization of DPA:TA Salt
2.2.1. Slow Evaporation Method

For X-ray single-crystal structure analysis, DPA (0.5 mmole) and TA (0.5 mmole) in
a 1:1 molar ratio were ground in a mortar and pestle for 10 min to obtain a fine powder,
then a few drops of ethanol were added to it, before grinding again for 10–15 min to
obtain a powder. From this, 50 mg was used for the crystallization experiment. Colorless
single crystals suitable for single crystal X-ray diffraction were obtained by dissolving the
50 mg of ground material in 15 mL acetonitrile and 5 mL ethanol under sonication at a
temperature of 50 ◦C for 1h. The resulting solution, obtained after filtration, was left for
slow evaporation at ambient conditions for 4–6 weeks to obtain a long plate-like crystal,
which was stuck on the wall of the flask.

2.2.2. Slurry Method

Reproducing the salt crystal was found to be difficult, so another method for crys-
tallization was used. Luckily, similar solid salt is easily obtained by the slurry method.
One mmole each of DPA and TA were weighed at a molar ratio of 1:1 and suspended in
50 mL acetonitrile in a 250 mL conical flask. The resulting suspension was stirred in a
magnetic stirrer at 25 ◦C, 500 rpm for about 36 h until a white solid material precipitated out.
The resulting suspension was filtered to isolate the white solid, which was then air dried
for 5–6 days at ambient conditions before being used for further analysis. Powder X-ray
diffraction (PXRD) patterns of the isolated solids matched the simulated PXRD pattern
obtained from single crystal data DPA:TA, suggesting that both were the same solid form.

2.3. Single-Crystal X-ray Diffraction

The single-crystal X-ray diffraction data for DPA:TA salt was collected at 93 K. The
measurements were carried out in ω-scan mode with an R-AXIS RAPID II (Rigaku Co.,
Tokyo, Japan) with the Cu-Kα X-ray obtained from rotating the anode source with a
graphite monochromator. The integrated and scaled data were empirically corrected for
absorption effects using ABSCOR [17,18]. The structures were solved by direct methods
using SHELXS and refinement was carried out by full-matrix least-squares technique using
SHELXL [19,20]. All non-hydrogen atoms were refined anisotropically. The hydrogen atom
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attached to the nitrogen N2, N3, and O4 atoms in the DPA:TA salt were located using the
differential Fourier map and refined isotropically. All other hydrogen atom positions were
calculated geometrically and included in the calculation using the riding atom model.

The molecular figures were produced and prepared using Mercury 4.1.0 software [21].
CCDC 2065287 contains the supplementary crystallographic data for the DPA:TA salt and
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif (accessed on 28 March 2021).

2.4. PXRD

The PXRD patterns of the DPA:TA samples were measured in the reflectance mode
using a SmartLab diffractometer (Cu Kα source (40 kV and 200 mA), D/teX ultra-high-
speed position-sensitive detector, Rigaku, Tokyo, Japan). Diffraction patterns (2θ) were
collected from 5◦ to 40◦ at 25◦C with a step of 0.01◦ and a scan speed of 20◦/min.

2.5. Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of all samples were measured using FT-IR (FT-IR- 4200 spectrom-
eter, JASCO Co., Tokyo, Japan) with an attenuated total reflection (ATR) unit (ATR-PRO
670H-S, JASCO Co., Tokyo, Japan). The recorded spectrum represents an average of
64 scans obtained with a resolution of 4 cm−1 at room temperature. The spectra were
collected in wavenumbers ranging from 4000 to 400 cm−1. The internal reflectance element
used in this study was a diamond trapezoid having 45◦ entrance and exit faces.

2.6. Differential Scanning Calorimetry (DSC) and Thermogravimetric (TG) Measurements

DSC and TG measurements were recorded with a Thermo plus EVO2-DSC 8230 and a
Thermo plus EVO2-TG8120 TG-DTA, respectively (Rigaku Co., Tokyo, Japan). The DSC
sample (~3 mg) was placed into an aluminum-crimped pan and the TG sample (~4–5 mg)
was placed into an aluminum-open pan, and both were measured at a speed of 5◦C/min
from 25 to 300◦C under nitrogen gas (flow rate = 50 and 100 L/min, respectively).

3. Results and Discussion
3.1. Crystal Structure of DPA:TA Salt

TA and DPA in a 1:1 molar ratio were crystallized from acetonitrile and ethanol
mixtures at ambient condition by slow solvent evaporation to obtain a colorless long
plate crystal suitable for X-ray analysis. The X-ray single-crystal structure confirmed
the formation of DPA:TA salt with approximately similar C–O bond lengths of C28-O2,
1.2538 (19), C28-O3, 1.268 (2), Å of the (COO¯) carboxylate group of TA (Figure 2a). These
similarities in the bond length of C–O confirmed the transfer of an acidic proton from one
of the carboxylic acidic group of TA to the N3-nitrogen atom of the tertiary amino group
(chain moiety) of DPA.

DPA:TA salt crystalized in the centrosymmetric triclinic P-1 space group containing
one protonated DPA and one TA anion in the asymmetric unit revealed that the molecular
salt is in the 1:1 molar ratio. The salt pair, i.e., the protonated DPA and TA anion in the
asymmetric unit linked by a strong charge, assisted the N3+–H3A···O2¯ hydrogen bond
and the C9–H9···O3¯ hydrogen bond. In the crystal structure of DPA:TA salt, protonated
DPA displays an intramolecular N2-H2A···N1 hydrogen bond by donating second amide
hydrogen N–H to the N-atom of 2-pyridine moiety in the S1

1(6) ring motif, along with other
C-H···O intramolecular interactions, namely C15-H15B···O1 and C17-H17B···O1, which
stabilize the conformation protonated DPA molecules in the salt, as shown in Figure 2a.
The crystallographic information and geometrical parameters for the hydrogen bonding
interaction are summarized in Tables 1 and 2.
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Figure 2. (a) ORTEP diagram of DPA:TA salt showing the atom numbering scheme. The thermal ellipsoid is drawn at 50%
probability level, and H-atoms are shown as small spheres with arbitrary radii. The association between the salt pair in
the asymmetric unit of DPA:TA salt is shown by the black dotted line and, in this association, only the carboxylate group
of TA is involved. Protonated DPA in salt displaying the intramolecular N2-H2A···N1, C15-H15B···O1, C17-H17B···O1
hydrogen bond is shown by the purple dotted line. (b) Conformation of protonated DPA in salt and torsional angle
τ1—C7-C14-C15-N3, τ2—C8-C7-C14-C15, τ3 –C9-C8-C7-C14, τ4—C13-C7-C14-C15.

Table 1. Crystallographic data table for the DPA:TA salt.

Parameters DPA:TA

Empirical formula C29H35N3O5
Formula weight 505.60

Temperature 93(2) K
Wavelength 1.54187 Å

Crystal system Triclinic
Space group P-1

Unit cell dimensions a = 8.6855(2) Å, α = 100.640(7) ◦.
b = 9.7036(3) Å, β = 103.230(7) ◦

c = 17.1705(4) Å, γ = 91.205(6) ◦

Volume 1381.48(8) Å3

Z, Z′ 2.1
Density (calculated) 1.215 g/cm3

Absorption coefficient 0.676 mm−1

F (000) 540.0
Crystal size 0.460 × 0.420 × 0.220 mm3

Theta range for data collection 4.647 to 68.224◦.
Index ranges −10 ≤ h ≤ 10, −11 ≤ k ≤ 11, −20 ≤ l ≤ 20

Reflections collected 16230
Independent reflections 4955 [Rint = 0.0307, Rsigma = 0.0411]

Completeness to theta = 67.687◦ 98.1 %
Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.862 and 0.67
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 4955/0/354
Goodness-of-fit on F2 1.078

Final R indices [I>2sigma(I)] R1 = 0.0478, wR2 = 0.1280
R indices (all data) R1 = 0.0555, wR2 = 0.1337

∆ρmax, ∆ρmin 0.32/−0.25e. Å−3
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Table 2. Geometrical parameters of the hydrogen bond interaction in DPA:TA salt.

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A (◦) Symmetry Codes

N2-H2A···N1 0.934(19) 2.076(18) 2.783(3) 131.4(16) Intramolecular
N2-H2B···O1 0.88(2) 2.00(2) 2.876(2) 176(2) 2 − x, 1 − y, 1 − z
N3-H3A···O2 0.946(18) 1.821(18) 2.7617(18) 172.5(17) x, y, z
O4-H4A···O3 0.96(3) 1.57(3) 2.5211(18) 176(2) x, −1 + y, z
C9-H9···O3 0.95 2.58 3.389(2) 143 x, y, z

C15-H15B···O1 0.99 2.41 3.008(2) 118 Intramolecular
C16-H16···O3 1.00 2.50 3.499(2) 176 1 + x, y, z

C17-H17B···O1 0.98 2.49 3.469(2) 173 Intramolecular
C20-H20B···O4 0.98 2.48 3.344(2) 147 x, 1 + y, z
C21-H21C···O5 0.98 2.57 3.478(2) 154 1 + x, 1 + y, z
C19-H19···O2 1.00 2.609 3.2976(18) 126.02 1 −x, 1 − y, −z

C20-H20C···O2 0.98 2.693 3.3375(19) 123.65 1 − x, 1 − y, −z

In the DPA:TA salt, DPA adopts conformation, where the 2-pyridine ring moiety is
roughly coplanar with the chain moiety (excluding the iso-propyl moiety), and the phenyl
moiety is oriented roughly perpendicular to the planar part, as shown in Figure 2b. In the
DPA:TA salt, the torsional angle τ1 179.38, τ2 170.70 suggests planarity in the backbone
chain, and torsional angle τ3 (12.75) suggests slight twist in the coplanarity between the
chain moiety and the 2-pyridine moiety.

The dihedral angle between the phenyl and pyridine rings is 78.76(10) in DPA:TA
salt, suggesting a nearly perpendicular orientation. However, the torsional value τ4
(−71.52) is for the orientation of the amide group, with the planar part also being roughly
perpendicular.

In the crystal structure of DPA:TA salt, two inversion-symmetry related protonated
DPA molecules form an amide homodimer synthon via a pair of strong N–H···O hydrogen
bonds in the R2

2(8) ring motif, and they are listed in Table 2. In this dimeric associa-
tion, protonated DPA donates amide hydrogen N2–H2B to the amide C=O1 oxygen of
inversion-symmetry related protonated DPA molecules in the dimeric N2–H2B···O1 hydro-
gen bond, whereas the second hydrogen of amide N2–H2A engaged in the intramolecular
N2–H2A···N1 nitrogen bonds with the N1-atom of the 2-pyridine moiety in the S1

1(6) ring
motif. This homodimer of protonated DPA molecules were linked to two TA anion via a
strong charge assisted N3+–H3A···O2¯ hydrogen bond and the C9–H9···O3¯ interaction
to form a centrosymmetric dimeric unit comprising two protonated DPA and two TA anion,
as shown in Figure 3a. In this association, N+3–H3A (protonated tertiary amino nitrogen)
hydrogen of the protonated DPA donates hydrogen to carboxylate (COO¯) O2-oxygen
of the TA anion in the N3+–H3A···O2¯ hydrogen bond, and the C9–H9 Hydrogen of the
2-pyridine moiety donates hydrogen to carboxylate (COO¯) O3-oxygen of the TA anion
in the C9–H9···O3 interaction. Thus, in this association, both carboxylate (COO¯) O2-,
O3-oxygen of TA anion are engaged in hydrogen bonding with protonated DPA molecules,
as shown in Figure 3a. The closely associated TA anion forms a one-dimensional (1D) chain
using a linear and strong O4–H4A···O3¯ hydrogen bond, as shown in Figure 3b.

Such dimeric units are extended through linear and strong O4–H4A···O3¯ and short
and non-linear C20–H20B···O4 hydrogen bonds with the neighboring unit translated
dimeric units along the b-axis to generate a ladder-like network where the protonated DPA
dimer units join the 1D chains of the TA anion, as shown in Figure 4. In this association, the
O3¯ oxygen atom of the carboxylate anion of TA accepts hydrogen from the carboxyl OH
(O4–H4A) of the neighboring unit translated TA anion in the O4–H4A···O3¯ hydrogen
bond along the b-axis. Whereas, in turn, carboxyl hydroxyl (O4–H4A) O4-oxygen accept
C20–H20B hydrogen of unit translated protonated DPA molecules in short and non-linear
C20–H20B···O4 hydrogen bonds.
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Figure 3. (a) Dimeric unit of DPA:TA salt. In this, the inversion center related asymmetric unit of
DPA:TA extends through the N−H···O hydrogen bond in the R2

2(8) ring motif in ac-diagonally.
(b) TA anion linked to neighboring unit translated TA anion through a strong and linear O4–
H4A···O3¯ hydrogen bond to form a one-dimensional (1D) chain of TA anion alon the b-axis.
Dotted lines indicate the non-covalent interaction (hydrogen atoms not involved in the hydrogen
bonding were removed for clarity).

Figure 4. Linking of neighboring unit translated dimeric units along the b-axis through O4–H4···O3¯
and C20–H20B···O4 hydrogen bonding interaction to form a ladder structure along the b-axis. In this
packing, the protonated DPA dimer is held between the 1D chain of the TA anion.

Such 1D chains of dimeric units (ladder-like structures), assembled along the a-axis to
generate two-dimensional (2D) layer packing through C16–H16···O3¯, C21–H21C···O5
interaction, generate a 2D layer. In this association, the iso-propyl moiety of protonated
DPA molecules are involved in C–H···O hydrogen bonding by donating C16–H16 and
C21–H21 hydrogen to the carboxylate oxygen O3 and carboxyl (C=O5) oxygen of the
neighboring 1D chain of dimeric units along the a-axis, as shown in Figure 5a. Whereas the
packing of such 1D chains of dimeric units (ladder-like structures) along the ac-diagonal
are done through relatively weak and longer C–H···O interaction by donating C19–H19
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and C20–H20 hydrogen of the iso-propyl moiety of protonated DPA molecules to the
carboxylate oxygen O2 of the TA anion from the neighboring 1D chain of dimeric units
through C19–H19···O2¯ and C20–H20C···O2¯ interaction, as shown in Figure 5b.

Figure 5. Packing of the 1D dimeric unit chain (a) along the a-axis through C16–H16···O3¯, C21–H21C···O5 interaction to
generate a two-dimensional (2D) layer (b) along the ac-diagonal through C19–H19···O2¯ and C20–H20C···O2¯ interaction
to generate a 2D layer.

Packing the view down the b-axis, in this packing, the dimeric unit is associated with
the neighboring dimeric unit along the a-axis (parallel to the ac-diagonal) through short
C16–H16···O3¯ interaction; in this association, the iso-propyl moiety of the protonated
DPA donates C16–H16 hydrogen to the carboxylate O3-oxygen of the TA anion of the
neighboring dimeric unit. Whereas, along the ac-diagonal dimeric unit, the DPA:TA
associated centrosymmetric combine with the neighboring dimeric unit through relatively
weaker and longer C–H···O interactions by donating C19–H19 and C20–H20C hydrogen of
the iso-propyl moiety of the protonated DPA molecules to the carboxylate O2-oxygen of the
TA anion from the neighboring dimeric unit through C19–H19···O2¯ and C20–H20C···O2¯
interactions, as shown in Figure 6. Packing of the 1D chain of dimeric units in the ac-plane
creates a solvent assessable void and void space ~22 Å3 per molecule (asymmetric unit) in
the unit cell, calculated by using the contact surface from Mercury 2020, 2.0 software.

Figure 6. Packing of dimeric unit view down the b-axis. The neighboring dimeric unit is associated
through C–H···O interaction.
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3.2. Characterization of DPA:TA Salt
3.2.1. PXRD

The PXRD patterns were recorded for commercially available DPA, TA, and DPA:TA
crystals obtained from slow solvent evaporation and DPA:TA salt obtained from the slurry
method. The PXRD pattern of the salt is different from the DPA component, suggesting the
formation of a new crystalline phase in the solid-state. (Figure 7). Furthermore, the peak
position of the experimental PXRD pattern obtained from the slow solvent evaporation
and the slurry method matched well with the simulated PXRD pattern obtained from
the single-crystal X-ray structure, confirming the homogeneity of the sample and ruling
out the presence of another phase. It also confirms that the single-crystal structure is
representative of the bulk and that there is no phase transition between 93 K (at which
the single-crystal structure was determined) and room temperature (at which the powder
pattern was measured). The subtle differences could be due to the different data collection
temperatures (for powder and a single crystal). Thus, a PXRD analysis of samples obtained
by the slurring of DPA and TA in acetonitrile at 25 ◦C is matched very well to the DPA:TA
salt obtained from the slow evaporation methods, which indicated a similar solid form of
salt DPA:TA obtained from both methods.

Figure 7. Powder X-ray diffraction (PXRD) patterns of (a) commercial DPA, (b) TA, (c) simulated DPA:TA, (d) DPA:TA salt
obtained from slurry method, and (e) DPA:TA salt obtained from slow solvent evaporation.

3.2.2. FT-IR Spectrum

FT-IR is a very important and useful techniques for detecting the formation of salt by
the typical carboxylate anion present in spectra (Figure 8). Due to changes in the hydrogen
bonding patterns of a molecule in salt or a co-crystal, there are resulting changes in the
IR frequencies of vibrations associated with the functional groups. The changes in IR
frequencies suggest changes in hydrogen bonding pattern. Examination of FT-IR spectra
could confirm salt formation due to the transfer of acidic hydrogen TA to DPA.

FT-IR spectra were obtained for commercially pure DPA, prepared DPA:TA crystal,
pure TA, and DPA:TA salt obtained from the slurry method. Commercially pure DPA
demonstrated characteristic peaks, amide N-H stretching at 3263 cm−1, amide C=O stretch-
ing, and NH2 deformation overlap peak at 1664 cm−1, and in TA spectra presently peak at
1671 due to C=O stretching and broad band around 2800 cm−1, attributed to the carboxylic
OH group [22]. Whereas the spectra of salt give many characteristic peaks as 3350, 3149,
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1679, and 1589 cm−1 that are different from the starting component DPA and TA shown
in Figure 8.

Crystals 2021, 11, x FOR PEER REVIEW 2 of 3 
 

 

 

 

(a) 

 

(b) 
Figure 8. FT-IR spectra, (a) 4000-400 cm-1 and (b) 1800-1200 cm-1, of commercial DPA, TA, DPA:TA 
salt obtained from slurry method and DPA:TA salt obtained slow evaporation method. 

Commented [M2]: Even though the figure 8 (a) 
and (b) arranged like this in our proof version, 
but, Fig 8 (a) and (b) is upside down, please 
correct in webpage. 

Figure 8. FT-IR spectra, (a) 4000–400 cm−1 and (b) 1800–1200 cm−1, of commercial DPA, TA,
and DPA:TA salt obtained from the slurry method and DPA:TA salt obtained from the slow
evaporation method.

Thus, in DPA:TA salt, the spectrum peaks at 1589 cm−1; where the carboxylate group
is observed respectively and is not present in the spectrum of the individual components,
which indicates a proton transfer from the salt former TA to DPA, confirming salt formation
between DPA and TA.

3.2.3. Thermal Properties

The thermal behavior of the DPA:TA was measured by DSG and TG. DPA:TA salt,
exhibits a sharp, single endothermic peak at around 181 ◦C, corresponding to melting
point of salt in DSC (Figure 9). It has been reported that there are two melting points of
DPA; a low-melting type crystal (85–87 ◦C) and a high-melting type crystal (95–98 ◦C) [12],
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and TA melted with sublimation at around 350 ◦C [23–25]. DPA:TA showed a different
melting point from each starting materials, suggesting that DPA:TA is a novel salt. TG data
of DPA:TA revealed that there was no weight loss before melting, which confirmed the
absence of any solvent or hydrate in the crystal lattice, as per the single crystal data.
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4. Conclusions

1:1 DPA:TA salt crystals were obtained from the slow evaporation method, and its
crystal structure belongs to the triclinic P-1 space group. The asymmetric unit of 1:1 DPA:TA
salt contains one protonated DPA and one TA anion.

In the crystal structure of DPA:TA salt, two inversion symmetry related protonated
DPA molecules formed an amide homodimer through a N-H···O hydrogen bond in the
R2

2(8) ring motifs, and such a dimer is hydrogen bonded to two TA anions through charge
assisted N+–H···O¯ and C–H···O¯ hydrogen bonds to form a basic centrosymmetric
dimeric unit, comprising two protonated DPA and two TA anions. Furthermore, such a
dimeric unit linked to a unit translated neighboring dimeric unit along the b-axis through
an O3¯···H4–O4 hydrogen bond between carboxylate O3-oxygen and the carboxyl (O-H)
of the next TA anion along the b-axis results in a one-dimensional chain, which is further
supported by C20–H20B···O4 interaction between DPA and TA. Such a 1D chain assembled
along the a-axis through C16–H16···O3¯ and C21–H21C···O5 interaction generates a two-
dimensional structure. Such a 2D layer structure, assembled centrosymmetrically along the
c-axis through relatively weaker C–H···O interactions, results in a 3D layer in the ac-plane.

Author Contributions: Conceptualization, M.I.T.; formal analysis, M.I.T. and Y.U.; investigation,
M.I.T. and Y.U.; writing–original draft preparation, M.I.T. and T.F.; writing–review and editing, T.F.
and E.Y.; visualization, M.I.T., Y.U., and T.F.; funding acquisition, T.F.; supervision, K.F. and E.Y.;
project administration, T.F., K.F., and E.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the Mochida Memorial Foundation for Medical and Pharma-
ceutical Research 2019-2020 (to T.F.).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Desiraju, G.R. Supramolecular Synthons in Crystal Engineering—A New Organic Synthesis. Angew. Chem. Int. Ed. Engl. 1995, 34,

2311–2327. [CrossRef]
2. Berry, D.J.; Steed, J.W. Pharmaceutical cocrystals, salts and multicomponent systems; intermolecular interactions and property

based design. Adv. Drug Deliv. Rev. 2017, 117, 3–24. [CrossRef]

46



Crystals 2021, 11, 368

3. Martins, I.C.B.; Sardo, M.; Santos, S.M.; Fernandes, A.; Antunes, A.; André, V.; Mafra, L.; Duarte, M.T. Packing Interactions and
Physicochemical Properties of Novel Multicomponent Crystal Forms of the Anti-Inflammatory Azelaic Acid Studied by X-ray
and Solid-State NMR. Cryst. Growth Des. 2015, 16, 154–166. [CrossRef]
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Abstract: For an active pharmaceutical ingredient, it is important to stabilize its specific
crystal polymorph. If the potential interconversion of various polymorphs is not carefully
controlled, it may lead to deterioration of the drug’s physicochemical profile and, ultimately,
its therapeutic efficacy. The desired polymorph stabilization can be achieved via co-crystallization
with appropriate crystallophoric excipients. In this work, we identified an opportunity for
co-crystallization of anastrozole (ASZ), a well-known aromatase inhibitor useful in second-line therapy
of estrogen-dependent breast cancer, with a classical XB donor, 1,2,4,5-tetrafluoro-3,6-diiodobenzene
(1,4-FIB). In the X-ray structures of ASZ·1.5 (1,4-FIB) co-crystal, different non-covalent interactions
involving hydrogen and halogen atoms were detected and studied by quantum chemical calculations
and QTAIM analysis at theωB97XD/DZP-DKH level of theory.

Keywords: anastrozole; non-covalent interactions; halogen bonding; lp-π interactions; DFT; QTAIM

1. Introduction

The generation of a new salt form is a proven way to modify the physical and chemical properties of
an active pharmaceutical ingredient (API) [1]. To be able to give rise to a new salt form, however, the API
in question should be ionizable. For non-ionizable APIs, co-crystallization with a crystallophoric
excipient (non-API component of the solid drug form) has become an alternative, proven way of
accessing a broad range of solid forms and thus modifying various physicochemical properties and
increasing API’s stability [2–4]. An overwhelming majority of API co-crystals reported today are based
on hydrogen bonding as the principal means of constructing the crystalline form. However, halogen
bonds have emerged as an equally promising basis for designing new co-crystalline API forms [5–12].
However, despite the emergence of this intriguing supramolecular interaction, halogen-bonded API
co-crystals remain relatively scarce. This may have to do with the limited range of pharmaceutically
acceptable excipients containing polarized halogen atoms [13]. In continuation of our efforts to
identify new crystalline forms for APIs that would be stabilized by halogen bonding [14,15], we turned
our attention to screening of crystallization conditions for the title compound, anastrozole (IUPAC
name 2,2′-(5-((1H-1,2,4-triazol-1-yl)methyl)-1,3-phenylene)bis(2-methylpropanenitrile), abbreviated
as ASZ), which is an aromatase inhibitor useful in second-line therapy of estrogen-dependent breast
cancer [16–18].

Crystals 2020, 10, 371; doi:10.3390/cryst10050371 www.mdpi.com/journal/crystals
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We choose this API as a potential recipient of XB due to its 1,2,4-triazole moiety, containing at least
two nucleophilic Nsp2 atoms as potential XB acceptor centers. One of them is a hydrogen bond [19]
(HB) acceptor in the crystal structure of ASZ itself (Figure 1) [20].
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Figure 1. Structure of anastrozole with assigned hydrogen bond donor (red) and hydrogen bond
acceptor centers (blue) found in its crystal structure (SATHOL) [20].

Previously, we successfully cocrystallized another API, nevirapine, with classic XB donor,
1,2,4,5-tetrafluoro-3,6-diiodobenzene (also known as 1,4-diiodotetrafluorobenzene, 1,4-FIB). Noticeably,
1,4-FIB has already been employed in the co-crystal formation for a number of biologically active
compounds including nicotine [21], pyrazinamide, lidocaine, and pentoxifylline [22]. It should be
noted, however, that in these studies (as well as in present work), 1,4-FIB is employed as an exploratory
co-crystallization partner. For its use as an excipient for the design of solid drug forms, a further clinical
investigation will be required. In this work, we found ASZ can also be cocrystallized with 1,4-FIB
from their solution in MeOH, forming the 2:3 adduct. Herein, we present the results of combined
single-crystal XRD experimental and theoretical studies of the adduct and noncovalent interactions
found in it.

2. Materials and Methods

2.1. Materials

Anastrozole, 1,2,4,5-tetrafluoro-3,6-diiodobenzene, and MeOH were obtained from a commercial
source and used as received.

2.2. X-ray Structure Determination

Crystal of ASZ·1.5(1,4-FIB) was investigated on an Xcalibur, Eos diffractometer at 100 K
(monochromated MoKα radiation with λ = 0.71073 Å). The structure was solved by the direct methods
(SHELX program [23]) in the OLEX2 program package [24]. The carbon-bound H atom positions
were calculated and included in the refinement in the ‘riding’ model approximation. Uiso(H) were
set to 1.5Ueq(C) (for CH3 groups) or 1.2Ueq(C) (for CH2 and CH groups). The C–H bond lengths
are 0.98 Å for CH3 groups, 0.99 Å for CH2 groups, and 0.95 Å for CH groups. Empirical absorption
correction was applied in the CrysAlisPro [25] program. For crystallographic data and refinement
parameters see Supplementary material (Table S3). Supplementary crystallographic data was deposited
at Cambridge Crystallographic Data Centre (CCDC 1960975) and can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.
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2.3. Powder X-ray Diffraction Experiments

The X-ray diffraction of powder samples was measured at room temperature on a D8 Discover
high-resolution diffractometer using monochromated CuKα (λ = 1.54184 Å) radiation.

2.4. Computational Details

The single point calculations based on the experimental X-ray geometry of (ASZ)3·(1,4-FIB)4

have been carried out at the DFT level of theory using the dispersion-corrected hybrid functional
ωB97XD [26] with the help of the Gaussian-09 [27] program package. The Douglas–Kroll–Hess 2nd
order scalar relativistic calculations requested relativistic core Hamiltonian were carried out using the
DZP-DKH basis sets [28–31] for all atoms. The topological analysis of the electron density distribution
with the help of the atoms in molecules (QTAIM) method developed by Bader [32] has been performed
by using the Multiwfn program [33]. The Cartesian atomic coordinates of a model supramolecular
cluster are presented in Supporting Information, Table S4.

3. Results and Discussion

3.1. Halogen Bonding in ASZ·1.5(1,4-FIB)

Slow evaporation of a MeOH solution of ASZ with 1,4-FIB taken in a 1:1 ratio leads to the
formation on single crystals of ASZ·1.5(1,4-FIB) suitable for the X-ray diffraction experiment. It is
notable that we also tried to synthesize the ASZ·1.5(1,4-FIB) pure phase both by mechanical grinding
of 2:3 ASZ + 1,4-FIB mixture with MeOH additions during the process or by crystallization of the same
2:3 mixture from methanol with the following grinding of obtained crystalline material. Powder X-ray
diffraction experiments for both cases show that ASZ·1.5(1,4-FIB) coexists with some other unidentified
phases (see Figures S3 and S4 in SI). For details on the powder x-ray diffraction experiments see also
Section 2.3.

According to the single-crystal XRD data, the cocrystallization of ASZ with 1,4-FIB does not
lead to any relevant changes, considering the 3σ criterion, in covalent bond lengths of ASZ [20] and
1,4-FIB [34].

As expected, the C–I· · ·N contacts were found in ASZ·1.5(1,4-FIB) (Figure 2), which can be
interpreted as halogen bonding [35]. In accordance with their geometrical parameters (Table 1),
the theoretically estimated energies of these contacts are 4.6–5.3 kcal/mol (I3S· · ·N2) and 4.8–6.0 kcal/mol
(I1S· · ·N3), which is comparable with a lower limit for strength of “moderate” hydrogen bonding
according to Jeffrey’s classification (“strong”: 40−15 kcal/mol; “moderate”: 15−4 kcal/mol; “weak”:
<4 kcal/mol) [36]. For 1,4-FIB, the molecular electrostatic potential calculations were reported [37–39],
which confirm the σ-hole electrophilicity [40,41] of iodine atoms in this molecule.

Table 1. Parameters of the C–I· · ·X XBs in ASZ·1.5(1,4-FIB).

C–I· · ·X d(I· · ·X), Å RIX
b ∠(C–I· · ·X),◦

C8S–I3S· · ·N2 2.913 (6) 0.83 175.3 (2)
C1S–I1S· · ·N3 2.883 (7) 0.82 169.3 (2)
C4S–I2S· · · F6S 3.390 (5) 0.98 149.97 (19)
C4S–I2S· · · I3S 3.8529 (8) 0.97 157.68 (18)

Comparison a
3.53 (I· · ·N)
3.45 (I· · · F)
3.96 (I· · · I)

1.00 180

a Comparison is the vdW radii sum [42] for distances and classic XB angle. b RIX = d(I· · ·X)/(RvdW(I) + RvdW(X)).
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were assigned by dotted lines and ellipsoids are drawn with 50% probability.

Previously, the C–I· · ·N XBs including 1,2,4-triazole moiety was mentioned only in two
metal-organic frameworks (FALNEN [43] and UMOTOG [44]) and one free 4H-1,2,4-triazole
(FARCIN01 [45]). We analyzed all the structures containing the C–I· · ·N XBs with 1,2,4-triazoles
in CCDC and found 9 more structures [44,46–52]. It is notable that in all corresponding works,
these interactions were not even mentioned. The I· · ·N distances are in the range of 2.839 (4)–3.378 (3) Å,
and the ∠(C–I· · ·N) angles vary from 157.18 (17) to 177.57 (8)◦ (for details see Table S1 in supplementary
materials). In ASZ·1.5 (1,4-FIB), both distances (2.883 (7) and 2.913 (6) Å) are shorter than in most
previously published structures, which can be explained by the electron-withdrawing I substituent
in 1,4-FIB. Noticeably, the C–Cl· · ·N [53–55] and C–Br· · ·N [45,53,56–58] XBs including 1,2,4-triazole
moiety are also mentioned in the literature.

Halogen bonding was also found between 1,4-FIB molecules, represented by bifurcated C–I· · · (I,F)
contact (Figure 3). Both distances are less than vdW sums, and both angles are around 150◦ (Table 1)
and fall into an acceptable value for XBs. These non-covalent interactions are weak, viz. 1.3 kcal/mol in
the case of I2S· · · F6S and 1.6 kcal/mol in the case of I2S· · · I3S.
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Figure 3. Bifurcated C–I· · · (I,F) halogen bonding between 1,4-FIB molecules in ASZ·1.5(1,4-FIB).

A resembling feature can be found in the structure KUWRAX [59], where both I· · ·F and I· · · I
distances are less than the corresponding vdW sums (3.6889 (7) vs 3.96 Å and 3.409 (3) vs 3.45 Å),
however, in this structure, the corresponding ∠(C–I· · ·F) angle (125.09 (13)◦) is not high enough to
recognize this interaction as halogen bonding. Thus, ASZ·1.5(1,4-FIB) demonstrates the first example
of bifurcated C–I· · · (I,F) halogen bonding between 1,4-FIB molecules.
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3.2. Lone-Pair···π Interactions in ASZ·1.5(1,4-FIB)

Besides the expected C–I· · ·N halogen bonding, the C· · · I–C contacts (Table 2) were identified
between ASZ and 1,4-FIB molecules in ASZ·1.5 (1,4-FIB) (Figure 4). According to the ∠(C· · · I–C)
angle, which is close to 90◦ (Table 2), this interaction can be interpreted as lp(I)· · ·π(C) interaction [60].
Their theoretically estimated strength is 1.6 kcal/mol.Crystals 2020, 10, 371 5 of 13 
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Figure 4. The lp(I)· · ·π(C) interaction between ASZ and 1,4-FIB molecules in ASZ·1.5(1,4-FIB).

Table 2. Parameters of the lp(I)· · ·π(C) interactions in ASZ·1.5(1,4-FIB).

C· · ·I–C d(C· · ·I), Å RCI
b ∠(C· · ·I–C),◦

C9· · · I1S–C1S 3.528 (8) 0.96 86.6(3)
C9S· · · I2S–C4S 3.686 (8) 1.00 92.9(3)

Comparison a 3.68 1.00 90
a Comparison is the vdW radii sum [42] for distances and classic XB acceptor angle. b RCI = d(C· · · I)/(RvdW(I) +
RvdW(C)).

Previously, the lp(I)· · ·π(C) interactions including 1,2,4-triazole moiety were discussed only
for five 1,2,4-triazolium iodides [61,62], where these interactions are interionic. We analyzed the
CCDC data and identified 23 more structures with the C· · · I interactions including 1,2,4-triazoles.
1,2,4-triazolium iodides [20,63–70] were also found in 15 structures. The C· · · I–M interactions [71–76]
in 1,2,4-triazole-containing MOFs were detected in 6 structures. Structure XIWGOC contains the
C· · · I− interactions between the cationic IrIII complex and iodide counterion [77]. Only in the IDIFEH
structure was another example of the C· · · I–C interactions between neutral isolated molecules [78]
identified. The C· · · I distances vary from 3.4363(2) to 3.670 (3) Å (for details see Table S2), and the
C9· · · I1S distance (3.528 (8) Å) in ASZ·1.5(1,4-FIB) is within this range.

Besides, possible lp(I)· · ·π(C) interaction between 1,4-FIB molecules was found (Figure 5).
Although the C· · · I distance is around the vdW sum (3.686 (8) vs 3.68 Å), further theoretical calculations
performed on experimentally determined atomic coordinates (see next section) confirmed the existence
of the interaction and its noncovalent nature (estimated energy is 0.9–1.1 kcal/mol). Notably, the same
interactions were found by us for 1,4-FIB and other iodofluorobenzenes [60,79,80].
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3.3. Hydrogen Bonding in ASZ·1.5(1,4-FIB)

As well as in the structure of free ASZ, cyano N atoms are involved in weak hydrogen bonding
(theoretically estimated strength of appropriate contacts vary from 0.9 to 1.9 kcal/mol) (Figure 6 and
Table 3). Apart from methyl H atoms, the hydrogen atom in the methylene group is also an HB donor,
which was not observed in the ASZ structure previously.
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Figure 6. The C–H· · ·N HBs in ASZ·1.5(1,4-FIB).

Table 3. Parameters of the C–H· · ·N HBs in ASZ·1.5(1,4-FIB).

C–H· · ·N d(H· · ·N), Å RHN
b d(C· · ·N), Å ∠(C–I· · ·X),◦

C7–H7A· · ·N5 2.484 0.90 3.441 (10) 168.6
C16–H16B· · ·N4 2.733 0.99 3.62 (1) 153.9

Comparison a 2.75 1.00 3.25 110.0
a Comparison is the vdW radii sum [42] for distances and minimal HB angle. b RHN = d(H· · ·N)/(RvdW(H) +
RvdW(N)).

3.4. Theoretical Study of Different Non-covalent Interactions in ASZ·1.5(1,4-FIB)

The supramolecular structure of ASZ·1.5(1,4-FIB) is formed by various non-covalent contacts (viz.
lp-π interactions, hydrogen, and halogen bonding). We performed quantum chemical calculations
and QTAIM analysis [32] to study the nature and energies of these non-covalent contacts in a model
supramolecular cluster (ASZ)3·(1,4-FIB)4 based on the appropriate X-ray diffraction data (Supporting
Information, Table S4). This approach depends very slightly on the basis set [81,82] or method [83,84]
used and it was already successfully used by us previously for similar chemical systems [14,15,79,85,86]
and upon studies of different non-covalent interactions (e.g., hydrogen/chalcogen/halogen bonds,
stacking interactions, metallophilic interactions) in other organic and inorganic compounds [14,15,87–92].
The results of QTAIM analysis are presented in Table 4 and visualized in Figure 7.
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Table 4. Values of the density of all electrons—ρ(r), Laplacian of electron density—∇2ρ(r), energy
density—Hb, potential energy density—V(r), and Lagrangian kinetic energy—G(r) (a.u.) at the
bond critical points (3, −1), corresponding to different non-covalent interactions in (ASZ)3·(1,4-FIB)4,
bond lengths—l (Å), as well as energies for these contacts Eint (kcal/mol), defined by two approaches.*.

Contact ρ(r) ∇2ρ(r) Hb V(r) G(r) Einta Eintb l

I3S· · ·N2 0.022 0.070 0.000 −0.017 0.017 5.3 4.6 2.913
I1S· · ·N3 0.024 0.072 0.000 −0.019 0.018 6.0 4.8 2.883
I2S· · · F6S 0.006 0.026 0.001 −0.004 0.005 1.3 1.3 3.390
I2S· · · I3S 0.008 0.031 0.001 −0.005 0.006 1.6 1.6 3.853
C9· · · I1S 0.009 0.029 0.001 −0.005 0.006 1.6 1.6 3.528

C9S· · · I2S 0.006 0.023 0.001 −0.003 0.004 0.9 1.1 3.686
H7A· · ·N5 0.009 0.033 0.001 −0.006 0.007 1.9 1.9 2.484
H16B· · ·N4 0.005 0.021 0.001 −0.003 0.004 0.9 1.1 2.733

a Eint = −V(r)/2 [93] b Eint = 0.429G(r) [94] * Note that Tsirelson et al. [95] also proposed alternative correlations
developed exclusively for non-covalent interactions involving iodine atoms, viz. Eint = 0.68(−V(r)) or Eint = 0.67G(r).
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0.5(−V(r)) or Eint = 0.429G(r), respectively. The balance between the potential energy density V(r) 
and Lagrangian kinetic energy G(r) at the BCPs reveals that a covalent contribution is absent in all 
supramolecular contacts listed in Table 4, except I1S···N3 halogen bonding [96]. 

4. Conclusions 

In combination with 1,2,4,5-tetrafluoro-3,6-diiodobenzene, a classical XB donor, we have 
identified a new halogen-bonded solid for anastrozole, an anticancer aromatase inhibitor drug. 
These findings continue to provide proof-of-principle for the productive employment of halogen 
bonds in the design and discovery of stable crystalline forms of important drug substances. 
Moreover, these results suggest that the range of potential XB donors for co-crystallization with 
basic nitrogen-rich molecular frameworks can potentially be expanded beyond the classical ones. 
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surfaces referring to the C–I· · ·X (X = N, F, I) halogen bonding (left) and lp(I)· · ·π(triazole) (right)
interactions in (ASZ)3·(1,4-FIB)4. Bond critical points (3, −1) are shown in blue, nuclear critical points
(3, −3) in pale brown, ring critical points (3, +1) in orange, cage critical points (3, +3) in light green.
Length units—Å.

The QTAIM analysis reveals the existence of bond critical points (3, −1) (BCPs) for all non-covalent
interactions listed in Table 4. The properties of electron density, Laplacian of electron density and energy
density in these BCPs are common for non-covalent interactions. Energies for these non-covalent
contacts (vary from 0.9 to 6.0 kcal/mol) were defined according to the procedures developed by Espinosa
et al. [93] and Vener et al. [94] using the equations Eint = 0.5(−V(r)) or Eint = 0.429G(r), respectively.
The balance between the potential energy density V(r) and Lagrangian kinetic energy G(r) at the BCPs
reveals that a covalent contribution is absent in all supramolecular contacts listed in Table 4, except
I1S· · ·N3 halogen bonding [96].

4. Conclusions

In combination with 1,2,4,5-tetrafluoro-3,6-diiodobenzene, a classical XB donor, we have identified
a new halogen-bonded solid for anastrozole, an anticancer aromatase inhibitor drug. These findings
continue to provide proof-of-principle for the productive employment of halogen bonds in the design
and discovery of stable crystalline forms of important drug substances. Moreover, these results
suggest that the range of potential XB donors for co-crystallization with basic nitrogen-rich molecular
frameworks can potentially be expanded beyond the classical ones. The distinctive features of
the crystal structures obtained and characterized in detail in this work are the presence of XBs
with both triazole N atoms, firstly found for anastrazole. Apart from that, the adduct structure
demonstrates the lp(I)· · ·π(triazole) attractive interactions, which may also be important for the adduct
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formation. The findings encourage us to continue searching for yet novel opportunities to detect XBs
as indispensable forces leading to the formation of a new crystal. The results of these studies will be
reported in due course.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/5/371/s1,
Figure S1: Structural motifs around the C–I· · ·N XBs including 1,2,4-triazole moiety in CCDC structures; Figure S2:
Structural motifs around the lp(I)· · ·C interactions including 1,2,4-triazole moiety in CCDC structures; Figure S3:
Powder X-ray diffraction data (blue line) of mixture, obtained by mechanical grinding of 2ASZ + 3(1,4-FIB) mixture
with MeOH additions; Figure S4: Powder X-ray diffraction data (blue line) of mixture, obtained by grinding of
crystalline material grown from 2ASZ + 3(1,4-FIB) solution in methanol; Table S1: Parameters of the C–I· · ·N XBs
including 1,2,4-triazole moiety in CCDC structures; Table S2: Parameters of the lp(I)· · ·C interactions including
1,2,4-triazole moiety in CCDC structures; Table S3: Crystal data and structure refinement for ASZ·1.5(1,4-FIB);
Table S4: Cartesian atomic coordinates of model supramolecular cluster.
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Abstract: Enrofloxacin is a poorly soluble antibacterial drug of the fluoroquinolones class used
in veterinary medicine. The main purpose of this work was to investigate the structural and
pharmaceutical properties of new enrofloxacin salts. Enrofloxacin anhydrate and its organic salts
with tartaric acid, nicotinic acid and suberic acid formed as pure crystalline anhydrous solids. All the
crystals were grown from a mixed solution by slow evaporation at room temperature. These products
were then characterized by field-emission scanning electron microscopy, powder X-ray diffraction,
Fourier transform infrared spectroscopy and differential scanning calorimetry. Further, X-ray single
crystal diffraction analysis was used to study the crystal structure. The intermolecular interactions
and packing arrangements in the crystal structures were studied, and the solubility of these salts in
water was determined using high-performance liquid chromatography. The results show that the
new salts of enrofloxacin developed in this study exhibited excellent water solubility.

Keywords: enrofloxacin; salts; crystal structure; organic acids; solubility

1. Introduction

Crystal engineering through multicomponent crystals has attracted substantial attention in
the pharmaceutical field in recent years [1,2] because of the possibility of improved solubility
and bioavailability of newly designed drug compounds (polymorphs, salt and cocrystals) [3,4].
The formation of the salt/cocrystal is based on the crystal engineering concepts [5]. The salt/cocrystal
formation provides an enormous scope for the manipulation and modification of crucial
pharmaceutical physical properties such as the dissolution rate, solubility, thermodynamic stability
and bioavailability [6,7]. Proton transfer is a decisive factor that distinguishes salts from cocrystals:
In salt formation, proton transfer and ionization occur, while these do not occur in the formation of
cocrystals [8]. Salts and cocrystals have been employed in the pharmaceutical industry because of their
excellent solubility [9]. Although cocrystallization has many exciting advantages, salt formation still
represents a widely accepted method to obtain higher solubility of the drug [10].

Most of the active pharmaceutical ingredients (APIs) available in the current market
cause formulation difficulties because of poor water solubility, which may lead to poor oral
bioavailability [11,12]. Hence, improving the solubility and bioavailability of APIs without changing
their stability and other characteristics has become a challenging task. Notably, every crystal structure
is the result of mutual balance between numerous noncovalent interactions, but the hydrogen
bond remains an important factor in supramolecular assembly [13]. The design of supramolecular
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heterosynthons derived from organic salts was hypothesized on the basis of the supramolecular
synthon strategy in the context of crystal engineering [14,15]. Recently, this strategy has been effectively
adopted in the field of pharmaceutical crystallization [16].

Enrofloxacin (1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-
carboxylate) shows a wide spectrum of antibacterial activity, and it belongs to the class of
fluoroquinolone antibiotics [17]. As an important synthetic bacteriostatic drug, it has been widely used
in stock raising. In good clinical trials, its effectiveness in treating uncomplicated and complicated
urinary tract infections, urethral and cervical gonococcal infections, respiratory tract infections, and
skin and tissue infections has been proven [18]. It exhibits concentration-dependent antibacterial
activity [19]. Enrofloxacin exists in a zwitterionic form within a neutral aqueous solution due to the
acid/base interaction between the basic nitrogen of the piperazine and the carboxylic acid group [20,21].
Therefore, in water at pH ≈ 7, enrofloxacin exhibits a low solubility (0.45 mg/mL) [21]. In addition,
low solubility of enrofloxacin is one of the unfavourable properties in formulation [22]. Therefore,
a method to improve its solubility without compromising performance has been sought. A weak
organic acid can be used as an organic counterionic component for salt formation [23,24]. These acids
can potentially present the formation of salts with multiple stoichiometries due to the containment of
carboxylic group. This approach is widely used in pharmaceutical industries to enhance solubility,
bioavailability and controlled release of drugs [25]. Therefore, we adopted crystal engineering concepts
to select pharmaceutically acceptable organic counterions to form salts with enrofloxacin.

In this study, we prepared enrofloxacin anhydrate and salt trihydrate with tartaric acid and salt
solvate with nicotinic acid and suberic acid, and we analysed the crystal structures of these compounds.
The obtained crystal compounds were characterized by field-emission scanning electron microscopy
(FESEM), Fourier transform infrared spectroscopy (FT-IR), powder X-ray diffraction (PXRD) and
differential scanning calorimetry (DSC). All the crystal structure data were successfully resolved by
single-crystal X-ray diffraction (SCXRD), and the crystal conformations and packing arrangements
were studied in detail. Finally, the solubility of the new phases in water was also determined by
high-performance liquid chromatography (HPLC). The new salts were found to exhibit significantly
improved solubility and were therefore suitable for use in drug formulation.

2. Experimental

2.1. Materials

Enrofloxacin (C19H22FN3O3, 98%) was obtained from Nanjing Kangmanlin Biomedical Technology
Co. Ltd. (Nanjing, China). These organic acids (tartaric acid (C4H6O6,99.5%), nicotinic acid
(C6H5NO2,99.5%), suberic acid (C6H10O4,99%)) were purchased from Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). The chromatography grade organic solvents (methanol (MeOH),
acetonitrile (ACN), triethylamine (TEA), phosphate) were purchased from Tianjin Kemio Chemical
Reagent Co., Ltd. (Tianjin, China). All of the analytical-grade organic solvents (ethanol (EtOH),
dichloromethane (DCM), N,N-Dimethylformamide (DMF)) were obtained from Tianjin Damao
Chemical Reagent Factory (Tianjin, China) and these were used without further purification. Purified
water was prepared using the Millipore Milli-Q system.

2.2. Crystallization of Enrofloxacin Anhydrate

Enrofloxacin Anhydrate (1): Enrofloxacin (230 mg, 0.64 mmol) was added to 4 mL of an
ethanol/dichloromethane mixed solvent (1:1 v/v) for crystallization. The 1 crystals in the suspension
were then filtered and dried in air (yield: 77%).

2.3. Preparation of Salts and Crystallization

Enrofloxacin and various acids in equal molar ratios were dissolved in a mixed solvent in a 50-mL
conical flask, and this mixture was stirred at 50 ◦C until a completely clear solution was obtained.
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The solution was then allowed to slowly evaporate at room temperature to obtain single crystals of
the products. Diffraction-quality crystals were obtained within 1–5 days. Each sample was scaled up
20 times for the solubility determination.

Enrofloxacin Tartrate Trihydrate (2): A 1:1 mixture of enrofloxacin (460 mg, 1.28 mmol) and tartaric
acid (180 mg, 1.28 mmol) was added to 12 mL of a water/ethanol/dichloromethane mixed solvent
(4:7:3 v/v/v) for crystallization. Then, 2 was obtained by filtration and drying in air (yield: 76%).

Enrofloxacin Nicotinat-EtOH Salt Solvate (3): A 1:1 mixture of enrofloxacin (230 mg, 0.64 mmol)
and nicotinic acid (83.7 mg, 0.64 mmol) was added to 5 mL of an ethanol/dichloromethane mixed
solvent (3:2 v/v) for crystallization. The resulting 3 crystals were filtered and dried in air (yield: 86%).

Enrofloxacin Suberate-2EtOH Salt Solvate (4): A 1:1 mixture of enrofloxacin (230 mg, 0.64 mmol)
and suberic acid (110 mg, 0.64 mmol) was added to 4 mL of an ethanol/dichloromethane mixed solvent
(1:1 v/v) for crystallization. Crystals were then obtained by filtration and drying (yield: 77%).

2.4. Field-Emission Scanning Electron Microscopy (FESEM)

The surface morphology of the samples was investigated by FESEM (Heidelberg, Germany) using
a Zeiss Sigma 300.

2.5. Powder X-ray Diffraction (PXRD)

PXRD measurements of the new compounds were carried out on a Rigaku-Ultima IV X-ray
powder diffractometer (Tokyo, Japan) using Cu Kα radiation (λ = 1.54178 Å) at 40 kV and 40 mA.
Samples were analysed in the 2θ range from 5◦ to 80◦ with a scanning rate of 8◦/min. These data were
collected at room temperature and analysed using Jade 6.0 software (Livermore, CA, USA).

2.6. Fourier Transform Infrared (FT-IR)

FT–IR spectra were collected using a Bruker Vertex 70 spectrometer and measured in the range of
4000−400 cm−1 with an RT-DLaTGS detector (Ettlingen, Germany). The KBr diffuse-reflectance mode
was used (sample concentration: 1 mg in 100 mg of KBr) for recording the IR spectra of these samples.
Data were analysed using the OPUS software (San Francisco, CA, USA).

2.7. Single Crystal X-ray Diffraction (SCXRD)

X-ray diffraction data were collected using a Rigaku Oxford Diffraction SuperNova diffractometer
(Oxford, UK) equipped with a monochromator mirror for Cu Kα (λ = 1.54184 Å) radiation at 150 K.
Data reduction was carried out using the CrysAlisPro software, and absorption correction was
implemented in the SCALE3 ABSPACK scaling algorithm. The structure was solved (direct methods)
and refined (using least squares minimization) with Olex2 [26] using SHELX [27] structure solution
programs. All the non-H atoms were refined anisotropically. In addition, all the figures, including the
packing and molecular structure diagrams, were drawn using Olex2 and PLATON [28]. Table 1 gives
the pertinent crystal lographic data, and Table 2 gives the hydrogen-bond parameters.
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Table 1. Crystallographic Data for Compounds 1–4.

Crystal Parameters 1 2 3 4

Empirical formula C19H22FN3O3 C23H31FN3O10.5 C27H33FN4O6 C29H42FN3O8

Formula weight 359.39 536.51 528.57 579.65

Temperature/K 150.03(12) 150.00(10) 150.00(10) 150.00(10)

Crystal system monoclinic triclinic triclinic triclinic

Space group P21/n P1 P1 P1

a/Å 13.9309(2) 7.4444(4) 8.4841(4) 6.9755(2)

b/Å 6.87600(10) 11.2932(6) 12.1821(6) 9.3315(4)

c/Å 18.5133(3) 15.5835(9) 13.6436(6) 23.4431(9)

α/◦ 90 86.475(4) 115.392(4) 99.065(3)

β/◦ 100.9240(10) 77.366(4) 93.462(4) 95.004(3)

γ/◦ 90 74.427(5) 92.054(4) 104.306(3)

Volume/Å3 1741.23(5) 1231.46(12) 1268.59(11) 1447.42(10)
Z 4 2 2 2

%calcg/cm3 1.371 1.447 1.384 1.330

µ/mm−1 0.839 1.023 0.861 0.841

F(000) 760.0 566.0 560.0 620.0

Crystal size/mm3 0.7 × 0.4 × 0.4 0.2 × 0.02 × 0.01 0.4 × 0.3 × 0.25 0.25 × 0.15 × 0.03

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) CuKα (λ = 1.54184) CuKα (λ = 1.54178)

2θ range for data collection/◦ 7.314 to 146.554 8.128 to 148.07 7.198 to 134.982 7.704 to 137.998

Index ranges −13 ≤ h ≤ 17, −8 ≤
k ≤ 5, −22 ≤ l ≤ 20

−9 ≤ h ≤ 9, −14 ≤ k
≤ 11, −19 ≤ l ≤ 19

−10 ≤ h ≤ 9, −14 ≤
k ≤ 14, −16 ≤ l ≤ 14

−7 ≤ h ≤ 8, −11 ≤ k
≤ 11, −28 ≤ l ≤ 27

Reflections collected 5229 8302 6853 10,171

Independent reflections 3299 [Rint = 0.0297,
Rsigma = 0.0325]

4827 [Rint = 0.0317,
Rsigma = 0.0427]

4494 [Rint = 0.0339,
Rsigma = 0.0366]

5318 [Rint = 0.0262,
Rsigma = 0.0340]

Data/restraints/parameters 3299/0/238 4827/0/369 4494/0/348 5318/72/462

Goodness-of-fit on F2 1.062 1.030 1.054 1.018

Final R indexes [I>=2σ (I)] R1 = 0.0509,
wR2 = 0.1325

R1 = 0.0483,
wR2 = 0.1236

R1 = 0.0532,
wR2 = 0.1475

R1 = 0.0695,
wR2 = 0.1736

Final R indexes [all data] R1 = 0.0528,
wR2 = 0.1355

R1 = 0.0580,
wR2 = 0.1307

R1 = 0.0585,
wR2 = 0.1531

R1 = 0.0792,
wR2 = 0.1838

Largest diff. peak/hole/e Å−3 0.25/−0.40 0.36/−0.42 0.76/−0.56 0.45/−0.49
CCDC 2000796 2000797 2000798 2000799

Table 2. Hydrogen Bond Geometry Parameters in Compounds 1–4.

D–H···A D···A (Å) H···A (Å) D–H···A (Deg)

Compound 1
O1–H1···O3 2.5460(14) 1.78 154
C2–H2···O2 2.7950(16) 2.46 101

C8–H8A···O1 3.4690(16) 2.56 157
C8–H8B···O3 3.2816(16) 2.33 167
C9–H9···O3 3.2232(15) 2.45 135

C15–H15B···F1 2.8895(15) 2.24 123
Compound 2

O1–H1···O3 2.5182(19) 1.76 153
N3–H3···O7 3.022(2) 2.21 139
N3–H3···O9 2.835(2) 1.99 142
O6–H6···O4 2.624(3) 2.15 117

O6–H6···O11 3.051(12) 2.37 141
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Table 2. Cont.

D−H···A D···A (Å) H···A (Å) D−H···A (Deg)

O6–H6···O12 3.097(13) 2.37 148
O7–H7···O5 2.610(2) 1.80 171
O8–H8···O4 2.439(3) 1.29(5) 174(4)

O10–H10A···O6 2.684(4) 1.90 154
O10–H10B···O2 2.805(3) 2.00 158
O11–H11A···O6 3.051(12) 2.47 126
O11–H11A···O7 3.367(12) 2.54 165
O11–H11B···O4 2.870(11) 2.40 116
O11–H11B···O9 2.909(12) 2.12 153

O12–H12A···O11 2.823(15) 2.00 164
O12–H12A···O12 2.715(16) 1.90 160
O12–H12B···O4 2.985(10) 2.50 117
O12–H12B···O9 3.057(13) 2.25 158

C2–H2···O2 2.836(2) 2.53 100
C7–H7B···O2 3.567(3) 2.60 175
C9–H9···O3 3.306(3) 2.38 157

C10–H10···O3 3.411(3) 2.51 163
C14–H14A···O8 3.325(2) 2.39 162
C15–H15A···F1 2.872(2) 2.22 123
C17–H17A···O1 3.165(2) 2.25 156
C18–H18B···O6 3.015(3) 2.55 109
C19–H19A···O7 3.343(3) 2.56 139

C19–H19A···O11 3.194(13) 2.46 133
C21–H21···O8 2.884(3) 2.51 102

Compound 3
O1–H1···O3 2.536(2) 1.77 154
N3–H3···O4 2.618(2) 1.64 172
O6–H6···O5 2.761(3) 1.94 178
C2–H2···O2 2.799(3) 2.48 101

C8–H8B···O3 3.363(3) 2.45 157
C14–H14B···O6 3.460(3) 2.54 158
C15–H15A···F1 2.861(3) 2.22 123
C16–H16A···O4 3.241(2) 2.48 135
C17–H17A···O3 3.349(2) 2.52 144
C18–H18B···O2 3.224(3) 2.44 138
C23–H23···O4 2.792(3) 2.46 101

Compound 4
O1–H1···O3 2.740(12) 1.95 162
N3–H3···O6 2.667(3) 1.74 155
O5–H5···O6 2.567(3) 1.75 174
O8–H8···O7 2.731(6) 1.94 162
C2–H2···O2 2.723(9) 2.27 109

C7–H7A···F1 3.430(8) 2.46 174
C8–H8A···O8 3.040(8) 2.59 108
C9–H9···O3 3.347(7) 2.57 137

C15–H15A···F1 2.882(3) 2.26 121
C16–H16B···O1 3.358(10) 2.44 158

C16–H16B···O1A 3.435(8) 2.49 166
C17–H17B···O4 3.320(3) 2.39 161

C29–H29B···O1A 3.203(10) 2.53 127

2.8. Differential Scanning Calorimetry (DSC)

Thermal analyses of these samples were performed on a DSC (Q200 V24.10 Build 122) instrument
(New Castle, DE, USA): 2–3 mg of the crystals was placed in standard aluminium pans and scanned at
20 ◦C/min in the range 25–280 ◦C under a nitrogen gas flow of 50 mL/min. Data were analysed using
the Universal Analysis 2000 software (New Castle, DE, USA).

2.9. Solubility Analyses

The solubility of these products was determined according to the shake-flask method [29].
Excess amounts (100 mg) of the crystals were added to the screw-capped glass vials containing
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2.5 mL of ultrapure water, and the resulting suspensions was shaken at room temperature. After
24 h, the suspensions were filtered through 0.22-µm polycarbonate filters, and the compounds’
concentrations were determined using the Agilent 1260 Infinity II HPLC system (Palo Alto, CA, USA)
equipped with a 1260 Multi λ Fluorescence detector with the wavelength of the excited and emitted
spectra of crystals being 280 nm and 450 nm, respectively. The C18 HPLC column (Poroshell 120
EC-C18, 4.6 mm × 100 mm, 2.7 µm) was employed, and acetonitrile, methanol and triethylamine
phosphate (pH = 2.5) were used as the mobile phase (1:24:75, v:v::v) with a flow rate of 1 mL/min.
Each solubility test was performed in triplicate.

3. Results and Discussion

3.1. Field-Emission Scanning Electron Microscopy (FESEM)

The FESEM (Heidelberg, Germany) images provide information about the crystal morphology of
several new crystals (Figure 1). Needle-shaped or long rod-shaped forms are seen for the products 1
and 2, whereas 3 and 4 displayed rectangular blocks and fragmentary crystals.
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3.2. PXRD Analysis

PXRD enables the study and characterization of novel crystalline materials [30]. PXRD patterns of
the four crystal samples are shown in Figure 2. The patterns for 1 were different from those of the
starting material and from the previously published PXRD patterns for the polymorphic form [31].
The purity of all products was confirmed by comparing the PXRD patterns with the simulated patterns
obtained from the single crystal data (see the Supplementary Materials, Figures S1−S4). No apparent
peaks corresponding to impurities were observed, so the obtained powder compounds were considered
to be of high chemical purity. Further, these PXRD patterns of enrofloxacin compounds 2–4 differ
significantly from the patterns of individual APIs, proving the formation of the new crystalline phases.
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Figure 2. Powder X-ray diffraction (PXRD) patterns of compounds 1–4.

3.3. Spectroscopic Characterization

The FTIR analysis results for the products are given in Figure 3. The absorption band of crystalline
enrofloxacin was located at 1737 cm−1 because of the carbonyl stretching of its unionized carboxylic
acid C=O group [31]. The C=O band in 1 was at 1736.4 cm−1, which indicates that the enrofloxacin
exists as a neutral molecule. Slight peak shifts were also seen in compounds 2–4, in particular, for the
carboxylic acid C=O stretching, which shifted to 1728.8 cm−1, 1728.5 cm−1 and 1729.3 cm−1, respectively.
This can be attributed to intermolecular interactions such as the formation of hydrogen bonds [32].
The terminal amino group of the piperazine ring was protonated in the process of crystallization, and
this is proved by the presence of broad bands from 2600 cm−1 to 3000 cm−1. However, confirming
this is difficult because the broad IR absorption bands possibly overlap with others, e.g., in the case of
the C−H stretching [33]. However, Karanam et al. reported FTIR analysis results that showed that
enrofloxacin salts were protonated in the process of crystallization [34]. The medium-intensity broad
band in the region of 3300–3500 cm−1 is attributed to the O−H stretching of the water molecule 2 and
ethanol molecule 3–4. The existence of enrofloxacin as a neutral molecular and in the ionic state in the
crystal structures was confirmed by SCXRD analysis.
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3.4. Crystal Structure Analysis

3.4.1. Crystallization of Enrofloxacin Anhydrate (1)

Single crystals suitable for X-ray diffraction were obtained to determine the structures of the
anhydrous form with a neutral molecule (no proton transfer from carboxylic acid to piperazinyl N
atom; Figure 4a). The enrofloxacin anhydrate crystallized in the monoclinic P21/n space group with
one molecule in the asymmetric unit. In addition, the piperazine ring in enrofloxacin usually exhibits
a stable chair conformation with a torsion angle of C12–N2–C15–C16 = 158.25◦. It has the same
crystal structure compared with the previous published [34]. The carboxylic acid group participated in
intramolecular O−H···O hydrogen bonding with the carbonyl oxygen atom of the quinolone moiety.
The crystal structure was stacked with π···π (3.598 Å) interactions and was further stabilized by weak
C−H···O and C−H···F hydrogen bonds Table 2 in enrofloxacin (Figure 4b).
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Figure 4. (a) The molecular structure diagram of the product 1 (ellipsoids were drawn at the 50%
probability level). (b) Molecular packing projections for product 1 along the [101] direction.

3.4.2. Enrofloxacin Tartrate Trihydrate (2)

The novel enrofloxacin salt trihydrate 2 crystallized in the triclinic P1 space group. The 1:1 salt
structure of enrofloxacin tartrate trihydrate contains an enrofloxacin cation, a tartrate anion and three
H2O molecules in the asymmetric unit (Figure 5a). One of the carboxylic acid groups of tartaric
acid transferred one proton to the piperazinyl-ring N atom of the enrofloxacin molecule, resulting
in a tartrate anion and enrofloxacin cation in the crystal structure (Figure 5b). The carboxylic acid
group of enrofloxacin was involved in intramolecular O−H···O hydrogen bonding with the quinolone
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oxygen atom. The product 2 displayed a unique hydrogen-bonding pattern with the formation
of multicomponent crystals. The enrofloxacin cation interacted with the tartrate ion via N+

−H···O
interactions to form the crystal structure, rather than forming hydrogen bonds with ionized oxygen
atoms. Further, one of the water molecules connected the enrofloxacin cation and tartrate anion via
O−H···O interactions (Figure 5c).
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3.4.3. Enrofloxacin Nicotinate-EtOH Salt Solvate (3)

The novel enrofloxacin salt solvate 3 had a triclinic system and space group P1. Its crystal
contained an enrofloxacin cation, a nicotinate anion and an EtOH molecule in the asymmetric unit
(Figure 6a). The carboxylic acid group of 3 was involved in intramolecular O−H···O hydrogen bonding
with the quinolone oxygen atom. The nicotinic acid was ionized by proton transfer to the enrofloxacin
molecule to form N+

−H···O−, while the EtOH molecule formed the O−H···O hydrogen bond with
the carboxylic acid C=O group of nicotinate (Figure 6b). The quinolone moieties of the enrofloxacin
molecules stacked via π···π (3.538 Å) interactions (Figure 6c).
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3.4.4. Enrofloxacin Suberate-2EtOH Salt Solvate (4)

The novel enrofloxacin salt solvate 4 had a triclinic system and space group P1 with an enrofloxacin
cation, a suberate anion and two EtOH molecules in the asymmetric unit. The carboxylic acid and
cyclopropyl groups of the enrofloxacin molecule were observed to exhibit disorder in this crystal
structure (Figure 7a). One of the carboxylic acid groups of the suberic acid transferred one proton
to the piperazinyl-ring N atom of the enrofloxacin molecule, thereby forming a suberate anion
and enrofloxacin cations in the crystal structure (Figure 7b). The carboxylic acid group of 4 was
involved in intramolecular O−H···O hydrogen bonding with the quinolone oxygen atom. Enrofloxacin
interactsedwith the suberate ion via N+

−H···O− interactions in the crystal structure, while the EtOH
molecule formed the O−H···O hydrogen bond with the carboxylic acid C=O group of the suberate ion.
The quinolone moieties of the enrofloxacin molecule stacked via π···π (3.872 Å) interactions (Figure 7c).
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3.5. Thermal Analysis

DSC curves showing the thermal behaviour of the products 1–4 are shown in Figure 8.
The endothermic peak for melting of 1 was found at 228 ◦C. In the case of 2, the endothermic
melting peak was at 228 ◦C, and this was followed by a phase transition. The endothermic transitions
between 75 ◦C and 125 ◦C in the DSC thermograms for 2 showed the loss of water molecules from the
crystal structure. In the DSC thermogram for 3, several steps of small endothermic transitions at about
120–180 ◦C due to solvent loss were observed, followed by a four-step endothermic melting transition
of the salt solvate Further, 4 was found to melt at 112 ◦C.
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3.6. Results for Solubility Study

The solubility data are presented in Table 3. The solubility of commercially available enrofloxacin
in water was 0.14 mg/mL, which is similar to the previously reported values [21]. The solubilities of 1
and the commercially available enrofloxacin are similar. As expected, the enrofloxacin salts showed
a considerable improvement in solubility: 2–4 were found to be 57- to 406-times more soluble than
pure enrofloxacin. Correlating the solubility with crystal structures is difficult because the limited
experimental/calculated data on crystal packing, etc. However, it can be speculated that the solubility
enhancement in the case of the salts was a result of greater ionization.

Table 3. Solubility Data for Compounds 1–4.

Compound Saturation Solubility a in Water (mg/mL)

enrofloxacin b 0.14
1 0.14
2 8.53
3 56.83
4 8.04

a Solubility measured after 24 h of equilibration. b Solubility of commercially available enrofloxacin.

4. Discussion

Enrofloxacin anhydrate was crystallized, and the crystal structure was determined. Further,
new salts formed using tartaric acid, nicotinic acid and suberic acid have been reported for the first
time. The novel salts were prepared efficiently via evaporation using a mixed solvent has been found to
be highly rewarding. These compounds formed a layered structure, and these layers were stacked via
hydrogen bonds and π···π interactions. In the structure of salts, the piperazinyl moieties of enrofloxacin
interacted with the carboxylate ions. These carboxylate ions connected the H2O and EtOH molecules
formed a stacking structure. The enrofloxacin salts prepared in this study showed a 57- to 406-fold
higher solubility than the starting material.
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Abstract: The structure of the isoflavone compound, 3-(2,3-dihydrobenzo[b][1,4]
dioxin-6-yl)-6,7-dimethoxy-4H-chromen-4-one (5), was elucidated by 2D-NMR spectra, mass
spectrum and single crystal X-ray crystallography. Compound 5, C19H16O6, was crystallized in
the monoclinic space group P21/c with the cell parameters; a = 12.0654(5) Å, b =11.0666(5) Å, c =

23.9550(11) Å, β = 101.3757(16)◦, V = 3135.7(2) Å3, and Z = 8. The asymmetric unit of compound
5 consists of two independent molecules 5I and 5II. Both molecules exhibit the disorder of each
methylene group present in their 1,4-dioxane rings with relative occupancies of 0.599(10) (5I)
and 0.812(9) (5II) for the major component A, and 0.401(10) (5I) and 0.188(9) (5II) for the minor
component B, respectively. Each independent molecule revealed remarkable discrepancies in bond
lengths, bond angles and dihedral angles in the disordered regions of 1,4-dioxane rings. The common
feature of the molecules 5I and 5II are a chromone ring and a benzodioxin ring, which are more
tilted towards each other in 5I than in 5II. An additional difference between the molecules is seen
in the relative disposition of two methoxy substituents. In the crystal, the molecule 5II forms
inversion dimers which are linked into chains along an a-axis direction by intermolecular C–H· · ·O
interactions. Additional C–H· · ·O hydrogen bonds connected the molecules 5I and 5II each other to
form a three-dimensional network. Hirshfeld surface analysis evaluated the relative intermolecular
interactions which contribute to each crystal structure 5I and 5II. Western blot analysis demonstrated
that compound 5 inhibited the TNFα-induced phosphorylation of IKKα/β, resulting in attenuating
further downstream NF-κB signaling. A molecular docking study predicted the possible binding of
compound 5 to the active site of IKKβ. Compound 5 showed an inhibitory effect on the clonogenicity
of HCT116 human colon cancer cells. These results suggest that compound 5 can be used as a
platform for the development of an anti-cancer agent targeting IKKα/β.

Keywords: disordered crystal structure; hydrogen bonding; in silico docking; Hirshfeld surface;
NF-κB signaling; IKKβ inhibitor

Crystals 2020, 10, 911; doi:10.3390/cryst10100911 www.mdpi.com/journal/crystals

81



Crystals 2020, 10, 911

1. Introduction

The NF-κB family of transcription factors plays crucial roles in cellular proliferation, survival,
and immune responses. These consist of five members, including c-Rel, p65/RelA, RelB, p50/NF-κB1,
and p52/NF-κB2 [1]. The most abundant form is a p65/RelA and p50/NF-κB1. In resting cells, NF-κB
dimers remain in an inactive form in the cytoplasm during their association with an inhibitor of κB
(IκB) [2]. Upon cellular activation by extracellular stimuli, the upstream IκB kinase (IKK) complex
consisting of IKKα, IKKβ, and IKKγ phosphorylates IκB to degrade IκB, allowing the activation of
NF-κB [3]. The activated NF-κB complex immediately translocates to the nucleus, thereby regulating
the expression of many genes involved in cell survival, cell cycle progression, angiogenesis, invasion,
and metastasis [4]. Tumor necrosis factor α (TNFα) is a potent pro-inflammatory cytokine that
promotes tumor progression in most types of malignant tumors [5]. It stimulates NF-κB through the
activation of IKK [6]. Structure-based drug design (SBDD) and ligand-based drug design (LBDD) are
the main streams of computer-aided drug design. Integrated drug design methods have been new
trends in this area by combining information from both the ligand and the proteins [7,8]. For the
integrated computer-aided studies, three-dimensional molecular structures of proteins and small
molecules are prerequisites. Since the three-dimensional x ray structures of the IKKβ protein were
revealed [9,10], the development of various inhibitors has been investigated and many inhibitors are
commercially available [11–21]. However, it is uncommon for flavonoid compounds to be studied
as IKKβ inhibitors [22,23]. Since flavonoids are second metabolites with phytoalexin properties and
present in excess amount in plants, many studies and developments have been achieved as dietary
supplements [24,25]. Flavonoids have also been reported to exhibit a variety of physiological activities
and have been used in the development of a wide range of pharmaceuticals [26–28]. Chalcones, flavones,
flavonols and isoflavones are diverse forms of flavonoids. In light of our research results, each form
of flavonoid has been found to represent unique biological activities [29–33]. In this study, it was
intended to investigate the anticancer activity through the IKKβ inhibitory effect after synthesizing the
isoflavone compound 5 and revealing its solid-state structure by single crystal x-ray diffraction.

2. Materials and Methods

2.1. General

NMR experiments were carried out on a Bruker Avance 400 spectrometer Q (Bruker, Karlsruhe,
Germany). The detailed procedures and parameters for the NMR experiments followed to the methods
reported previously [34]. Other general experimental methods were followed by the methods reported
previously [35].

2.2. Crystal Structure Determination

Single crystals were obtained by the slow evaporation of the ethanol solution of the isoflavone 5
at ambient temperature. A single crystal of the dimensions 0.393 × 0.305 × 0.134 mm3 was selected
and x-ray data were collected at 223 K on a Bruker D8 Venture equipped (Bruker, Madison, EI,
USA) with IµS micro-focus sealed tube Mo Kα (λ = 0.71073 Å) and a PHOTON 100 CMOS detector.
Bruker SAINT was utilized for the cell refinement and data reduction [36]. The structure was solved by
direct methods and refined by full-matrix least-squares on F2 using SHELXTL [37]. Detailed refining
methods followed previously reported methods [35], and the outcomes of the crystallographic data
collection, structural determination and refinement are summarized in Table 1 (CCDC deposition
number 2027508). All relevant information which include bond distances, angles, fractional coordinates,
and the equivalent isotropic displacement parameters can be obtained free of charge from the CCDC
(Cambridge Crystallographic Data Centre), 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223
336033; E-mail: deposit@ccdc.cam.ac.uk.
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Table 1. Crystal data and structure refinement for compound 5.

CCDC deposit number 2027508

Empirical formula C19 H16 O6

Formula weight 340.32

Temperature 223(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions

a = 12.0654(5) Å
b = 11.0666(5) Å

c = 123.9550(11) Å
β = 101.3757(16)◦.

Volume 3135.7(2) Å3

Z 8

Density (calculated) 1.442 Mg/m3

Absorption coefficient 0.108 mm−1

F(000) 1424

Crystal size 0.393 × 0.305 × 0.134 mm3

Theta range for data collection 1.722 to 28.347◦

Index ranges −16 ≤ h ≤ 16, −14 ≤ k ≤ 14, −31 ≤ l ≤ 31

Reflections collected 102751

Independent reflections 7798 [R(int) = 0.0604]

Completeness to theta = 25.242◦ 99.7 %

Max. and min. transmission 0.7457 and 0.6970

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 7798/12/492

Goodness-of-fit on F2 1.063

Final R indices [I>2sigma(I)] R1 = 0.0430, wR2 = 0.1004

R indices (all data) R1 = 0.0666, wR2 = 0.1179

Largest diff. peak and hole 0.226 and −0.206 e.Å−3

2.3. Hirshfeld Surfaces

The Hirshfeld surface analyses were carried out using the program CrystalExplorer 17.5 (University
of Western Australia, Perth, Australia) [38,39]. The normalized contact distances (dnorm) were mapped
into the Hirshfeld surface, which enabled the visualization of intermolecular interactions by using
different colors. In the color scale, the red color denotes closest contact because it indicates the sum of
di (the distance from the surface to the nearest nucleus internal to the surface) and de (the distance from
the surface to the nearest nucleus external to the surface) and de is shorter than the sum of the relevant
van der Waals radii. On the other hand, the white and blue color represent the weak and negligible
intermolecular interactions, respectively. The Hirshfeld surfaces and their associated two-dimensional
fingerprint plots were used to quantify the various intermolecular interactions in the title compound.

2.4. In Silico Docking with IκB Kinaseβ (IKKβ)

In silico dockings to elucidate the molecular binding mode between isoflavone 5 and IκB kinaseβ
(IKKβ) were performed on an Intel Core 2 Quad Q6600 (2.4 GHz) Linux PC with Sybyl 7.3 (Tripos,
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St. Louis, MO, USA). The three-dimensional structure of IκB kinaseβ (IKKβ) was adopted from a
protein data bank deposited as 4KIK.pdb [40]. The detailed experimental procedures followed to the
methods previously reported [41].

2.5. Cells and Cell Culture

HCT116 human colon cancer cells were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). The cells were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (HyClone, Logan, UT, USA).

2.6. Western Blot Analysis

HCT116 cells treated with or without 10 ng/mL TNFα (Calbiochem, San Diego, CA, USA) in
the presence or absence of compound 5 were lysed in a cell lysis buffer containing 20 mM HEPES
(pH 7.2), 1% (v/v) Triton X-100, 10% (v/v) glycerol, 150 mM NaCl, 10 µg/mL leupeptin, and 1 mM
phenylmethylsulfonyl fluoride (PMSF). Protein extracts (20 µg per sample) were separated via 10% (w/v)
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes and incubated with
the appropriate primary and secondary antibodies. Primary antibodies against phospho (p)-IKKα/β

(Ser176/180), p-IκBα (Ser32), p-p65/RelA (Ser536) were obtained from Cell Signaling Technology
(Beverly, MA, USA), and an antibody against glyceraldehyde phosphate dehydrogenase (GAPDH)
was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All the primary antibodies were diluted to
1:1000 concentration in 50 mM Tris-buffered saline (pH 7.6) containing 5% nonfat dry milk solution and
0.05% Tween-20. The antibody-bound blots were developed using an enhanced chemiluminescence
detection system (GE Healthcare, Piscataway, NJ, USA).

2.7. Clonogenic Assay

To measure the long-term growth inhibitory effect of compound 5 against cancer cells,
the clonogenic survival assay was performed as reported previously with a minor modification [42].
Briefly, HCT116 human colon cancer cells were plated at a density of 4 × 103 cells per well in
24-well culture plates (BD FalconTM; Becton Dickson Immunocytometry System). After attachment,
the cells were incubated in the presence or absence of compound 5 at different concentrations (0, 1,
5, and 10 µM) for 7 days, and fixed with 6% glutaraldehyde, followed by staining with 0.1% crystal
violet. Its half-maximal clonogenic growth inhibitory concentration (GI50) was determined using the
SigmaPlot software (SYSTAT, Chicago, IL, USA) [43].

3. Results and Discussion

3.1. Synthesis

The title compound 5 was synthesized as shown in Scheme 1 by literature methods [34,44,45].
The final compound 5 was obtained by palladium-catalyzed Suzuki reaction between boronic acid (4)
derivative and 3-iodoflavone (3) in three steps from the commercially available starting material.

3.1.1. Synthesis of (E)-3-(dimethylamino)-1-(2-hydroxy-4,5-dimethoxyphenyl)prop-2-en-1-one (2)

The previously reported literature procedures were used, but starting with
2-hydroxy-4,5-dimethoxyacetophenone (1) [34,44]. 1H NMR (400 MHz, DMSO) δ 14.76 (s,
1H), 7.83 (d, J = 12.0 Hz, 1H), 7.31 (s, 1H), 6.41 (s, 1H), 5.85 (d, J = 12.0 Hz, 1H), 3.78 (s, 3H), 3.75 (s, 3H),
3.17 (s, 3H), 2.99 (s, 3H). 13C NMR (100 MHz, DMSO) δ 189.35, 159.65, 154.95, 154.74, 141.13, 111.98,
111.41, 100.78, 89.38, 56.95, 55.71, 44.96, 37.54.
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3.1.2. Synthesis of 3-iodo-6,7-dimethoxy-4H-chromen-4-one (3)

The slightly modified literature procedures were used, but starting with previously obtained
enamine 2 [34,44]. After the completion of the reaction, the precipitate was formed. The resulting solid
was filtered and was washed with cold methanol. The solid compound of iodoflavone (3) was pure
and used for the next reaction without further purifications. 1H NMR (400 MHz, DMSO) δ 8.73 (s, 1H),
7.37 (s, 1H), 7.31 (s, 1H), 3.90 (s, 3H), 3.85 (s, 3H). 13C NMR (101 MHz, DMSO) δ 171.82, 158.31, 154.69,
152.04, 147.91, 114.46, 104.22, 100.44, 86.58, 56.62, 56.00.

3.1.3. Synthesis of 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-6,7-dimethoxy-4H-chromen-4-one (5)

The previously reported literature procedures were used but starting with the 3-iodo flavone
compound (3) [34,45]. For the complete assignment for the proton atoms and carbon atoms,
additional two-dimensional NMR such as HMBC (heteronuclear multiple bond correlation), HMQC
(heteronuclear multiple-quantum correlation) and TOCSY (total correlation spectroscopy) were
performed (Supplementary Materials). 1H NMR (400 MHz, DMSO-d6) δ 8.34 (s, 1H, H-2), 7.47 (s, 1H,
H-5), 7.16 (s, 1H, H-8), 7.15 (d, 1H, H-2′, J = 2.1 Hz), 7.06 (dd, 1H, H-6′, J = 8.4, 2.1 Hz), 6.88 (d, 1H, H-5′,
J = 8.4 Hz), 4.27 (s, 4H, 3′, 4′-CH2), 3.93 (s, 3H, 7-OCH3), 3.88 (s, 3H, 6-OCH3); 13C NMR (400 MHz,
DMSO-d6) δ 173.9 (C-4), 154.2 (C-7), 152.8 (C-2), 151.5 (C-9), 147.4 (C-6), 143.0 (C-4′), 142.8 (C-3′),
124.9 (C-1′), 122.4 (C-3), 121.5 (C-6′), 117.3 (C-2′), 117.0 (C-10), 116.4 (C-5′), 104.4 (C-5), 100.1 (C-8),
63.90 (C-3′), 63.86 (C-4′), 56.1 (7-OCH3), 55.7 (6-OCH3). HR/MS (m/z): Calcd. for (M+H)+: 341.0980;
Found: 341.1032.

3.2. Crystal Structure of Isoflavone Compound 5

The asymmetric unit of compound 5 consists of two independent molecules 5I (C1–C19) and 5II
(C20–C38). In each independent molecules, two methylene groups C18–C19 (5I) and C37–C38 (5II)
in corresponding 1, 4-dioxane rings are disordered over two positions with relative occupancies of
0.599(10) (5I) and 0.812(9) (5II) for the major component A, and 0.401(10) (5I) and 0.188(9) (5II) for the
minor component B, respectively (Figure 1A). From a macroscopic point of view, two independent
molecules 5I and 5II are roughly superimposed over each other as shown in Figure 1B.
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Figure 1. (A) Molecular structure of the title compound 5 with atomic labelling. The asymmetric part
of the unit cell incorporates two independent molecules 5I (C1–C19) and 5II (C20–C38). Displacement
ellipsoids are drawn at the 30% probability level. The minor component of the disordered moiety is
drawn with open bonds. (B) An overlay diagram of two independent crystals 5I (orange color) and 5II
(blue color) of title compound 5. H atoms are omitted for clarity.

There are relative differences in the corresponding bond distances, bond angles, and torsional
angles among the conformers 5IA–5IIB. In the C1–C19 molecule (5I), the two dioxane rings at major
component 5IA and minor component 5IB are both in the half-chair conformations. The atom C18A
shows maximum deviation from the dioxane ring of C14–C15–O6–C19A–C18A–O5 (r.m.s. deviation =

0.212 Å) by 0.351 Å in the major component 5IA. The atom C19B shows maximum deviation from
the ring of C14–C15–O6–C19B–C18B–O5 (rmsd = 0.201 Å) by 0.338 Å in the minor component 5IB.
The dihedral angle formed between plane of the dimethoxy-substituted benzene ring (C2–C7; rmsd
= 0.004 Å) and a plane of dioxane-attached benzene ring (C12–C17; rmsd = 0.003 Å) is 47.45(4)◦.
The methoxy groups are slightly twisted from the benzene ring by torsion angle of C3–C4–O3–C10 =

10.6(2)◦ at C4 and C6–C5–O4–C11 = −5.5(2)o at C5, respectively, in the molecule 5I (Figure 2).
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Figure 2. View of the molecular structure of the independent molecule 5I with the atom label including
all hydrogens. It shows a disordered structure in the 1, 4-dioxane rings. Displacement ellipsoids are
drawn at the 30% probability level.

Both the dioxane ring (C33–C34–O11–C38A–C37A–O12 (rmsd 0.204 Å)) of the major component
and the dioxane ring (C33–C34–O11–C38B–C37B–O12 (rmsd 0.226 Å)) of a minor component lie in the
half-chair conformations in molecule 5II as well. The maximum deviations from each dioxane ring
are 0.332 Å at C37A, and 0.383 Å at C38B, respectively. For the independent molecule 5II (C20–C38),
the dihedral angle formed between the corresponding two benzene rings of (C21–C26; rmsd = 0.004 Å)
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and (C31–C36; rmsd = 0.003Å) is 34.82(2)◦, which is slightly less twisted compared to molecule 5I.
In addition, the methoxy groups are almost coplanar with the benzene ring by the torsion angle of
C25–C24–O10–C30 = −1.5(3)◦ at C23 and C22–C23–O9–C29 = 2.6(2)o at C24, respectively (Figure 3).Crystals 2020, 10, x FOR PEER REVIEW 7 of 15 
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Figure 3. View of the molecular structure of independent molecule 5II with the atom label including
all hydrogens. It shows disordered structure in 1, 4-dioxane rings. Displacement ellipsoids are drawn
at the 30% probability level.

There are distinctive discrepancies in the bond lengths and bond angles in the distorted regions
of molecules 5IA, 5IB, 5IIA and 5IIB. Comparing the bond lengths between two conformers (A
and B) of each independent molecule (5I, 5II), the molecule 5I revealed significant difference in
bond lengths around the disordered area. For the major conformer 5IA, the bond lengths were
O(5)–C(18A) = 1.412(4) Å, C(18A)–C(19A) = 1.506(8) Å, C(19A)–O(6) =1.495(4) Å, respectively,
and for the minor conformers 5IB, those are O(5)–C(18B) = 1.513(7) Å, C(18B)–C(19B) = 1.458(13) Å,
C(19B)–O(6) =1.402(6) Å, respectively. When they are compared in an inter-molecular manner, the
bond lengths of O(5)–C(18B) and C(18B)–C(19B) in crystal 5I are longer than those of the corresponding
O(11)–C(37B) and C(37B)–C(38B) in crystal 5II. Bond angles C(38B)–C(37B)–O(11) = 110.9(15)◦ and
C(37B)–C(38B)–O(12) = 105.2(16)◦ in molecule 5IIB are smaller than the corresponding bond angles
O(5)–C(18B)–C(19B) = 113.2(7)◦ and O(6)–C(19B)–C(18B) = 106.5(8)◦ in molecule 5IB (Table 2).

Table 2. Selected bond lengths (Å) and bond angles (◦) in the distorted regions of crystal 5IA, 5IB, 5IIA
and 5IIB, which show distinctive discrepancy. Torsional angles (◦) were shown for the difference in the
methoxy group substitutions.

I II

O(5)–C(18A) 1.412(4) O(11)–C(37A) 1.447(3)
O(5)–C(18B) 1.513(7) O(11)–C(37B) 1.422(14)

C(18A)–C(19A) 1.506(8) C(37A)–C(38A) 1.507(6)
C(18B)–C(19B) 1.458(13) C(37B)–C(38B) 1.45(3)
C(19A)–O(6) 1.495(4) C(38A)–O(12) 1.452(3)
C(19B)–O(6) 1.402(6) C(38B)–O(12) 1.449(15)

O(5)–C(18A)–C(19A) 107.5(4) O(11)–C(37A)–C(38A) 109.2(3)
C(18A)–C(19A)–O(6) 109.5(4) O(12)–C(38A)–C(37A) 108.8(3)
O(5)–C(18B)–C(19B) 113.2(7) C(38B)–C(37B)–O(11) 110.9(15)
O(6)–C(19B)–C(18B) 106.5(8) C(37B)–C(38B)–O(12) 105.2(16)
C(15)–O(6)–C(19A) 111.59(18) C(34)–O(12)–C(38A) 113.50(15)
C(15)–O(6)–C(19B) 113.9(3) C(34)–O(12)–C(38B) 108.9(5)

C(3)–C(4)–O(3)–C(10) 10.6(3) C(22)–C(23)–O(9)–C(29) 2.6(2)
C(6)–C(5)–O(4)–C(11) −5.5(2) C(25)–C(24)–O(10)–C(30) −1.5(3)
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In the crystal, the pairs of the intermolecular C37–H37B···O11 hydrogen bonds form inversion
dimers with R2

2(6) graph-set motifs. The dimers are linked into chains along the a axis direction by
pairs of the C38–H38B···O9 hydrogen bonds in the molecule II (Figure 4, Table 3).
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Figure 4. Pairs of hydrogen bonds form an inversion dimer (orange dashed line) which are linked into
chains along the a-axis.

Table 3. Intermolecular hydrogen bonds involved in the crystal packing of compound 5 (Å and ◦).

D–H . . . A d(D–H) d(H . . . A) d(D . . . A) <(DHA)

C(29)–H(29B) . . . O(1)#1 0.97 2.43 3.396(2) 172.2
C(38A)–H(38B) . . . O(9)#2 0.98 2.46 3.396(3) 157.8
C(10)–H(10B) . . . O(7)#3 0.97 2.48 3.424(2) 165.6

C(37A)–H(37B) . . . O(11)#4 0.98 2.59 3.071(4) 110.7

Symmetry transformations used to generate equivalent atoms: #1 x+1, y, z; #2 x−1, -y+3/2, z−1/2; #3 x, −y+3/2,
z+1/2; #4 −x, −y+1, −z.

The two molecules 5I and 5II are connected to each other by intermolecular hydrogen bonds
C11–H11B···O12 and C29–H29B···O1 to form an ac-plane from two-dimensional supramolecules
(Figure 5, Table 3).
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Figure 5. A view along the b axis of the crystal packing of compound 5. The molecule I and II are linked
via intermolecular hydrogen bonds C11–H11B···O12 and C29–H29B···O1. For clarity, the hydrogen
atoms not involved in H bonds are omitted.
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3.3. Hirshfeld Surface analysis of Compound 5

In order to quantify the intermolecular interactions in the crystals of the titled compound 5,
a Hirshfeld surface (HS) analysis was carried out. Based on the Hirshfeld analysis on all conformers,
two independent molecules (5I and 5II) showed different dnorm, shape index (SI) and curvedness,
however, each set of conformers A and B revealed the same Hirshfeld analysis results [46]. The 3D
Hirshfeld surfaces of two independent molecules (5I and 5II) were illustrated in Figure 6A,B,
which maps dnorm, shape index and curvedness. The deep red spots on the dnorm Hirshfeld
surfaces of each molecule represent the close contact interactions, which are mainly responsible for
the significant intermolecular C–H···O interactions. Shape index and curvedness can also be used to
identify the characteristic packing modes. The shape indexes of 5I and 5II show red concave regions
on the surface around the acceptor atoms and blue regions around the donor H atoms. The maps
of curvedness for 5I and 5II show no flat surface patches representing that there are no stacking
interactions between the molecules [47].
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Figure 6. (A) Hirshfeld surfaces of molecule 5I mapped with dnorm, shape index and curvedness.
(B) Hirshfeld surfaces of molecule 5II mapped with dnorm, shape index and curvedness.

According to two-dimensional fingerprint plots analysis, the dominant interaction in each molecule
5I and 5II originates from H···H contacts, which are the major contributors of 43.5% and 42.5% to
the total Hirshfeld surface, respectively. The contribution from the O···H/H···O contacts of 25.1% and
29.1% of each molecule 5I and 5II is represented by a pair of sharp spikes that are characteristic of
hydrogen-bonding interactions. Other meaningful interactions include C···H/H···C with contributions
of 17.8% and 16.7% from 5I and 5II, respectively (Figure 7A–H).

The overall contribution to the total Hirshfeld surface is illustrated in Figure 8.

3.4. In Silico Docking with IKKβ

The docking calculations were carried out using the protein structure of IKKβ (The Protein Data
Bank code; 4KIK.pdb). Using the Sybyl program, the apo-protein of IKKβ was obtained by removing
the original ligand K252a contained in 4KIK.pdb. The original ligand K252a was again docked to
the apo-protein, to confirm that the flexible docking procedure worked well. Through a flexible
docking procedure repeated 30 times, 30 complexes between apo-protein and K252a were obtained.
Their binding energy ranged from −28.44 to −10.24 kcal/mol and their binding poses were good to be
comparable with 4KIK.pdb.The binding pocket of IKKβ was determined using the LigPlot software as
previously reported [48]. They are composed of 16 residues; 14 residues, namely Leu21, Gly22, Thr23,
Val25, Ala42, Lys44, Glu61, Val74, Met96, Tyr98, Glu149, Asn150, Ile165, and Asp166 are involved
in hydrophobic interactions, and two residues, Glu97 and Cys99 are involved in hydrogen bonds.
Using the three-dimensional structure of compound 5 obtained in this study, docking with apo-protein
was performed in the same way as the original ligand. The binding energy generated by the 30
iterations ranged from −15.92 to −13.09 kcal/mol. The interactions between IKKβ and compound 5
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were analyzed using the LigPlot progam. Six residues including Thr23, Val29, Glu61, Met65, Met96,
and Ile165 showed the hydrophobic interactions with the ligand and three residues including Gly27,
Lys44, and Asp166 formed hydrogen bonds (H bonds) with the ligand (Figure 9A). The binding
pocket of compound 5 resided in IKKβ was visualized using the PyMOL program (PyMOL Molecular
Graphics System, version 1.0r1, Schrödinger, LLC, Portland, OR, USA). Isoflavone compound 5 in
IKKβ exhibited a slightly different binding pattern from those of the original ligand K252a. However,
both isoflavone 5 and original ligand K252a have been shown to bind well at the active site of the
IKKβ protein (Figure 9B).
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resolved into O···H (F), H···H (G), C···H (H).
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3.5. Effect of Compound 5 on the Inhibition of IKK Pathway

To validate the in silico docking prediction that IKKβ is a target for compound 5, we tested
the effect of compound 5 on the inhibition of the IKK signaling pathway using a cell-based kinase
assay. We confirmed that the phosphorylation of IKKα/β and its downstream targets IκB and p65/RelA
was rapidly induced within 10 min and then gradually decreased upon 10 ng/mL TNFα stimulation
(Figure 10A). Under this experimental condition, we determined whether compound 5 inhibited the
TNFα-induced IKK activity. HCT116 cells were pre-treated with different concentrations of compound
5 (0, 50, 100 µM) for 30 min and then stimulated with 10 ng/mL TNFα for 10 min. We observed
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that pre-treatment with compound 5 dose-dependently reduced phosphorylation of IKKα/β and
its downstream target IκB and p65/RelA, induced by TNFα (Figure 10B). These data suggest that
compound 5 inhibits TNFα-induced NF-κB activation through the targeting of IKK.
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Figure 10. Effect of compound 5 on the inhibition of the IKK signaling pathway in HCT116 colon cancer
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10 ng/mL TNFα for the indicated times. Whole-cell lysates were prepared, and Western blotting was
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NF-κB (Ser536). Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as an internal control.
(B) HCT116 cells were starved with 0.5% FBS for 24 h, followed by pre-treatment with compound 5
(5 or 20 µM) 30 min before stimulation with 10 ng/mL TNFα. After 10 min, whole-cell lysates were
prepared, and Western blotting was performed using the phospho-specific antibody against IKKα/β

(Ser176/180), IκBα (Ser32), and p65/RelA NF-κB (Ser536). GAPDH was used as an internal control.

3.6. Effect of Compound 5 on the Inhibition of Clonogenicity of HCT116 Cells

To support the idea that NF-κB inhibition through IKK targeting by compound 5 exerts an
antiproliferation effect, we tested the inhibitory activity of compound 5 on the clonogenicity of HCT116
human colon cancer cells. Clonogenic assay is an in vitro non-destructive method known to reflect
the in vivo evaluation of anticancer drugs. Treatment with compound 5 for 7 days resulted in a
dose-dependent loss of clonogenicity of HCT116 cells (Figure 11). Its GI50 value was determined to be
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NF-κB is constitutively activated in most cancer cells. The inhibition of NF-κB in cancer cells
causes the induction of the cell cycle arrest and apoptosis. Therefore, pharmacological NF-κB inhibitors
have been widely used for cancer prevention and therapy. The full activation of p65/RelA NF-κB
is necessary for the release of the NF-κB complex from IκB. IKK phosphorylates IκB on Serine-32,
triggering the proteasome-dependent proteolysis of IκB and releasing NF-κB from IκB. IKK also
phosphorylates and degrades the Forkhead transcription factor FOXO3a that is involved in cell cycle
arrest and apoptosis [49] and activates insulin receptor substrate (IRS) to impair insulin signaling [50],
suggesting that IKK inhibition can exhibit multiple anticancer activities in addition to inhibiting NF-κB.
Previous study has demonstrated that the most effective and selective approach for NF-κB inhibition
might be offered by the IKK inhibitor [51], suggesting that the selective targeting of IKK is a promising
therapeutic strategy for anticancer drug development. In this study, we identified compound 5 that
inhibits the NF-κB signaling pathway through targeting the upstream kinase IKKβ.

4. Conclusions

The title compound 5, C19H16O6, was crystallized in the monoclinic space group P21/c and consists
of two independent molecules 5I and 5II. Both molecules exhibit the disorder of each methylene
groups present in the 1,4-dioxane ring with occupancies 0.6289 (17) and 0.3711 (17), respectively.
Based on the Hirshfeld analysis, two independent crystals (5I and 5II) showed differences in the
dnorm, shape index (SI), curvedness and the overall contribution to the total Hirshfeld surface.
In the crystal, the molecule 5II forms inversion dimers which are linked into chains along the a axis
direction by intermolecular C–H···O interactions. Western blot analysis demonstrated that compound
5 inhibited the TNFα-induced phosphorylation of IKKα/β. A molecular docking study predicted the
possible binding of compound 5 to the active site of IKKβ. We found that isoflavone derivative 5
inhibited the TNFα-induced phosphorylation of IKKα/β and its downstream IκB and p65/RelA NF-κB,
which suggest that compound 5 can be used as a platform for the development of anti-cancer agent
targeting IKKα/β.
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Citation: Perdih, F.; Žigart, N.; Časar,
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Abstract: Venetoclax is an orally bioavailable, B-cell lymphoma-2 selective inhibitor used for the
treatment of chronic lymphocytic leukemia, small lymphocytic lymphoma, and acute myeloid
leukemia. Venetoclax’s crystal structure was until now determined only when it was bound to a B-
cell lymphoma-2 (BCL-2) protein, while the crystal structure of this active pharmaceutical ingredient
alone has not been reported yet. Herein, we present the first successful crystallization, which provided
crystals of venetoclax suitable for X-ray diffraction analysis. The crystal structure of venetoclax
hydrate was successfully determined. The asymmetric unit is composed of two crystallographically
independent molecules of venetoclax and two molecules of interstitial water. Intramolecular N–
H· · ·O hydrogen bonding is present in both molecules, and a molecular overlay shows differences in
their molecular conformations, which is also observed in respect to venetoclax molecules from known
crystal structures of BCL-2:venetoclax complexes. A supramolecular structure is achieved through
various N–H· · ·N, O–H· · ·O, C–H· · ·O, C–H· · ·π, C–Cl· · ·π, ONO· · ·π, and π· · ·π interactions.
The obtained crystals were additionally characterized with spectroscopic techniques, such as IR and
Raman, as well as with thermal analysis.

Keywords: venetoclax; crystals; crystal structure; hydrate; conformation; X-ray diffraction

1. Introduction

The B-cell lymphoma-2 (BCL-2) family of proteins, consisting of three distinctive
protein groups (anti-apoptotic proteins, pro-apoptotic effectors, and pro-apoptotic initia-
tors/sensitizers), regulate cell death through their direct binding interactions triggering a
mitochondrial apoptotic pathway that results in caspase activation and apoptosis [1–16].
BCL-2 anti-apoptotic family members play a key role in cancer cell survival as well as
in drug resistance [17–22]. Therefore, they are primary inhibition targets for the treat-
ment of several cancers as their inhibition restores the apoptotic ability of malignant
cells [23–27]. Venetoclax (Figure 1) is an orally bioavailable, B-cell lymphoma-2 (BCL-2)
selective inhibitor and the first-in-class oral BCL-2 inhibitor for the treatment of lymphoid
malignancies [28–35]. Venetoclax was first approved by the FDA in 2016 for the treatment
of patients with chronic lymphocytic leukemia (CLL) and later for small lymphocytic
lymphoma (SLL) and for the treatment of newly diagnosed acute myeloid leukemia (AML)
in combination with azacitidine, decitabine, or low-dose cytarabine [36–39]. According
to the IMS Health data, the market value of venetoclax accounted for nearly USD 735 M
in 2019. Moreover, there are many ongoing clinical trials involving venetoclax in various
combination therapies [40], which puts venetoclax on the list of highly valuable drugs.
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Recently, crystal structures of BCL-2 and a BCL-2 mutants bound to venetoclax were 
reported in the literature [41], which provided the first insights into conformational pref-
erences of venetoclax within the target protein. Surprisingly, although there are several 
patent literature reports on the salts, polymorphs, hydrates, and solvates of venetoclax 
[42–44], the crystal structure of active pharmaceutical ingredient venetoclax has not been 
described in the literature yet. This could be attributed to the well-known challenges re-
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Recently, crystal structures of BCL-2 and a BCL-2 mutants bound to venetoclax were
reported in the literature [41], which provided the first insights into conformational prefer-
ences of venetoclax within the target protein. Surprisingly, although there are several patent
literature reports on the salts, polymorphs, hydrates, and solvates of venetoclax [42–44],
the crystal structure of active pharmaceutical ingredient venetoclax has not been described
in the literature yet. This could be attributed to the well-known challenges related to the
growth of single crystals of sufficient size and quality suitable for single crystal X-ray
diffraction analysis [45–47]. Since venetoclax (Figure 1) contains several rotatable bonds,
it is reasonable to expect that venetoclax could adopt several conformation states with
overall rich conformational space. Therefore, the crystal structure of venetoclax could
provide new information on the conformations found in a small molecule crystal structure,
which could be compared to that of the molecule bound to BCL-2. Such comparison is
of high relevance because it could establish if the small molecule crystal conformations
are comparable to the protein-bound conformations of venetoclax and therefore relevant
to structure-based drug design in this group of compounds. In addition, increasing our
knowledge of the conformations adopted by venetoclax could provide a better understand-
ing and exploitation of lesser-known interactions, which could provide more efficient drug
design efforts in the future [48–54]. In this report, we provide details on the successful
preparation of crystals of venetoclax suitable for single crystal X-ray diffraction analysis,
the first crystal structure of venetoclax’s hydrate form, and conformational analysis of its
small molecule crystal structure in comparison with the venetoclax bound to BCL-2.

2. Materials and Methods
2.1. Materials

For the purpose of this study, venetoclax was obtained from MSN Laboratories (Hy-
derabad, India). Acetonitrile (ACN) was purchased from J. T. Baker, now part of Avantor®

(Radnor, PA, USA). FTIR grade potassium bromide (KBr) and analytical grade ammonium
bicarbonate were purchased from Merck KGaA (Darmstadt, Germany).

2.2. Characterization Methods
2.2.1. Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Measurements

ATR-FTIR spectra were collected with a Nicolet iS50FT-IR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), using a single reflection diamond ATR cell.

2.2.2. Raman Measurements

Raman spectra were collected with a Nicolet iS50FT-IR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA), equipped with the iS50 Raman accessory.
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2.2.3. Differential Scanning Calorimetry (DSC) Measurements

DSC thermograms were acquired using the differential scanning calorimeter DSC 3+

Stare System instrument (Mettler Toledo, Polaris Parkway Columbus, OH, USA) operating
at 10 ◦C/min.

2.2.4. Thermogravimetric Analysis (TGA) Measurements

TGA data were acquired using the TGA/DSC 1 Stare System (Mettler Toledo, Polaris
Parkway Columbus, OH, USA) operating at 10 ◦C/min.

2.2.5. X-ray Single Crystal Analysis

Single crystal X-ray diffraction data of VEN·H2O were collected on an Agilent Tech-
nologies SuperNova Dual diffractometer (Agilent, UK) with an Atlas detector using
monochromated Cu-Kα radiation (λ = 1.54184 Å) at 150 K. The data were processed
using CrysAlis Pro [55]. The structure was solved by the SHELXT program [56] and refined
by a full-matrix least-squares procedure based on F2 with SHELXL [57] using the Olex2
program suite [58]. All non-hydrogen atoms were refined anisotropically. Water atom O16
was refined to be disordered over two positions in a ratio of 0.879(5):0.121(5). Hydrogen
atoms were readily located in different Fourier maps, except for the atoms on water oxygen
atom O16 which were not included in the refinement. Hydrogen atoms bonded to carbon
atoms were subsequently treated as riding atoms in geometrically idealized positions with
Uiso(H) = kUeq(C), where k = 1.5 for methyl groups, which were permitted to rotate but
not to tilt, and 1.2 for all other H atoms. Hydrogen atoms bonded to nitrogen and oxygen
atoms were refined, fixing the bond lengths and isotropic temperature factors as Uiso(H) =
kUeq(N,O), where k = 1.2 in case of N atoms and 1.5 in case of O atoms. The hydrogen atom
H15B on water molecule O15 had to be treated, fixing the coordinates. The crystallographic
data are listed in Table 1.

Table 1. Crystallographic data of venetoclax (VEN·H2O).

Parameter VEN·H2O

CCDC number 2063224
Formula C45H50ClN7O7S·H2O

Mr 886.44
T (K) 150.00(10)

Crystal system triclinic
Space group P–1

a (Å) 12.6058(3)
b (Å) 13.6947(3)
c (Å) 26.0490(6)
α (◦) 83.7790(18)
β (◦) 87.6244(18)
γ (◦) 81.3877(18)

Volume (Å3) 4418.55(17)
Z 4

Dc (g/cm3) 1.333
µ (mm–1) 1.714

F(000) 1872.0
Reflections collected 34794

Rint 0.0305
Data/restraints/parameters 16756/8/1152

R, wR2 [I > 2σ(I)] a 0.0463, 0.1239
R, wR2 (all data) a 0.0619, 0.1323

GOF, S b 1.039
Largest diff. peak/hole / e Å−3 1.00/–0.50

a R = ∑||Fo| – |Fc||/∑|Fo|, wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2. b S = {∑[(Fo

2 – Fc
2)2]/(n – p)}1/2, where n

is the number of reflections and p is the total number of refined parameters.
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2.2.6. Powder X-ray Diffraction Analysis

Powder X-ray diffraction pattern (p-XRD) of prepared VEN·H2O was obtained with
an X’Pert PRO diffractometer (PANalytical, Almelo, Netherlands) equipped with a Ge(111)
Johannson type monochromator in reflection mode using CuKa1 radiation (λ = 1.54060 Å)
and the full range of the 128 channel linear RTMS detector. The diffractogram was recorded
at a tube voltage of 45 kV, tube current of 40 mA, and applying a step size of 0.034◦ 2θ
with an exposure time of 100 s per step in the angular range of 3◦ to 50◦ 2θ under ambient
conditions. Since no characteristic reflections were visible above 40◦ 2θ, the diffractogram
is shown in the range of 3–40◦ 2θ.

2.3. Synthesis and Characterization of Venetoclax Hydrate

Venetoclax (100 mg) was placed into an Erlenmeyer flask and 100 mL of ACN-
NH4HCO3 (10 mM solution) = 8:2 solvent mixture was added. The obtained suspension
was sonicated in an ultrasonic bath for 5 minutes. The obtained turbid solution was left to
stand at ambient temperature for 2 hours and then filtered through a polytetrafluoroethy-
lene (PTFE) filter. The obtained yellow solution was placed into a glass laboratory bottle
and left to stand unclosed at ambient temperature for 60 days. During this time, the solvent
evaporated affording agglomerated crystals on the bottom of the bottle and needle-shaped
crystals that were deposited on the walls of the glass bottle. The agglomerated crystals on
the bottom of the glass bottle were discarded while the needle-like crystals suitable for the
single crystal X-ray analysis obtained from the walls of the glass bottle were collected for
further analysis. DSC (10 ◦K/min): 49 ◦C onset, 64 ◦C peak (endothermic transition) and
168 ◦C onset, 182 ◦C peak (endothermic transition); ATR-FTIR: 565, 663, 734, 760, 816, 831,
865, 902, 985, 1098, 1125, 1141, 1171, 1231, 1244, 1255, 1346, 1410, 1434, 1521, 1569, 1578,
1607, 1677, 2842, 2917, 3303, 3364 cm−1; Raman: 796, 838, 1068, 1142, 1161, 1172, 1232, 1272,
1363, 1427, 1496, 1607, 1678, 2847, 2892, 2919, 2941, 2961, 3065, 3083 cm−1; p-XRD (Cu-Kα):
6.5, 7.0, 7.7, 9.8, 10.8, 11.4, 11.7, 12.6, 13.1, 14.3, 15.6, 16.7, 16.8, 17.3, 17.7, 18.2, 18.5, 19.9,
20.0, 20.5, 21.4, 21.9, 22.5, 23.0, 23.4, 24.3, 24.9, 26.1, 26.4, 28.7, 29.2, 29.5◦ 2θ.

3. Results and Discussion
3.1. Preparation of Venetoclax Hydrate

In our previous studies on the stability and liquid chromatography analytical method
development for venetoclax, we observed that venetoclax formed crystals after a few
days from some of the solvents used for the dissolution of venetoclax [59,60]. Therefore,
we performed a targeted crystallization experiment from the most promising solvent
system identified in our previous study [60]. For this purpose, venetoclax was dissolved
in an ACN–NH4HCO3 (10 mM solution) = 8:2 solvent mixture, and the solution was
left to stand for 60 days at ambient temperature in a laboratory glass bottle. The yellow
needle-shaped crystals that were formed on the walls of the glass bottle after evaporation
of the solvent were collected and used for further analysis. This proved that the obtained
crystalline venetoclax was suitable for single crystal X-ray diffraction. Thermal analysis and
X-ray data indicated that the obtained crystals represented a venetoclax hydrate form that
was previously reported in the patent literature, although it was obtained by desolvation
of the venetoclax ethyl acetate solvate at ambient conditions and characterized only with a
p-XRD [42].

3.2. Characterization of Venetoclax Hydrate
3.2.1. Infrared Spectral Analysis

In the IR spectrum of venetoclax hydrate (Figure 2) the most diagnostic bands are
associated with the shoulder of an OH band of water in the 3700–3400 cm−1 region, N–H
stretching vibrations (3364 and 3303 cm−1), C–H stretching vibrations of the benzene
rings (3141 and 3105 cm−1), C–H stretching vibrations of CH2 and CH3 groups (2917
and 2842 cm−1), C=O stretching vibration of an amide bond (1677 cm−1), and stretching
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vibrations that are probably associated with C=C aromatic rings, the –NO2 group, and the
–SO2 group (1607, 1569, 1521, 1362, 1346 and 1141 cm−1).
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3.2.2. Raman Spectral Analysis

The Raman spectrum of venetoclax hydrate (Figure 3) displays CH stretching of
unsaturated carbons in the region above 3000 cm−1, while CH stretching of saturated
carbons populates the region from 3000 to 2840 cm−1. The most diagnostic bands in the
Raman spectrum are located at 1678 cm−1 (C=O stretch of an amide bond) and a very
strong aryl C=C stretch 1607 cm−1.
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3.2.3. Thermal Analyses

The thermal behavior of the obtained crystalline venetoclax is shown in Figure 4. In the
DSC thermogram (Figure 4, top), two endothermic transitions were observed: the first
transition at 49 ◦C (onset) and 64 ◦C (peak), which is probably associated with partial
dehydration, and the second transition at 168 ◦C (onset) and 182 ◦C (peak), which is
probably associated with the melting of the form obtained after dehydration. After both
endothermic phenomena, an exothermic transition peak associated with decomposition
was observed at temperatures above 220 ◦C. The TGA thermogram (Figure 4, bottom)
indicates that dehydration starts above 30 ◦C and the mass loss is completed by 200 ◦C.
The mass loss of 1.92% w/w is well within the expected value for a monohydrate form,
i.e., 2.03% w/w. Thus, TGA and DSC data on the obtained crystalline solid venetoclax
indicated that this is a hydrated form of venetoclax.
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3.2.4. Powder X-ray Diffraction Analysis

To investigate whether the analyzed crystal structure is truly representative of the
bulk material, the X-ray powder diffraction (p-XRD) technique wasperformed at room tem-
perature and compared with the pattern simulated from the crystal structure. As depicted
in Figure 5, the experimental p-XRD pattern is nearly identical with the corresponding
simulated one except for some differences that may be due to the preferential orientation.
The studied form has a p-XRD comparable to the previously reported monohydrate form
in the patent literature [42].
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3.2.5. X-ray Single Crystal Analysis

• Molecular Geometry

Needle-shaped crystals of venetoclax, suitable for single crystal X-ray diffraction,
were prepared by crystallization from an ACN-aqueous ammonium bicarbonate buffer
system. Thermal analysis and X-ray data indicated that the crystals obtained represented a
venetoclax hydrate form [42] that was previously described only in the patent literature and
characterized solely with a p-XRD analysis. Crystallographic data are listed in Table 1 (see
supplementary material for further details). The compound VEN·H2O crystalizes in tri-
clinic space group P–1 with two crystallographically independent molecules of venetoclax
(A and B) and two molecules of interstitial water in the asymmetric unit, with one (O16)
being disordered over two positions (Figure 6a). In each molecule (A and B), intramolecular
N–H· · ·ONO hydrogen bonding between the amine group (N3, N10) and nitro group,
as well as intramolecular N–H· · ·O hydrogen bonding between the amide group (N1,
N8) and phenyl oxygen atom (O7, O14), are present and stabilize the molecular structure
(Table 2, Figure 6b,c).

Table 2. Hydrogen bonds for VEN·H2O [Å and ◦].

D–H· · ·A d(D–H) d(H· · ·A) d(D· · ·A) <(DHA)

N1–H1· · ·O7 0.833(17) 1.97(2) 2.602(2) 132(2)
N3–H3· · ·O5 0.848(17) 2.01(2) 2.636(2) 130(2)
N5–H5· · ·N4i 0.864(17) 2.041(18) 2.891(3) 168(3)

C15–H15· · ·O13ii 1.00 2.55 3.375(3) 139.3
C27–H27A· · ·O4iii 0.99 2.43 3.368(3) 157.1
C29–H29A· · ·O6iv 0.99 2.48 3.456(3) 166.9

C29–H29B· · ·O16Bii 0.99 2.51 3.393(13) 148.8
C31–H31A· · ·O12 0.99 2.50 3.292(3) 136.8
C31–H31A· · ·N9 0.99 2.61 3.310(3) 128.1
C39–H39· · ·O1iii 0.95 2.55 3.244(2) 130.5

C45–H45A· · ·O16B 0.98 2.48 3.429(14) 163.8
N8–H8· · ·O14 0.880(17) 1.90(2) 2.650(3) 141(3)

N10–H10· · ·O12 0.879(18) 2.05(3) 2.665(3) 127(3)
N12–H12A· · ·O11v 0.870(17) 2.25(2) 3.070(3) 157(3)
C51–H51· · ·O16B 0.95 2.47 3.328(13) 150.3

C61–H61B· · ·O10vi 0.99 2.58 3.330(3) 132.5
C71–H71· · ·O15vii 0.95 2.55 3.483(3) 168.8

O15–H15A· · ·O16A 0.871(10) 2.18(3) 2.890(4) 139(4)
O15–H15A· · ·O16B 0.871(10) 2.03(3) 2.843(14) 156(5)
O15–H15B· · ·O9viii 0.858(3) 2.330(2) 3.170(3) 166.0(2)

Symmetry codes: (i) −x, −y + 1, −z; (ii) x − 1, y, z; (iii) x + 1, y, z; (iv) x + 1, y − 1, z; (v) x, y + 1, z; (vi) −x, −y + 1, −z + 1; (vii) x − 1, y + 1, z;
(viii) −x + 1, −y, −z + 1.
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The molecular overlay shows that the main difference between molecules A and B
is in the orientation of the nitrobenzenesulfonyl moiety with C–S–N–C torsion angle (Φ1)
of 57.09(19)◦ (molecule A) vs. –57.7(2)◦ (molecule B) with the additional difference in
C–N–C–C torsion angle (Φ2) of the terminal tetrahydropyranyl substituent of –170.15(18)◦

(A) vs. 97.6(3)◦ (B) (Figure 7). Some difference in the inclination of the chlorophenylcyclo-
hexenyl moiety is also evident with the N–C–C–C torsion angle (Φ3) being 110.2(2)◦(A)
and 113.7(2)◦(B), with the quaternary atom C35 (molecule A) being oriented away from
the 1H-pyrrolopyridine moiety, while atom C80 (molecule B) is being oriented toward
to this moiety. Furthermore, the difference observed between the two conformations is
also due to the inclination of the 1H-pyrrolopyridine-containing substituent in respect of
the benzamide scaffold with the C–C–O–C torsion angle (Φ4) being 18.1(3)◦ for A and
51.6(3)◦ for B. In molecule B, the 1H-pyrrolopyridine moiety is thus in close proximity of
the nitrobenzenesulfonyl and tetrahydropyranyl rings.
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Molecule A forms a hydrogen bonded centrosymmetric dimer via N5–H5···N4i inter-
actions between adjacent 1H-pyrrolopyridine moieties with the graph-set motif R22(8) [61] 
(Table 2, Figure 8). Dimers are further connected into a chain along the a-axis via C27–
H27A···O4iii interactions between the piperazine moiety and nitro group as well as via 
C39–H39A···O1iii interactions between the chlorophenyl ring and the amide oxygen atom 
forming a graph-set motif R22(19). This interaction is supported by almost parallel π···π 
interactions between each ring of the 1H-pyrrolopyridine moiety and the nitrophenyl ring 
of the adjacent molecule with a centroid-to-centroid distance of 3.8869(13) and 3.8873(12) 

Figure 7. (a) Superposition showing the difference in conformation of venetoclax molecules A (orange) and B (light
green). For clarity, hydrogen atoms are omitted, and Cl and S atoms are drawn as small spheres. (b) Selected torsion
angles highlighted.

Molecule A forms a hydrogen bonded centrosymmetric dimer via N5–H5· · ·N4i inter-
actions between adjacent 1H-pyrrolopyridine moieties with the graph-set motif R2

2(8) [61]
(Table 2, Figure 8). Dimers are further connected into a chain along the a-axis via C27–
H27A· · ·O4iii interactions between the piperazine moiety and nitro group as well as via
C39–H39A· · ·O1iii interactions between the chlorophenyl ring and the amide oxygen atom
forming a graph-set motif R2

2(19). This interaction is supported by almost parallel π· · ·π
interactions between each ring of the 1H-pyrrolopyridine moiety and the nitrophenyl ring
of the adjacent molecule with a centroid-to-centroid distance of 3.8869(13) and 3.8873(12) Å
and ring slippage of 2.037 and 2.016 Å, respectively. Moreover, ONO· · ·π interactions are
present between the nitro group and the pyridine ring of the 1H-pyrrolopyridine moiety
with an O· · ·π distance of 3.0931(19) Å. The chains are further connected into a layer along
the ab-plane via C29–H29A· · ·O6iv interactions between the piperazine moiety and the
tetrahydropyrane oxygen atom of the adjacent molecule.

Crystals 2021, 11, x FOR PEER REVIEW 9 of 17 

Å and ring slippage of 2.037 and 2.016 Å, respectively. Moreover, ONO···π interactions 
are present between the nitro group and the pyridine ring of the 1H-pyrrolopyridine moi-
ety with an O···π distance of 3.0931(19) Å. The chains are further connected into a layer 
along the ab-plane via C29–H29A···O6iv interactions between the piperazine moiety and 
the tetrahydropyrane oxygen atom of the adjacent molecule. 

Table 2. Hydrogen bonds for VEN·H2O [Å and °]. 

D–H···A d(D–H) d(H···A) d(D···A) <(DHA)
N1–H1···O7 0.833(17) 1.97(2) 2.602(2) 132(2)
N3–H3···O5 0.848(17) 2.01(2) 2.636(2) 130(2)
N5–H5···N4i 0.864(17) 2.041(18) 2.891(3) 168(3)

C15–H15···O13ii 1.00 2.55 3.375(3) 139.3
C27–H27A···O4iii 0.99 2.43 3.368(3) 157.1
C29–H29A···O6iv 0.99 2.48 3.456(3) 166.9

C29–H29B···O16Bii 0.99 2.51 3.393(13) 148.8 
C31–H31A···O12 0.99 2.50 3.292(3) 136.8
C31–H31A···N9 0.99 2.61 3.310(3) 128.1
C39–H39···O1iii 0.95 2.55 3.244(2) 130.5

C45–H45A···O16B 0.98 2.48 3.429(14) 163.8 
N8–H8···O14 0.880(17) 1.90(2) 2.650(3) 141(3) 

N10–H10···O12 0.879(18) 2.05(3) 2.665(3) 127(3)
N12–H12A···O11v 0.870(17) 2.25(2) 3.070(3) 157(3) 
C51–H51···O16B 0.95 2.47 3.328(13) 150.3

C61–H61B···O10vi 0.99 2.58 3.330(3) 132.5
C71–H71···O15vii 0.95 2.55 3.483(3) 168.8

O15–H15A···O16A 0.871(10) 2.18(3) 2.890(4) 139(4) 
O15–H15A···O16B 0.871(10) 2.03(3) 2.843(14) 156(5) 
O15–H15B···O9viii 0.858(3) 2.330(2) 3.170(3) 166.0(2)

Symmetry codes: (i) −x, −y + 1, −z; (ii) x – 1, y, z; (iii) x + 1, y, z; (iv) x + 1, y – 1, z; (v) x, y + 1, z; (vi) 

(a)

Figure 8. Cont.

105



Crystals 2021, 11, 261
Crystals 2021, 11, x FOR PEER REVIEW 10 of 17 
 

 

 
(b) 

 
(c) 
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formation via C29–H29A···O6iv interactions; and (c) view of a layer along the a-axis. Hydrogen bonds are drawn by dashed 
blue lines and π···π and ONO···π interactions by dashed green lines (presented only in (a) for clarity). Hydrogen atoms 
not involved in the motif shown have been omitted for clarity. 

In contrast to molecules of A, where the centrosymmetric hydrogen bonded dimer 
between the adjacent 1H-pyrrolopyridine units is formed, molecules of B form a chain 
along the b-axis through N12–H12···O11v interactions with the 1H-pyrrolopyridine moiety 
acting as a hydrogen bond donor and the nitro group of the adjacent molecule as a hydro-
gen bond acceptor (Table 2, Figure 9a). Two such chains are connected into a belt via cen-
trosymmetric C61–H61···O10vi interactions between the tetrahydropyranyl methylene 
group and the sulfonyl oxygen atom, forming a graph-set motif R22(22). The belt structure 
is supported by π···π interactions between the pyrrole ring of the 1H-pyrrolopyridine moi-
ety and the nitrophenyl ring of the adjacent molecule with a centroid-to-centroid distance 
of 3.860(1) Å and an angle between both rings of 25.4(1)°. The belts are further connected 
into a layer along the ab-plane via C61–H61A···π interactions between the tetrahydropy-
ranyl methylene group and the C46–C51 aromatic system (Figure 9b). 

Figure 8. Crystal architecture formed by molecules of A in VEN·H2O. (a) Hydrogen bonded dimers formed via N5–
H5· · ·N4i interactions connected into a chain along the a-axis via C27–H27A· · ·O4iii, π· · ·π, and ONO· · ·π interactions;
(b) layer formation via C29–H29A· · ·O6iv interactions; and (c) view of a layer along the a-axis. Hydrogen bonds are
drawn by dashed blue lines and π· · ·π and ONO· · ·π interactions by dashed green lines (presented only in (a) for clarity).
Hydrogen atoms not involved in the motif shown have been omitted for clarity.

In contrast to molecules of A, where the centrosymmetric hydrogen bonded dimer
between the adjacent 1H-pyrrolopyridine units is formed, molecules of B form a chain
along the b-axis through N12–H12· · ·O11v interactions with the 1H-pyrrolopyridine moi-
ety acting as a hydrogen bond donor and the nitro group of the adjacent molecule as a
hydrogen bond acceptor (Table 2, Figure 9a). Two such chains are connected into a belt via
centrosymmetric C61–H61· · ·O10vi interactions between the tetrahydropyranyl methylene
group and the sulfonyl oxygen atom, forming a graph-set motif R2

2(22). The belt structure
is supported by π· · ·π interactions between the pyrrole ring of the 1H-pyrrolopyridine moi-
ety and the nitrophenyl ring of the adjacent molecule with a centroid-to-centroid distance of
3.860(1) Å and an angle between both rings of 25.4(1)◦. The belts are further connected into
a layer along the ab-plane via C61–H61A· · ·π interactions between the tetrahydropyranyl
methylene group and the C46–C51 aromatic system (Figure 9b).
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The supramolecular structure of VEN·H2O is achieved through C–H···O, C–H···π, 
and C–Cl···π interactions between layers of molecules of A and layers of molecules of B 
(Table 2, Figure 10). Molecules of A act as hydrogen bond donors and molecules of B as 
acceptors through C15–H15···O13ii interactions connecting the methine group of a tetra-
hydropyranyl ring with the oxygen atom of tetrahydropyranyl and through C31–
H31A···O12 interactions connecting the methylene unit attached to the piperazine moiety 
and the nitro group. Furthermore, C37–H37···π interactions connect the methylene unit of 
the cyclohexenyl ring of molecules of A with the pyrrole ring of molecules of B, while 
C41–Cl1···π interactions are present between molecules of A and the benzene ring C46–
C51 of molecules of B. Furthermore, C87–H87···π interactions connect the chlorobenzene 
moiety of molecules of B with the benzene ring C1–C6 of molecules of A. Venetoclax crys-
talizes in a form of monohydrate with two water molecules in the asymmetric unit. These 
water molecules are also involved in supramolecular aggregation. Water molecule O15 
acts as a hydrogen bond donor in the interaction with the disordered water molecule O16 
(O15–H15A···O16A, O15–H15A···O16B) and in the interaction with the sulfonyl O9 atom 
of molecule B as well as a hydrogen bond acceptor in the C71–H71···O15 interaction with 
the pyrrole ring of molecule B. Hydrogen atoms on the disordered water molecule O16 
were not found in the Fourier maps; however, O16B···O9 and O16A···N11 separations of 
2.79 and 2.94 Å, respectively, indicate hydrogen bonding interactions with molecules of 
B. In addition, water molecule O16B is a hydrogen bond acceptor in C29–H29B···O16B, 
C45–H45A···O16B, and C51–H51···O16B interactions. 

Figure 9. Crystal architecture formed by molecules of B in VEN·H2O. (a) Belt formation along the b-axis formed via
N12–H12· · ·O11v, C61–H61B· · ·O10vi, and π· · ·π interactions. (b) Layer formation along the ab-plane via C61–H61A· · ·π
interactions. Hydrogen bonds are drawn by dashed blue lines and π· · ·π and C–H· · ·π interactions by dashed green lines.
Hydrogen atoms not involved in the motif shown have been omitted for clarity.

• Crystal Packing

The supramolecular structure of VEN·H2O is achieved through C–H· · ·O, C–H· · ·π,
and C–Cl· · ·π interactions between layers of molecules of A and layers of molecules of
B (Table 2, Figure 10). Molecules of A act as hydrogen bond donors and molecules of
B as acceptors through C15–H15· · ·O13ii interactions connecting the methine group of
a tetrahydropyranyl ring with the oxygen atom of tetrahydropyranyl and through C31–
H31A· · ·O12 interactions connecting the methylene unit attached to the piperazine moiety
and the nitro group. Furthermore, C37–H37· · ·π interactions connect the methylene unit of
the cyclohexenyl ring of molecules of A with the pyrrole ring of molecules of B, while C41–
Cl1· · ·π interactions are present between molecules of A and the benzene ring C46–C51 of
molecules of B. Furthermore, C87–H87· · ·π interactions connect the chlorobenzene moiety
of molecules of B with the benzene ring C1–C6 of molecules of A. Venetoclax crystalizes
in a form of monohydrate with two water molecules in the asymmetric unit. These water
molecules are also involved in supramolecular aggregation. Water molecule O15 acts as
a hydrogen bond donor in the interaction with the disordered water molecule O16 (O15–
H15A· · ·O16A, O15–H15A· · ·O16B) and in the interaction with the sulfonyl O9 atom of
molecule B as well as a hydrogen bond acceptor in the C71–H71· · ·O15 interaction with
the pyrrole ring of molecule B. Hydrogen atoms on the disordered water molecule O16
were not found in the Fourier maps; however, O16B· · ·O9 and O16A· · ·N11 separations of
2.79 and 2.94 Å, respectively, indicate hydrogen bonding interactions with molecules of
B. In addition, water molecule O16B is a hydrogen bond acceptor in C29–H29B· · ·O16B,
C45–H45A· · ·O16B, and C51–H51· · ·O16B interactions.
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respectively, while in all protein:venetoclax complexes, the amide NH group is directed 
away from the phenyl oxygen atom with dihedral angles in the range 140.7–155.4° in five 
protein complexes (Figure 11c) and with a dihedral angle of 52.1 and 68.5° in two protein 
complexes (Figure 11d). The 1H-pyrrolopyridine unit in VEN·H2O is involved in hydro-
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• Structural comparison between conformations of VEN·H2O and protein:veneto-
clax complexes

The crystal structure of VEN·H2O possesses two crystallographically independent
venetoclax molecules with distinctly different conformations. A variety of conformations
are possible due to the composition of the molecule containing several rings connected
primarily in para positions by flexible linkers. Free rotation along the Ar–NH–CH2–R,
Ar–CO–NH–SO2–Ar, Ar–O–Ar, and N–CH2–R linkers enables the molecules to adjust to
different chemical spaces especially in protein binding sites. We decided to extend our
research in order to compare conformations of molecules in VEN·H2O with the structures
of venetoclax molecules from known crystal structures of protein:venetoclax complexes.
VEN·H2O was compared with venetoclax molecules in complexes with a BCL-2 antagonist
(two crystallographically independent molecules), G101V mutant (two crystallographi-
cally independent molecules), G101A mutant, and F104L mutant (two crystallographically
independent molecules) [41] since hydrogen bonding and other non-covalent interac-
tions, as well as packing effects, can have a marked influence on the conformation of the
venetoclax molecule (Figure 11a). In all the venetoclax structures studied, the intramolecu-
lar hydrogen bond N–H· · ·ONO between the amine group (N3, N10 in VEN·H2O) and
the nitro group is present showing the robustness of this structural motif. On the other
hand, the intramolecular hydrogen bond N–H· · ·O between the amide group (N1, N8 in
VEN·H2O) and the phenyl oxygen atom (O7, O14 in VEN·H2O) can be observed only in
VEN·H2O with a N(H)–C(=O)–C–C(–O) dihedral angle of –5.32 and –7.06◦ (Figure 11b),
respectively, while in all protein:venetoclax complexes, the amide NH group is directed
away from the phenyl oxygen atom with dihedral angles in the range 140.7–155.4◦ in five
protein complexes (Figure 11c) and with a dihedral angle of 52.1 and 68.5◦ in two protein
complexes (Figure 11d). The 1H-pyrrolopyridine unit in VEN·H2O is involved in hydrogen
bonding with adjacent molecules, while in all protein:venetoclax structures, it is involved in
N–H· · ·O interactions with the carboxylate side arm of the aspartic acid unit of the protein
chain. In most protein:venetoclax structures, the carbonyl oxygen atom of the amide unit

108



Crystals 2021, 11, 261

interacts with the arginine side arm of the adjacent protein and/or water molecule, while
sulfonyl oxygen atoms are mostly connected to water molecules and to the glycine NH
amide group of the protein chain. Piperazine nitrogen atoms in VEN·H2O are not involved
in hydrogen bonding; however, in all protein:venetoclax complexes, one nitrogen atom
interacts with a water molecule. Since venetoclax molecules in protein complexes are in a
markedly different environment with respect to VEN·H2O, adopted conformations vary
greatly. However, the 1H-pyrrolopyridine and nitrobenzene moieties are in close proximity,
as is also observed in molecule B of VEN·H2O. On the other hand, the chlorobenzene ring
in both molecules of VEN·H2O is directed in the opposite direction compared to in all of
the protein complexes.
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clax complex (A—magenta, B—light magenta) from Birkinshaw and Czabotar [41]. For clarity, hydrogen atoms are omit-
ted, and Cl and S atoms are drawn as small spheres. Differences in the orientation of the sulfonylamide moiety in (b) 
VEN·H2O versus (c) most of the protein:venetoclax complexes and (d) molecules of B in BCL-2 and in BCL-2 G101A. 
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4. Conclusions

In this report, we present the first crystal structure of venetoclax, a B-cell lymphoma-2
selective inhibitor used for the treatment of chronic lymphocytic leukemia, small lympho-
cytic lymphoma, and acute myeloid leukemia. The X-ray single crystal structural analysis
revealed the formation of venetoclax hydrate (VEN·H2O) crystalizing in triclinic space
group P–1 with two crystallographically independent molecules of venetoclax (A and
B) and two molecules of interstitial water in the asymmetric unit. Two intramolecular
N–H· · ·O hydrogen bonds are present in both molecules, and a molecular overlay shows
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differences in their molecular conformations. Differences are also shown in respect to
venetoclax molecules from known crystal structures of protein:venetoclax complexes with
BCL-2 antagonist and BCL-2 mutants. In VEN·H2O, molecules of A form hydrogen bonded
layers via a series of N–H· · ·N, C–H· · ·O, ONO· · ·π, and π· · ·π interactions, as well as
molecules of B via N–H· · ·N, C–H· · ·O, C–H· · ·π, and π· · ·π interactions. The supramolec-
ular structure of VEN·H2O is achieved through various C–H· · ·O, C–H· · ·π, and C–Cl· · ·π
interactions between layers of molecules of A and layers of molecules of B as well as through
the O–H· · ·O and C–H· · ·O interactions involving the hydrate molecules. The obtained
crystals were additionally characterized with spectroscopic techniques, such as IR and
Raman, as well as with thermal analysis.
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Abstract: The spontaneous S-alkylation of the thyreostatic drug methimazole (1-methyl-1,3-dihydro-
1H-imidazole-2-thione, 1) with 1,2-dichloroethane at room temperature, in dark or light conditions, led to
the formation of its related substance 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane, C10H14N4S2 (2a),
primarily isolated in the form of dihydrochloride tetrahydrate [C10H16N4S2]Cl2·4(H2O) (2b), which
crystallized in the monoclinic P21/c space group. Neutralization of 2b, followed by crystallization
from the acetone/water mixture, produced dihydrate C10H14N4S2·2(H2O) (2c), which crystallized in
the trigonal R-3 space group. Six water molecules in 2c are H-bonded mutually and to the nitrogen
atoms of six molecules of 2a. DSC and TGA showed that 2c melts at 65 ◦C and loses water up to 120 ◦C.
By cooling to room temperature, anhydrous 2a was obtained. Single crystals of 2a that are suitable for
X-ray structure analysis were obtained by neutralization of 2b, followed by crystallization from dry
dichloromethane. Anhydrous 2a crystallizes in the monoclinic P21/c space group. The dehydration of 2c
led to the formation of the anhydrous product 2a, which is identical to the one obtained by crystallization,
as was found by complementary solid-state techniques. No intermediate monohydrate or hemihydrate
phases were detected. Powder diffraction showed the same pattern of 2c via both preparation procedures.
The structures of all the forms were elucidated by spectroscopy, microscopy and thermal methods and
confirmed by single crystal X-ray analysis.

Keywords: methimazole; 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane; solid-state forms;
hydrates; dehydration

1. Introduction

Methimazole (1-methyl-1,3-dihydro-1H-imidazole-2-thione, 1), a well-known commercially
available thyreostatic drug [1], has an ambidentate heterocyclic anion of the type [N-C-S] and
was used as the terminal group in the synthesis of noncyclic crown ethers as scorpionate ligands in
diverse aspects of the coordination chemistry [2,3].

Among the bridged bis(methimazole) compounds, 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]methane
(A) and an analogous ethane derivative 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane (2a) were
synthesized from 1 and dichloromethane or 1,2-dibromoethane. Synthesis was performed in the presence
of a strong base, without or under phase-transfer conditions at an elevated temperature [4,5]. In the
context of the pharmaceutical purity profile, these compounds are considered as potential methimazole
related substances [6], especially if common solvents, e.g., dichloromethane (DCM) and 1,2-dichloroethane
(DCE), are used in the synthetic transformations, isolation, purification and methimazole analytics.
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Therefore, it was important to understand their behaviour from a chemical, structural and
solid-state point of view. To evaluate these factors, we carried out a preliminary stability study of 1 in
DCM and DCE in daylight or dark, at ambient humidity and room temperature.

2. Results and Discussion

2.1. Synthesis of Bis Derivative 2

Solutions of 1 in DCM or DCE were left without stirring in daylight or dark, at ambient humidity
and at room temperature for 15 days. According to the TLC analysis, no changes of 1 were observed
in DCM solutions. However, in both DCE solutions (i.e., in light and dark) spontaneous S-bis
alkylation of 1 by 1,2-dichloroethane led to the formation of colourless plate shaped crystals of
1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane in the form of dihydrochloride tetrahydrate (2b) with
a 30% yield; mp. (DSC, onset): 208 ◦C. Purity by HPLC: 98%. Upon its neutralization, extraction,
evaporation of the solvent and crystallization of the crude residue from the dry dichloromethane under
low humidity conditions of the anhydrous 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane 2a was
obtained with an 84% yield, mp. (DSC, onset): 89 ◦C (lit: 88–90 ◦C, [5]).

However, if crystallization of the crude residue is attempted from the acetone/water (1/1) mixture,
1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane dihydrate (2c) is obtained with a 78% yield; mp. (DSC,
onset): 65 ◦C. The same product was obtained by the crystallization of pure 2a from the acetone/water
(1/1) mixture. Anhydrous from 2a was also prepared by drying the dihydrate 2c (Scheme 1).
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2.2. Characterization of 1,2-Bis[(1-methyl-1H-imidazole-2-yl)thio]ethane Forms 2a–2c

All the studied forms, 2a–2c, were elucidated using spectroscopy, microscopy, thermal and
complementary analytical methods. Their structures were confirmed by the single crystal X-ray
diffraction analysis.

Proton chemical shifts of dihydrochloride tetrahydrate 2b, recorded in D2O, were different in
comparison to the previously reported data for 2a in CHCl3-C6H6 [5], while relative integrations
indicated protonation of the imidazole ring and confirmed the proposed structure (Figure 1).
Mass spectra recorded in the positive mode indicated the most abundant ion at 255.0743 m/z,
which was attributed to the base peak of 2a, corresponding to [M+H-2HCl]+. Additionally, two formed
fragments at 141.0486 m/z and 114.0249 m/z indicated cleavage of the thioethyl group. However,
DSC showed an endothermic loss of volatile solvents between 35 and 70 ◦C. In addition, mass loss
by TGA of 3.8% and chloride content of 18%, determined by ionic chromatography, indicated that

114



Crystals 2020, 10, 667

the product crystallized as a dihydrochloride tetrahydrate. The hypothesis was confirmed by single
crystal X-ray diffraction analysis.
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Figure 1. 1H (600 MHz) (blue), 13C (151 MHz) (red) NMR in D2O of 2b and 1H (black) NMR in
CDCl3-C6D6 of 2a [5].

The molecular structure of 2b consisted of two cationic imidazolyl groups bounded to the S-atoms
of the dithioethyl group (Figure 2a). Each chloride anion was a hydrogen bond acceptor from the
protonated imidazole nitrogen atom N2 and two water molecules (Figure 2b, Table 1). The two water
molecules were also connected by hydrogen bonds. Through these hydrogen bonds, the cations,
chloride anions and water molecules were interconnected into a 3D network.
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Figure 2. (a) Molecular structure of 2b with the atomic numbering scheme; symmetry code (i) 1 − x, −y,
−z, and (b) packing diagram of 2b viewed along the b-axis. Hydrogen bounds are marked by dashed
blue lines.

Table 1. Distances and angles of the hydrogen bonds in 2b and 2c.

Form Donor-H···Acceptor d(D-H)/Å d(H-A)/Å d(D···A)/Å <d(D-H···A)/◦

N2-H2···Cl a 0.86 2.26 3.112 (2) 172
O1-H11···O2 b 0.78 (4) 1.98 (4) 2.749 (5) 169 (5)

2b O1-H12···Cl c 0.75 (5) 2.44 (5) 3.190 (4) 178 (6)
O2 -H21···Cl 0.78 (6) 2.42 (6) 3.198 (4) 174 (5)
O2 -H22···O1 0.83 (3) 1.93 (3) 2.756 (5) 172 (3)

O1-H1···N2 d 0.81 (3) 2.03 (3) 2.827 (3) 167 (4)
2c O1-H12···O1 e 0.87 (4) 1.92 (4) 2.787 (4) 176 (4)

C4-4B···O1 f 0.96 2.58 3.489 (4) 157

Transformation of the asymmetric unit: (a) 1 − x, −1/2 + y, 1/2 − z; (b) −x, 1/2 + y, 1/2 −z; (c) x, 3/2 − y, 1/2 + z; (d) −x
+ y, −x, z; (e) y, −x + y, −z; (f) 1/3 − x + y, 2/3 −x, −1/3 + z.

Proton and carbon chemical shifts in the NMR spectra of 2a in DMSO-d6 exhibited similar
values to those in 2b, and experimental MS data matched the theoretical data. After several attempts,
we obtained good quality, single crystals by crystallisation from dry dichloromethane at dry conditions
(see experimental section) that allowed us to confirm the anhydrous structure of 2a, which crystallized
in the monoclinic P21/c space group.
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There are no hydrogen bounds in the structure of 2a, only van der Waals forces connect the
molecules (Figure 3).
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Figure 3. (a) Molecular structure of 2a with the atomic numbering scheme; symmetry code (i) 1 − x, −y,
−z, and (b) packing diagram of 2a.

Crystals of 2c showed the TLC Rf value of 0.59, which was the same as 2a and 2b, and a TGA
volatile content of 11.31%, indicating the solvated form of the same substance. The structure was
solved by the single crystal X-ray diffraction analysis, showing that the dihydrate 2c crystallizes in
the trigonal R -3 space group. Six water molecules were mutually interconnected by hydrogen bonds,
forming a hexagon in the chair conformation, which is the most common conformation for a cluster
of six water molecules. The R6 motif is usually formed by water molecules related by a centre of
symmetry [7]. In 2c, one water molecule formed the R6 pattern by the -3 symmetry element (R6

6(12)
by the graph-set notation). The water molecule was an acceptor of a hydrogen bond from N2 and a
weak one from C4, thus forming a 3D network (Figure 4, Table 1).
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The molecular structure of 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane consisted of two
imidazole groups bounded to the S-atoms of the dithioethyl group (2a, 2c). The imidazole groups were
protonated in 2b. In all three structures, the ethane moiety lied at the centre of symmetry, and thus
only half of the molecule was in the asymmetric unit. Therefore, the imidazole groups were parallel.
The difference in the three structures was found in the orientation of the imidazole group, i.e., rotation
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about the S-C1 bond resulting in different C5-S-C1-N1 torsion angles (−173.8(2)◦, −113.4(2)◦ and
151.8(2)◦, in 2a, 2b and 2c, respectively (Figure 5).
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Figure 5. Molecule overlay of 2a (blue), 2b (magenta) and 2c (red). Atoms C5 and S and their pairs
related by the inversion centre were used for the overlay. Hydrogen atoms are omitted for clarity.

2.3. Dehydration Behaviour of Dihydrate 2c and Its Transformation to the Anhydrous Form 2a

Hydrates are the most common type of solvated organic compounds [8], and understanding
their dehydration pathways, as a widespread but not properly understood phenomenon, is critical for
designing optimal properties for materials, particularly in the case of pharmaceutical solids [9].
Several schemes for the classification of hydrates have been proposed [10–13], but in general,
dehydration results in three types of crystallographic behaviour: a) material where the crystal
structure changes (different powder pattern) after dehydration, i.e., as in the present study, contrary
to b) material that undergoes only a slight change in crystal structure (related XRPD pattern) after
dehydration, like some azithromycin solvates [14], or c) material that becomes amorphous after
dehydration, like some other azithromycin solvates [15].

The dehydration process of 2c had a markedly different crystal structure of the anhydrous form 2a
and has been studied using different experimental techniques. The dihydrate 2c was heated below the
melting point, at around 55 ◦C and at reduced pressure of 200 mbar to a constant mass. A significant rate
of the dehydration process was detected after 30 min by the formation of opaque crystals. The process
was completed after 60 min.

DSC measurement of the selected samples showed, after 30 min, endothermic events belonging
to the melting of 2c and 2a, indicating the coexistence of both forms in the sample (Figure 6, iii),
and finally, after 60 min, only a single endothermic event at 90 ◦C, belonging to the melting of the
anhydrous form 2a (Figure 6, iv). Unfortunately, no sign of recrystallization was detected.

1 

 

 

Figure 6. Selected DSC thermograms showing solid state transformation of the dihydrate 2c to the
anhydrous form 2a recorded under a heating rate of 10 ◦C/min and N2 purge in a pierced lid crucible;
(i) anhydrous form 2a; (ii) dihydrate 2c; (iii) product after heating 2c at 55 ◦C/200 mbar for 30 min,
and (iv) product after heating 2c at 55 ◦C/200 mbar for 60 min.
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Finally, the XRPD powder pattern of the dried sample was different from the powder pattern of
dihydrate 2c and identical to the calculated powder pattern of anhydrous 2a prepared by crystallization
(Figure 7), confirming that 2a is also the final product of dihydrate 2c dehydration.
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(b) starting dihydrate 2c and the related PXRD patterns.

Additional studies were performed under atmospheric pressure to determine whether dehydration
of 2c to 2a proceeds via a metastable monohydrate intermediate, as in lisinopril dihydrate [16], or as a
hemihydrate, such as ondansetron hydrochloride dihydrate [17].

The TGA thermogram of 2c showed a single thermal event in the range 40–110 ◦C with a mass
loss of 11.31%, corresponding to the loss of two water molecules. This was in agreement with the DSC
thermogram showing only a sharp endothermic event with an onset at 65 ◦C, corresponding to the
melting of 2c. Additional exothermic processes of recrystallization and endothermic of melting were
not detected (Figure 8).
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Figure 8. TGA (i) and DSC (ii) analysis of dihydrate 2c in perforated crucibles under a heating rate of
10 ◦C/min and N2 purge.

The changes upon dehydration of 2c were monitored by the combination of hot stage microscopy
(HSM) with DSC at a heating/cooling rate of 10 ◦C/min (Figure 9). Melting started at 40 ◦C until
completed at around 65 ◦C (step i). Immediately after the melting point, the melt of 2c was cooled
to room temperature, resulting in a glassy product, and no further crystallisation was observed
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after prolonged standing. However, if 2c was heated to 80 ◦C and immersed in oil during the
HSM experiment, followed by cooling, recrystallization of the dihydrate 2c was observed due to the
conditions that inhibited efficient water removal. However, if the sample was heated over melting,
up to 95 ◦C, in an open pan followed by cooling to room temperature, spontaneous crystallisation
occurred, and according to XRPD, the obtained product was a mixture of the dihydrate 2c and the
anhydrous form 2a.
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2a, i.e., re-run (re-heating) of the sample in the bottom thermogram.

In contrast, when the melt of 2c was heated to 120 ◦C and cooled to room temperature, according
to the XRPD slow nucleation and growth process of the anhydrous form 2a occurred after prolonged
standing indicating complete dehydration (step ii). In the re-run the sample melting started at 89 ◦C
until completed at around 90 ◦C (step iii), i.e., at the melting point of the anhydrous form 2a. However,
no additional exothermic and endothermic events or changes in XRPD, which could indicate the
formation of potential intermediary monohydrate or hemihydrate phases, were observed.

Dehydration of 2c in vacuo favours rapid water removal below the melting point, without the
appearance of a liquid or melt phase. Removal of water molecules from 2c under these conditions
resulted in the solid-solid rearrangement of the molecules in the crystal lattice, leading to anhydrous
2a. On the contrary, crystallization of 2a from the melt of dihydrate 2c under atmospheric pressure
only occurred when all the residual water was removed from the sample (at 120 ◦C). When a sample of
melted 2c was only heated to 95 ◦C, concomitant crystallization of 2a and 2c was observed, and this
was identical to the partial dehydration of 2c after 30 min under reduced pressure.

Finally, we can conclude that the dehydration at both conditions, i.e., under reduced and
atmospheric pressure, proceeds to the anhydrous form 2a and it is in accordance with the well-known
fact that dehydration processes are greatly dependent on the atmospheric environment [11,18].

3. Materials and Methods

3.1. General

Methimazole 1 99%, Ph Eur quality, was purchased from CU Chemie Ueticon, Lahr, Germany (water
content 0.4%), 1,2-dichloroethane (Fisher, Hampton, NH, USA) (water content, 0.02%), dichloromethane
(Merck KGaA, Darmstadt, Germany) acetone (Sigma, St. Louis, MO, USA) (water content, 0.2%),
methanol dried (Merck KGaA, Darmstadt, Germany), water was purified in a house system (Thornton
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2000CRS, Mettler Toledo, Colombus, OH, USA) and was of HPLC grade. Dichloromethane was
dried under anhydrous sodium sulphate and distilled prior to use. All other used chemicals were
of analytical grade. pH measurements were performed using Mettler Toledo (Columbus, OH, USA)
Seven Multi pH meter, and prior to measurement, it was calibrated in six points. Ionic chromatography
measurements were performed on Thermo (Waltham, MA, USA) ionic chromatography using LC
chlorine standard. HPLC analysis was performed on an Agilent Technologies (Santa Clara, CA,
USA) HPLC instrument under gradient elution at a flow rate of 0.6 mL/min using mobile phase A
(ammonium acetate, Merck KGaA, Darmstadt, Germany buffer) and mobile phase B (acetonitrile,
Merck KGaA, Darmstadt, Germany) at the Zorbax C18 column. The effluent was monitored using
the Agilent DAD/UV detector. 1H NMR and 13C NMR spectra were recorded on a Bruker (Billerica,
MA, USA) Advance 600 and 150, respectively, with DMSO-d6 or D2O as a solvent. Mass spectra
were recorded on an Agilent 6550 iFunnel quadrupole time-of-flight mass spectrometer equipped
with dual AJS ESI source (Agilent Technologies Santa Clara, CA, USA). Hot stage microscopy was
carried out using an Olympus (Shinjuku City, Tokyo, Japan) BX51 microscope combined with a Linkam
THMS 600 hot stage (Linkam Scientific Instruments, Waterfield, UK) and a digital camera (QImaging,
Surrey, Canada) for image capture. A small amount of the sample was placed onto a glass slide and
viewed with 100x magnification and partially polarised light. It was simultaneously being heated from
ambient temperature at a rate of 10 ◦C/min. Thermal analysis was performed using a Mettler DSC 1
instrument (Mettler Toledo, Greifensee, Swizerland) in aluminium pans with a pierced lid at a heating
rate of 10 ◦C/min under the inert nitrogen atmosphere with a flow rate of 55 mL/min. Temperature
calibration was performed using the indium metal standard. TGA data were collected on a Mettler
Toledo (Greifensee, Switzerland)) TGA/SDTA 851e system. The sample was loaded onto a pre-tared
alumina crucible and was heated at a heating rate 10 ◦C/min over the temperature range 25–300 ◦C.
A nitrogen purge at 50 mL/min was maintained over the sample. The instrument was temperature
calibrated using certified NiMn3Al and nickel. All weighing operations were carried using Mettler
Toledo (Greifensee, Switzerland)) balance, daily calibrated according to the internal program.

3.2. Synthesis of 1,2-Bis[(1-methyl-1H-imidazole-2-yl)thio]ethane Dihydrochloride Tetrahydrate (2b)

Method (A) Methimazole (100 mg, 0.87 mmol) was dissolved in 10 mL of 1,2-dichloroethane.
The solution was left without stirring for 15 days in the dark at room temperature in a humidity
non-controlled environment. The precipitated product was collected using vacuum suction and rinsed
few times with cold 1,2-dichloroethane, yielding 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane
dihydrochloride tetrahydrate (2b, 53 mg, 31%) in the form of colourless plate shape crystals.
Melting point (DSC, onset): 208 ◦C, MS-QTOF: [M+H-2HCl]+ 255.0743, [M-2HCl] 254.066, C10H14N4S2.
1H NMR (D2O, 600 MHz/ppm): N-CH3 (s, 6H), 3.82, H-C4 (d, 2H) 7.46, J = 2.1 Hz, H-C5 (d, 2H) 7.50,
J = 2.1 Hz, S-CH2 (s, 4H) 3.26. 13C NMR (D2O, 151 MHz/ppm): N-CH3 35.22, C4 120.98, C5 125.70,
C2 138.52, S-CH2 34.59, Purity (HPLC): 98%, RRT: 20.518. Ionic chromatography: experimentally
determined percentage of Cl ions (19%) corresponded to the theoretical value (18%) within the
experimental error. The structure of 2b was confirmed by single crystal X-ray diffraction analysis.

Method (B) Methimazole (100 mg, 0.87 mmol) was dissolved in 10 mL of 1,2-dichloroethane.
The solution was left without stirring for 15 days in daylight and room temperature in a humidity
non-controlled environment. The precipitated product was collected using vacuum suction and rinsed
a few times with cold 1,2-dichloroethane, yielding dihydrochloride tetrahydrate 2b (52 mg, 30%) in the
form of colourless plate shaped crystals. Melting point (DSC, onset): 208 ◦C. The NMR spectra and
XRPD diffractogram of the prepared sample were identical to the spectra and diffractogram of the 2b
sample obtained by Method A.

3.3. Synthesis of Anhydrous 1,2-Bis[(1-methyl-1H-imidazole-2-yl)thio]ethane (2a)

Method (A) Dihydrochloride tetrahydrate 2b (300 mg) was dissolved in 30 mL of water and
neutralized with 1M Na2CO3 to pH 7.0, followed by extraction with dichloromethane (3 × 10 mL),
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washed with brine and dried with anhydrous Na2SO4. Evaporation of the solvent in vacuo to dryness
yielded crude 1,2-bis[(1-methyl-1H-imidazole-2-yl)thio]ethane (2a, 160 mg, 84%) in a form of white
powder. Recrystallization of dry crude 2a from dry dichloromethane under low humidity conditions
gave pure anhydrous 2a. Melting point (DSC, onset): 89 ◦C (lit: 88-90 ◦C) [5], 1H NMR (DMSO-d6,
600 MHz/ppm): N-CH3 (s, 6H) 3.57, H-C4 (d, 2H) 7.24 J = 1.2 Hz, H-C5 (d, 2H) 6.94 J = 1.2 Hz, S-CH2

(s, 4H) 3.21; 13C NMR (DMSO-d6, 151 MHz/ppm): N-CH3 32.79, C4 123.29, C5 128.53, C2 139.23, S-CH2

33.30. The structure of 2a was confirmed by single crystal X-ray diffraction analysis.
Method (B) Dihydrate 2c (100 mg) was dried under reduced pressure of 200 mbar at 55 ◦C for

60 min and anhydrous form 2a (71 mg, 81%) was obtained. DSC thermogram and XRPD diffractogram
of the obtained sample were identical to the thermogram and diffractogram of the 2a sample obtained
by Method A.

3.4. Synthesis of 1,2-Bis[(1-methyl-1H-imidazole-2-yl)thio]ethane Dihydrate (2c)

Method (A) Crude 2a obtained by neutralization of dihydrochloride tetrahydrate 2b (160 mg) was
dissolved in an acetone/water mixture (1:1). After prolonged standing of the solution without stirring at
room temperature, crystals of the pure dihydrate form 2c (133 mg, 73%) were obtained. Melting point
(DSC, onset, 65 ◦C). Structure of 2c was confirmed by the single crystal X-ray diffraction analysis.

Method (B) Pure anhydrous form 2a (300 mg) was dissolved in an acetone/water mixture (1:1).
After prolonged standing of the solution without stirring at room temperature, pure crystals of the
dihydrate form 2c (238 mg, 70%) were obtained. DSC thermogram and XRPD diffractogram of the so
obtained sample were identical to the thermogram and diffractogram of the 2c sample obtained by
Method A.

3.5. Powder X-ray Diffraction

X-ray powder diffraction (XRPD) data were collected at room temperature using copper Kα

radiation on a PANalytical X’Pert Pro powder diffractometer model PW3050/60 (PANalytical, Almelo,
The Netherland) in Bragg-Brentano geometry equipped with a X’celerator detector. The sample was
prepared by mounting a sample on a wafer (zero background) plate and scanned from 3 to 40◦ 2θ
using the following acquisition parameters: generator tension 45 kV, generator current 40 mA, step
size 0.0167◦, scan speed 0.011◦/second, number of steps 2214 and total collection time 60 min, scan
speed 0.05◦/second, number of steps 2214 and total collection time 13 min.

3.6. Single Crystal X-ray Diffraction Analysis and Structure Determination

Suitable single crystals were selected and mounted in air onto thin glass fibres. Diffraction data of
2b and 2c were collected at room temperature, while data from the anhydrous form 2a were collected
at 150 K on an Oxford Diffraction Xcalibur four-circle kappa geometry diffractometer with Xcalibur
Sapphire 3 CCD detector, using graphite monochromated MoKα (λ = 0.71073 Å) radiation.

The essential crystallographic data from the solid forms 2a, 2b and 2c are presented in Table 2.
Data reduction, correction for the Lorentz-polarization factor, scaling and multi-scan absorption

correction was performed using the CrysAlisPro software package [19]. Solution, refinement and
analysis of the structures were done using the programs integrated in the WinGX system [20].
The structures were solved by direct methods implemented in SHELXS [21,22]. Refinement by the
full-matrix least-squares methods, based on F2 against all reflections, was performed by SHELXL [21,22],
including anisotropic displacement parameters for all non-H atoms. Hydrogen atoms bound to C and
N (in 2b) atoms were modelled by the riding model using the AFIX routine, while those bound to water
oxygen atoms were located in the difference Fourier maps and refined isotropically. Analysis of the
molecular geometry and hydrogen bonds was performed by PLATON [23]. The molecular graphics
were done with MERCURY (Version 4.1.0) [24]. The crystal parameters, data collection and refinement
results are summarized in Table 2. CCDC deposition numbers 2013658 (2a), 2013659 (2b) and 2013660
(2c) contain the supplementary crystallographic data for this paper. These data can be obtained free
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of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk)

Table 2. Essential crystallographic data for 2a, 2b and 2c.

Compound 2a 2b 2c

Chemical formula C10H14N4S2 [C10H16N4S2]Cl2·4(H2O) C10H14N4S2·2(H2O)
Formula weight 254.37 399.35 290.40
Crystal system Monoclinic Monoclinic Trigonal

Space group P 21/c P 21/c R–3
a/Å 4.7035 (7) 11.1667 (10) 19.3142 (13)
b/Å 12.3772 (14) 7.7629 (7) 19.3142 (13)
c/Å 10.3316 (11) 11.8970 (13) 10.3283 (5)
α/◦ 90 90 90
β/◦ 92.772 (14) 109.637 (11) 90
γ/◦ 90 90 180
Z 2 2 9

F (000) 268 420 1386
T/K 150 292 292

V/Å3 600.76 (13) 971.32 (18) 3336.75 (5)
Dx /g.cm3 1.406 1.365 1.301

S 0.933 0.900 1.047
R 0.0493 0.049 0.0398

wR (F2) 0.1063 0.1272 0.0994
No. of reflections 972 2329 1448

CCDC 2013658 2013659 2013660

4. Conclusions

The presented research confirmed the great reactivity of methimazole in the 1,2-dichloroethane
solution under mild conditions, leading to its spontaneous S-bis alkylation to 1,2-bis[(1-methyl-1H-
imidazole-2-yl)thio]ethane in the form of dihydrochloride tetrahydrate (2b). Therefore, the use of
1,2-dichloroetane should be avoided when working with methimazole. Dihydrochloride tetrahydrate
2b, anhydrous 2a, and dihydrate 2c crystal forms were prepared and their structures were confirmed
by the single crystal X-ray diffraction analysis. Dehydration process of the dihydrate 2c, studied using
complementary solid-state techniques, led to the formation of the anhydrous product 2a, which was
identical to the one obtained by crystallization. No intermediate monohydrate or hemihydrate phases
were detected.
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Abstract: Two fenclorim derivatives (compounds 6 and 7) were synthesized by linking active
sub-structures using fenclorim as the lead compound. The chemical structures of the two compounds
were confirmed by NMR spectroscopy, high resolution mass spectrometry, and X-ray diffraction
analysis. Their fungicidal activity against six plant fungal strains was tested. Compounds 6 and 7
both crystallized in the monoclinic system, with a P21/c space group (a = 8.4842(6) Å, b = 24.457(2) Å,
c = 8.9940(6) Å, V = 1855.0(2) Å3, Z = 4) and Cc space group (a = 10.2347(7) Å, b = 18.3224(10) Å,
c = 7.2447(4) Å, V = 1357.50(14) Å3, Z = 4), respectively. The crystal structure of compound 6
was stabilized by C–H···N and C–H···O hydrogen bonding interactions and N–H···N hydrogen
bonds linked the neighboring molecules of compound 7 to form a three-dimensional framework.
Compound 6 displayed the most excellent activity, which is much better than that of pyrimethanil
against Botrytis cinerea in vivo. Additionally, compound 6 exhibited greater in vitro activity against
Pseudoperonospora cubensis compared to that of pyrimethanil. Moreover, compound 7 exhibited strong
fungicidal activity against Erysiphe cichoracearum at 50 mg/L in vitro, while pyrimethanil did not.
Compounds 6 and 7 could be used as new pyrimidine fungicides in the future.

Keywords: synthesis; crystal structure; fenclorim; antifungal activity; pyrimidine

1. Introduction

Plant diseases caused by fungi can significantly affect the growth and development of crops such
as potato, soybean, and rice, and reduce the yield (20% perennial yield losses and 10% postharvest
losses) of crop plants globally [1–4]. Meanwhile, fungal plant diseases also cause fresh fruit yield
loss due to the shortening of storage times and secretion of fungal toxins that can damage human
health [5,6]. Chemically synthesized fungicides are a major tool that producers use to protect against
plant diseases. However, long-term and unreasonable application of fungicides has led to the emergence
of resistance [7–11]. Hence, novel and efficient fungicides are necessary to solve problems arising from
current fungicide resistance.

Fenclorim (4,6-dichloro-2-phenyl-pyrimidine, Figure 1a) is a commercial herbicide safener,
which could alleviate the injury caused by chloroacetanilide herbicides, especially pretilachlor,
without affecting their herbicide activity [12,13]. Zheng et al. [12] showed that fenclorim
exhibited excellent in vivo fungicidal activity against Sclerotinia sclerotiorum, Fusarium oxysporum,
Fusarium graminearum, and Thanatephorus cucumeris, and could be used as a lead compound to design
novel pyrimidine-type fungicides. A fenclorim derivative, named N-(4,6-dichloropyrimidine-2-yl)
benzamide, was synthesized by inserting an amide group between the phenyl ring and the pyrimidine
ring in fenclorim to study the activity relationship (SAR) against fenclorim. This derivative displayed
greater fungicidal activity than that of lead fenclorim and the positive control of pyrimethanil against
Sclerotinia sclerotiorum and Fusarium oxysporum, with in vivo IC50 values of 1.23 and 9.97 mg/L,
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respectively. These results indicate that the modification of fenclorim can produce highly active
fungicidal compounds and that fenclorim provides broad potential as a lead compound for
screening fungicides.
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Azoxystrobin (Figure 1b) and pyrimethanil (Figure 1c) are commercial pyrimidine fungicides.
Azoxystrobin, named methyl (E)-2-{[6-(2-cyanophenoxy)-4-pyrimidinyl]oxy}-alpha-(methoxy
methylene)benzeneacetate, belongs to the strobilurin fungicides, and was commercialized in 1996.
Azoxystrobin stably held 23–25% of the fungicide market share until 2016. Azoxystrobin is a
broad-spectrum fungicide and that displays strong activity against plant fungi such as ascomycetes,
deuteromycetes, and oomycetes in crop plants, vegetables, and fruits [14]. Azoxystrobin causes the
mitochondrial respiration of pathogenic fungi to be hindered, by binding to the Q0 site of cytochrome
bc1 enzyme complex to block electron transfer and freeze adenosine triphosphate (ATP) production [15].
Pyrimethanil, named 4,6-dimethyl-N-phenylpyrimidin-2-amine, was commercialized in 1991 and
controlled plant fungi such as pear scab (Venturia pirina) and gray mold (Botrytis cinerea) in agricultural
product [16]. It acts as an athogenesis inhibitor to inhibit the secretion of cell wall degrading enzymes
in plant fungi [17].

The linking of active sub-structures to compounds is a common method for identifying novel
pesticides [18–20]. Here, in order to find new fungicide candidates with high efficiency, two fenclorim
derivatives (compound 6 and 7) were synthesized via the linking of active sub-structures. This was
achieved by combining the (Z)-methyl 2-iodo-3-methoxyacrylate group substituted phenoxy group
(red) in azoxystrobin and the aminophenyl group (pink) in pyrimethanil (Scheme 1). The chemical
structures of compounds 6 and 7 were confirmed by NMR spectroscopy, high-resolution mass
spectrometry (HRMS) and X-ray diffraction analysis. Their fungicidal activity against Botrytis cinerea
(B. cinerea), Pseudoperonospora cubensis (P. cubensis), Erysiphe cichoracearum (E. cichoracearum),
Blumeria graminis (B. graminis), Rhizoctonia solani (R. solani), and Puccinia polysora (P. polysora)
were evaluated. These results provide useful guidance for designing novel fungicides using fenclorim
as a lead compound.
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2. Materials and Methods

2.1. Chemicals

All chemicals used in this research, including reagents and starting materials, were obtained from
the Jilin Chinese Academy of Sciences, Yanshen Technology Co., Ltd., Jilin, China. 1H and 13C NMR
spectra were recorded using a Bruker Avance-300 spectrometer (Bruker AXS, Karlsruhe, BW, Germany)
operating at 300 MHz (1H) and 75 MHz (13C), respectively, with chemical shifts reported in ppm (δ).
Deuterated chloroform (CDCl3) was used as the solvent and tetramethylsilane (TMS) was used as
the internal standard. HRMS analysis data was obtained on an FTICR-MS Varian 7.0 T FTICR-MS
instrument (Varian IonSpec, Lake Forest, CA, USA). Melting points were measured using a Hanon
MP100 automatic melting point instrument (Jinan Hanon Instruments Co., Ltd., Jinan, Shandong, China)
using an open capillary tube. X-ray crystal structures of compounds 6 and 7 were measured using a
Bruker SMART APEX II X-ray single-crystal diffractometer (Bruker AXS, Karlsruhe, BW, Germany).
Reagents obtained from commercial sources were used without further purification.

2.2. Synthetic Procedure

Target compounds 6 and 7 were synthesized based on methods reported in the literature [21–23].
The synthetic routes of target compounds 6 and 7 are described in Scheme 2; Scheme 3.
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2.2.1. Synthesis of (Z)-methyl 2-iodo-3-methoxyacrylate (2)

A mixture of 1 (1.00 g, 8.61 mmol), N-iodosuccinimide (NIS, 2.32 g, 10.33 mmol), glacial acetic
acid (0.98 mL, 17.22 mmol), and dichloromethane (15 mL) was stirred at 20 ◦C for 24 h. Afterwards,
triethylamine (TEA, 4.2 mL, 30 mmol) was added dropwise. The reaction mixture was then stirred at
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20 ◦C for another 12 h and water (30 mL) was added to quench the reaction. The mixture was extracted
with dichloromethane (20 mL) twice. The organic extract was washed with saturated aqueous sodium
thiosulfate (30 mL) twice, saturated aqueous sodium bicarbonate (30 mL) twice, and water (30 mL)
twice. The mixtures were dried using anhydrous sodium sulfate and concentrated under vacuum.
The residue was further purified by silica gel column chromatography (1:6 ethyl EtOAc /hexane) to
obtain 3 (white solid, 1.56 g, 75.1%).

2.2.2. (E)-Methyl-3-methoxy-2-(2-phenoxyphenyl)acrylate (3)

A mixture of intermediate 2 (1.00 g, 4.13 mmol), arylboronic acid (1.23 g, 5.37 mmol), Pd(PPh3)4

(0.24 g, 0.21 mmol) and K3PO4 (2.63 g, 12.40 mmol) was dissolved into a mixture of 6 mL dioxane
and 2 mL water, and this mixture was stirred under nitrogen atmosphere at 90 ◦C for 10 h. Then,
the reaction mixture was cooled down, poured into ice water (100 mL) and extracted with EtOAc (30
mL) twice. The mixture was dried using anhydrous sodium sulfate and the solvent was evaporated
under vacuum. Next, the residue was purified by silica gel column chromatography (1:8 EtOAc
/hexane) to obtain 4 (white solid, 1.56 g, 90.3%).

2.2.3. (E)-Methyl-3-methoxy-2-(2-hydroxyphenyl)acrylate (4)

A mixture of 10 wt. % Pd/C (0.18 g, 0.085 mmol) was added into a solution of compound 4
(1.00 g, 3.36 mmol) in 30 mL EtOAc. The mixed solution was then stirred under a H2 atmosphere
(1 atm) at 35 ◦C for 12 h. Then, the reaction mixture was filtered and the filtrate was concentrated under
vacuum. The residue was further purified by silica gel column chromatography (1:3 EtOAc /hexane)
to afford 4 (1.34 g, 95.4%).

2.2.4. Methyl (E)-2-{2-[(6-chloro-2-phenylpyrimidin-4-yl)oxy]phenyl}-3-methoxyacrylate (6)

A mixture of intermediate 4 (1.00 g, 4.80 mmol), fenclorim 5 (2.16 g, 9.60 mmol), and K2CO3

(1.33 g, 9.60 mmol) was dissolved in dry dimethylformamid (DMF, 50 mL) at 0 ◦C under nitrogen
atmosphere. The mixture was then stirred at this temperature for a further 12 h. The mixture was
then poured into ice water (100 mL) and extracted with EtOAc (20 mL) twice. The organic extract
was evaporated under vacuum and the residue was purified by silica gel column chromatography
(1:7 EtOAc /hexane) to afford compound 6 (2.99 g, 79%). Compound 6 was a white solid with the
following characteristics: m.p. 121–122 ◦C; 1H NMR (300 MHz, CDCl3) δ [ppm]: 3.54 (s, 3H, OCH3),
3.67 (s, 3H, OCH3), 6.63 (s, 1H, PyH), 7.24–7.26 (m, 2H, ArH), 7.32–7.35 (m, 2H, ArH), 7.39–7.44 (m, 4H,
ArH+CH), 8.28–8.32 (m, 2H, ArH); 13C NMR (75 MHz, CDCl3) δ [ppm]:170.5, 167.4, 165.0, 162.0, 161.0,
150.3, 135.7, 132.7, 131.6, 129.1, 128.7, 128.5, 126.1, 125.9, 122.0, 107.2, 104.5, 61.8, 50.8 HRMS (ESI+) m/z:
397.0950 ([M+H]+); found: 397.0946.

2.2.5. 6-chloro-N-2-diphenylpyrimidin-4-amine (7)

A mixture of fenclorim 5 (1.00 g, 4.44 mmol), phenylamine (0.34 g, 3.70 mmol) and TEA (0.50 g,
4.44 mmol), was dissolved in dry N-methylpyrolidin-2-one (NMP, 20 mL) at 120 ◦C under nitrogen
atmosphere for 24 h. The mixture was then cooled to room temperature, and a mixture of EtOAc (20 mL)
and saturated sodium chloride solution (20 mL) was added. Then, this mixture was stirred for 30 min.
The organic layer was separated, dried using anhydrous sodium sulfate, filtered, and concentrated under
a vacuum. Next, the residue was purified using silica gel column chromatography (1:6 EtOAc/hexane)
to obtain compound 7 (0.90 g, 72%). Compound 7 was a white solid with the following characteristics:
m.p. 95-96 ◦C; 1H NMR (300 MHz, CDCl3) δ [ppm]: 6.61 (s, 1H, PyH), 6.92 (s, 1H, NH), 7.21–7.27
(m, 1H, ArH), 7.36–7.50 (m, 7H, ArH), 8.37–8.41 (m, 2H, ArH); 13C NMR (75 MHz, CDCl3) δ [ppm]:
164.9, 162.1, 160.9, 137.5, 136.5, 131.1, 129.5, 128.4, 128.3, 125.4, 122.6, 100.5; HRMS (ESI+) m/z: 282.0790
([M+H]+); found: 282.0793.
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2.3. Structural Determination

Colorless single crystals of compounds 6 and 7 were obtained by slowly evaporating a methanol
solution containing pure compounds 6 and 7 at room temperature. Single crystal X-ray diffraction data
of compounds 6 and 7 were obtained using a SuperNova, Dual, Cu at zero, AtlasS2 diffractometer
(Agilent, CA, USA) equipped with MoKα radiation (λ = 1.54184 Å) at 100.00(10) K. The crystal
dimensions of compounds 6 and 7 were 0.11 × 0.11 × 0.08 mm3 and 0.14 × 0.13 × 0.12 mm3, respectively.

A total of 3608 reflections were collected by employing an ω scan mode for compound 6, 6797 of
which were independent with Rint = 0.1240, Rsigma = 0.1384. The final R1 was 0.0697 (I > 2σ(I)) and wR2
was 0.1869 for compound 6. A total of 4819 reflections were collected by using ω scan mode for
compound 7, 1795 of which were unique with Rint = 0.0317 and Rsigma = 0.0245. The final R1 was 0.0372
(I > 2σ(I)) and wR2 was 0.0990. The structures of compounds 6 and 7 were solved using the ShelXT
structure solution program by Intrinsic Phasing and refined with the ShelXL refinement package via
Least Squares minimization, using Olex2 [24–26].

The crystal data and structure refinement details of the compounds 6 and 7 are provided
in Table 1. The crystallographic data for compounds 6 and 7 are available from the Cambridge
Crystallographic Data Centre (CCDC) (www.ccdc.cam.ac.uk/structures/), with CCDC No. 1878381 and
1870401, respectively.

Table 1. Crystal data and structural refinements of compounds 6 and 7.

Compound 6 7

CCDC No. 1878381 1870401
Empirical formula C21H17ClN2O4 C16H12ClN3

Formula weight 396.82 281.74
Temperature/K 100.00(10) 100.00(10)
Crystal system monoclinic monoclinic

Space group P21/c Cc
a/Å 8.4842(6) 10.2347(7)
b/Å 24.457(2) 18.3224(10)
c/Å 8.9940(6) 7.2447(4)
α/◦ 90 90
β/◦ 96.305(6) 92.266(6)
γ/◦ 90 90

Volume/Å3 1855.0(2) 1357.50(14)
Z 4 4

ρcalcg/cm3 1.421 1.379
µ/mm−1 2.092 2.418
F(000) 824.0 584.0

Crystal size/mm3 0.11 × 0.11 × 0.08 0.14 × 0.13 × 0.12
Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184)

2Θ range for data collection/◦ 7.228 to 177.332 9.654 to 148.926
Index ranges −10 ≤ h ≤ 10, −29 ≤ k ≤ 30, −8 ≤ l ≤ 10 −12 ≤ h ≤ 8, −22 ≤ k ≤ 21, −8 ≤ l ≤ 8

Reflections collected 6427 4819
Independent reflections 3608 [Rint = 0.1240, Rsigma = 0.1384] 1795 [Rint = 0.0317, Rsigma = 0.0245]

Data/restraints/parameters 3608/54/255 1795/2/181
Goodness-of-fit on F2 1.053 1.053

Final R indexes [I ≥ 2σ (I)] R1 = 0.0697, wR2 = 0.1650 R1 = 0.0372, wR2 = 0.0985
Final R indexes [all data] R1 = 0.0835, wR2 = 0.1869 R1 = 0.0376, wR2 = 0.0990

Largest diff. peak/hole/ e Å−3 1.17/−1.33 0.22/−0.30

2.4. Fungicidal Activity

The in vivo fungicidal activity (EC50 values) of compounds 6, 7, fenclorim, and pyrimethanil
against P. cubensis were tested according to methods in the reported literature [27,28]. The fungicidal
activities of compounds 6, 7, fenclorim and pyrimethanil against P. cubensis, E. cichoracearum, B. graminis,
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R. solani, and P. polysora were tested at different concentrations in vitro using methods reported
previously [5].

3. Results and Discussion

3.1. Synthesis and Spectroscopic Properties

The synthetic routes for compounds 6 and 7 are described in Scheme 2; Scheme 3.
Intermediate 2 was synthesized through the nucleophilic substitution of the acrylate group of methyl
(E)-3-methoxyacrylate by N-iodosuccinimide. The formation of intermediate 3 from intermediate 2
and arylboronic acid was achieved via the Suzuki–Miyaura cross-coupling reaction. The synthesis of
intermediate 4, the precursor of compound 6, was achieved via the reduction of intermediate 4 using
Pd(PPh3)4 as the catalyst under nitrogen atmosphere. Compound 6 was afforded by the condensation
of intermediate 4 and fenclorim 5. Compound 7 was synthesized by a one-step condensation method,
using fenclorim and phenylaline as starting materials.

The chemical structures of compound 6 and 7 were characterized by NMR spectroscopy, HRMS,
and X-ray diffraction analysis. For compound 6, signals corresponding to C–H protons in the phenyl ring
and pyrimidine were observed at δ 7.21–8.41 and δ 6.61, respectively; signals corresponding to the C–H
proton to N–H proton in imino group were observed δ 6.69. For compound 7, signals corresponding to
C–H protons in methoxyl groups were observed at δ 3.54 and δ 3.67, respectively; signals corresponding
to the C–H proton to C–H proton in pyrimidine ring were observed at δ 6.63, and signals corresponding
to the C–H proton in the phenyl ring were at δ 7.24–8.32. In the compound 6 13C-NMR spectra,
chemical shifts of carbons that resonated at δ 107.18–170.47 were assigned to carbons in the phenyl
ring and pyridine ring. The chemical shifts of carbons that resonated at δ 51.59 and 61.93, respectively,
were assigned to the carbons in methoxyl groups. The signal at δ 104.46 can be assigned to carbon (C-7)
in the acrylate group. In the 13C-NMR spectra of compound 7, chemical shifts linked to aromatic rings
(phenyl ring and pyrimidine ring) appeared at 100.5–164.94. All HRMS data for compounds 6 and 7
were well-matched with theoretical values calculated from their chemical formula.

3.2. Crystal Structures of Compounds 6 and 7

Compounds 6 and 7 both crystallized in the monoclinic system, with a P21/c space group and Cc
space group, respectively. The molecular structures of compounds 6 and 7 are described in Figure 2a,b,
and selected molecular structure parameters, including bond lengths and bond angles for compound 6
and 7, are listed in Tables 2 and 3, respectively. Packing diagrams of compounds 6 and 7 are shown in
Figure 3a,b respectively.

The selected bond lengths and bond angles of the phenyl ring and pyrimidine ring in the crystal
structure of compounds 6 and 7 are similar to those of compounds reported in the literature, which are
in accordance with normal ranges [29–32]. According to the data in Figure 2a, compound 6 is composed
of four molecular moieties (two phenyl rings, a chlorine-substituted pyrimidine ring, and a (Z)-methyl
2-iodo-3-methoxyacrylate group). The phenyl ring, formed by C(16)–C(17)–C(18)– C(19)–C(20)–C(21),
and the pyrimidine ring, formed by C(15)–N(2)–C(14)–C(13)– C(12)–N(1), are linked by a C(15)–C(16)
bridge. The bond length of C(15)–C(16), a single bond, is 1.556(5) Å, and the torsion angle of
N(2)−C(15)−C(16) is 119.8(3) Å. The phenyl ring, defined as C(1)–C(2)–C(3)–C(4)– C(5)–C(6), and the
pyrimidine ring, are linked by an oxygen atom. The bond angle of C(12)−O(1)−C(1) is 115.3(3) Å.
The acrylate moiety assumes an E configuration double bond C(7)=C(10) (1.391(6) Å) of the vinyl
group. The bond lengths of C(8)–O(3) in the acrylate group are 1.229(6) Å, which is similar to the
general length reported for C=O, indicating that it is a double bond [33–35]. The dihedral angles
between the mean planes of C(15), N(2), C(14), C(13), C(12), N(1) with C(16), C(17), C(18), C(19), C(20),
C(21), C (19) and C(1), C(2), C(3), C(4), C(5), C(6) are 3.368(109)◦ and 66.294(120)◦, respectively.

Compound 7 is composed of a chlorine-substituted pyrimidine ring and two phenyl rings
(Figure 2b). The phenyl ring, formed by C(1)–C(2)–C(3)–C(4)–C(5)–C(6), is linked with the pyrimidine
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ring, formed by C(7)–N(1)–C(8)–C(9)–C(10)–N(2) via a C(1)–C(7) bridge. The bond length of C(1)–C(7)
is 1.482(4) Å and the torsion angle of N(2)−C(7)−C(1) is 117.3(2) Å. The pyrimidine ring above and
phenyl ring defined as C(11)–C(12)–C(13)–C(14)–C(15)–C(16) are linked by a nitrogen atom, with a
torsion angle C(10)−N(3)−C(11) of 126.5(2) Å. The dihedral angles between the mean planes of C(7),
N(1), C(8), C(9), C(10), N(2) with C(1), C(2), C(3), C(4), C(5), C(6)and C(11), C(12), C(13), C(14), C(15),
C(16) are 8.447(74)◦ and 45.236(88)◦, respectively.

Based on whole structural analysis, molecule 6, forms C–H···N (symmetry code: 1 − x, 1 − y, 1 − z)
and C–H···O hydrogen bonding interactions (symmetry code: 1 + x, y, z) with the phenyl C atom
(Table 4), to from three-dimensional networks. The C···N distances between donor (D) and acceptor (A)
molecules were 3.341(6) Å for C(5)–H(5)···N(2), and 2.8711(16) Å for C(11)–H(11B)···O(3), respectively.
The distances between hydrogen atom and acceptor atom were 2.53 Å for H(5)···N(2), and 2.30 Å
for H(11B)···O(3), respectively. Both of the bond lengths were shorter than sum of van der Waals
radii (2.66 Å for H(5)···N(2) and 2.63 Å for H(11B)···O(3)) [36]. As shown in Table 5, N(3)–H(3)···N(1)
hydrogen bonds (N···N 3.190(3) Å,N–H···N 146◦; symmetry code: 1

2 + x, −1/2 − y, 1
2 + z) link the

neighboring molecules of compound 7 to form a three-dimensional framework. Weak hydrogen bonds
C(2)–H(2)···N(1), C(6)–H(6)···N(2), and C(12)–H(12)···N(2) also stabilize the crystal structure.
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Table 2. Selected bond lengths (Å) and bond angles (◦) for compound 6.

Bond Distance (Å) Bond Distance (Å)

C(12)–O(1) 1.338(5) C(1)–O(1) 1.362(5)
C(10)–O(2) 1.386(6) C(15)–N(1) 1.338(5)
C(11)–O(2) 1.472(6) C(15)−N(2) 1.308(6)
C(8)–O(4) 1.353(6) C(14)−N(2) 1.396(6)
C(9)–O(4) 1.537(6) C(8)−O(3) 1.229(6)

C(12)–N(1) 1.412(5) C(14)−Cl(1) 1.692(5)
C(15)−C(16) 1.556(5) C(14)−C(13) 1.367(6)

C(1)−C(6) 1.397(6) C(5)−C(4) 1.380(6)
C(12)−C(13) 1.362(6) C(20)−C(19) 1.371(6)
C(15)−C(16) 1.556(5) C(7)−C(10) 1.391(6)

Angle (◦) Angle (◦)

C(12)−O(1)−C(1) 115.3(3) O(1)−C(12)−C13 112.2(4)
C(10)−O(2)−C(11) 116.7(4) N(1)−C(15)−C16 118.7(4)
C(8)−O(4)−C(9) 118.7(4) N(2)−C(15)−N1 121.5(4)

C(15)−N(1)−C(12) 117.7(4) N(2)−C(15)−C16 119.8(3)
C(15)−N(2)−C(14) 118.2(4) O(1)−C(1)−C2 115.0(4)
O(1)−C(12)−N(1) 122.2(4) O(1)−C(1)−C(6) 119.9(4)
N(2)−C(14)−C(11) 118.7(3) C(13)−C(14)−N(2) 126.4(4)
O(4)−C(8)−C(7) 115.5(3) O(3)−C(8)−O(4) 118.3(4)

Table 3. Selected bond lengths (Å) and bond angles (◦) for compound 7.

Bond Distance (Å) Bond Distance (Å)

Cl(1)–C(8) 1.732(3) C(1)−C(2) 1.399(4)
N(3)−C(11) 1.413(4) C(1)−C(6) 1.401(4)
N(3)−C(10) 1.356(4) C(5)−C(6) 1.384(4)
N(1)−C(7) 1.343(4) C(5)−C(4) 1.389(4)
N(1)−C(8) 1.339(4) C(9)−C(8) 1.360(4)
N(2)−C(7) 1.337(3) C(9)−C(10) 1.412(4)
N(2)−C(10) 1.341(4) C(15)−C(14) 1.390(4)
C(11)−C(16) 1.393(4) C(2)−C(3) 1.383(4)
C(11)−C(12) 1.395(4) C(3)−C(4) 1.395(4)

C(1)−C(7) 1.482(4) C(14)−C(13) 1.383(5)

Angle (◦) Angle (◦)

C(10)−N(3)−C(11) 126.5(2) N(2)−C(7)−C(1) 117.3(2)
C(8)−N(1)–C(7) 114.6(2) N(1)−C(8)−Cl(1) 114.9(2)

C(7)−N(2)−C(10) 117.3(2) N(1)−C(8)−C(9) 125.2(3)
C(16)−C(11)−N(3) 118.5(2) C(9)−C(8)−Cl(1) 119.9(2)
C(16)−C(11)−C(12) 119.6(3) N(3)−C(10)−C(9) 119.5(2)
C(12)−C(11)−N(3) 121.9(2) N(2)−C(10)−N(3) 119.4(2)
C(15)−C(16)−C(11) 120.3(3) N(2)−C(10)−C(9) 121.1(2)
C(2)−C(1)−C(7) 120.7(2) C(3)−C(2)−C(1) 120.7(3)
C(2)−C(1)−C(6) 118.6(3) C(2)−C(3)−C(4) 120.2(3)
C(6)−C(1)−C(7) 120.7(2) C(5)−C(6)−C1) 120.6(3)
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(A) molecules were 3.341(6) Å  for C(5)–H(5)···N(2), and 2.8711(16) Å  for C(11)–H(11B)···O(3), 

respectively. The distances between hydrogen atom and acceptor atom were 2.53 Å  for H(5)···N(2), 

and 2.30 Å  for H(11B)···O(3), respectively. Both of the bond lengths were shorter than sum of van der 

Waals radii (2.66 Å  for H(5)···N(2) and 2.63 Å  for H(11B)···O(3)) [36]. As shown in Table 5, 

N(3)–H(3)···N(1) hydrogen bonds (N···N 3.190(3) Å ,N–H···N 146°; symmetry code: ½  + x, −1/2 − y, ½  

+ z) link the neighboring molecules of compound 7 to form a three-dimensional framework. Weak 

hydrogen bonds C(2)–H(2)···N(1), C(6)–H(6)···N(2), and C(12)–H(12)···N(2) also stabilize the 

crystal structure. 

Figure 3. Packing diagram of compound 6 (3a) and 7 (3b). Dashed lines represent hydrogen bonds.

Table 4. Hydrogen bonding interactions in compound 7.

D–H···A d(D–H)/(Å) d(H···A)/(Å) d(D···A)/(Å) <(DHA)/(◦)

C(5)–H(5)···N(2) 0.93 2.53 3.341(6) 146
C(11)–H(11B)···O(3) 0.96 2.30 3.162(7) 148

Symmetry transformations used to generate the equivalent atoms: #1: 1 − x, 1 − y, 1 − z; #2: 1 + x, y, z.

Table 5. Hydrogen bonding interactions in compound 6.

D–H···A d(D–H)/(Å) d(H···A)/(Å) d(D···A)/(Å) <(DHA)/(◦)

N(3)–H(3)···N(1) 0.86 2.44 3.190(3) 146
C(2)–H(2)···N(1) 0.93 2.48 2.802(4) 100
C(6)–H(6)···N(2) 0.93 2.50 2.817(4) 100

C(12)–H(12)···N(2) 0.93 2.57 2.930(4) 104

Symmetry transformations used to generate the equivalent atoms: 1
2 + x, −1/2 − y, 1

2 + z.
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3.3. Fungicidal Activities

The in vivo fungicidal activities (EC50 values) of compound 6, compound 7, positive control
fenclorim and pyrimethanil against B. cinerea are listed in Table 6. Compound 6 displayed the
greatest activity with an EC50 value of 20.84 mg/L, which was much greater than that of compound
7 (215.45 mg/L), fenclorim (319.95 mg/L) and pyrimethanil (30.72 mg/L). This result indicates that
the combination of the (Z)-methyl-2-iodo-3-methoxyacrylate group substituted phenoxyl group with
fenclorim could improve the in vivo fungicidal activity of fenclorim against Botrytis cinerea.

Table 6. The in vivo EC50 values of compounds 6 and 7 and pyrimethanil against Botrytis cinerea.

Comp. EC50 (± SD) (mg/L) Comp. EC50 (± SD) (mg/L)

6 20.84 ± 4.04 7 215.45 ± 55.43
fenclorim 319.95 ± 30.62 pyrimethanil 30.72 ± 3.78

To further study the fungicidal activity of compounds 6 and 7, the in vitro inhibitory rate of
compounds 6, 7, fenclorim, and pyrimethanil against P. cubensis, E. cichoracearum, B. graminis, R. Solani,
and P. polysora were evaluated at different concentrations (Table 7). At 200 mg/L, compound 6 displayed
the strongest fungicidal activity against P. cubensis (94.00% control) and against R. Solani (91.67% control),
while compound 7 showed the strongest fungicidal activity against E. cichoracearum (91.00% control),
B. graminis (90.67% control) and P. polysora (90.67% control). Furthermore, fenclorim exhibited no
activity against the E. cichoracearum control and pyrimethanil only displayed good fungicidal activity
against P. cubensis (89.00% control). As the concentration decreased, most of the fungicidal activity of
these compounds brought to gradually. Surprisingly, compound 6 exhibited 80.33% activity of that of
the control against P. cubensis, when pyrimethanil displayed only 20.67% of that of the control, when at
25 mg/L. These results revealed that the combination of active groups in commercial fungicides with
the lead fenclorim could improve the in vitro fungicidal activity of fenclorim significantly.

Table 7. The in vitro fungicidal activities of compounds 6 and 7.

Compounds Dose
(mg/L)

P. Cubensis E. Cichoracearum B. Graminis R. Solani P. Polysora

Inhibitory Rate (%)

6
200 94.00 ± 1.73 1.67 ± 2.88 40.67 ± 1.15 91.67 ± 2.89 50.00 ± 0
50 90.00 ± 2.00 0 41.33 ± 1.15 59.33 ± 1.15 8.33 ± 2.89

12.5 80.33 ± 1.53 0 27.00 ± 1.73 58.33 ± 2.89 0

7
200 93.33 ± 2.89 91.00 ± 3.61 90.67 ± 1.15 70.67 ± 1.15 90.67 ± 2.31
50 71.67 ± 2.89 89.00 ± 3.61 59.33 ± 1.15 11.67 ± 2.89 58.33 ± 2.89

12.5 26.67 ± 2.89 31.67 ± 2.89 14.00 ± 1.73 7.67 ± 2.52 0

Fenclorim
200 92.33 ± 2.52 0 23.33 ± 2.89 26.67 ± 2.89 38.33 ± 2.89
50 85.67 ± 2.08 0 22.33 ± 2.52 28.33 ± 2.89 21.67 ± 1.89

12.5 22.33 ± 2.52 0 0 6.67 ± 2.89 0

Pyrimethanil
200 89.00 ± 3.61 31.00 ± 3.61 28.33 ± 2.89 10 ± 0 31.33 ± 1.15
50 80.67 ± 1.15 6.00 ± 1.73 26.00 ± 1.73 9.33 ± 1.15 9.33 ± 1.15

12.5 20.67 ± 1.15 0 19.33 ± 1.15 0 0

P. cubensis: Pseudoperonospora cubensis; E. cichoracearum: Erysiphe cichoracearum; B. graminis: Blumeria graminis;
R. solani: Rhizoctonia solani; and P. polysora: Puccinia polysora.

4. Conclusions

In conclusion, two fenclorim derivatives (compounds 6 and 7) were synthesized by the linking
of active sub-structures method. The chemical structures of the two compounds were confirmed by
NMR spectroscopy, HRMS, and X-crystal diffraction, and their fungicidal activity against plant fungi
were tested. Compound 6 displayed the greatest activity (EC50 value of 20.84 mg/L), which was much
greater than that of pyrimethanil (30.72 mg/L) against B. cinerea in vivo. Additionally, compound 6 at
25 mg/mL exhibited 80.33% of the control EC50 value against P. cubensis, when pyrimethanil displayed
only 20.67% control EC50 value at 25 mg/L in vitro. Moreover, compound 7 exhibited 89% of the control
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EC50 value against E. cichoracearum at 50 mg/L in vitro, while pyrimethanil only exhibited 6% of that of
the control. Compounds 6 and 7 could be used further as pyrimidine fungicides in the future.
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Abstract: Nanocrystalline materials (NCM, i.e., crystalline nanoparticles) have become an important
class of materials with great potential for applications ranging from drug delivery and electronics to
optics. Drug nanocrystals (NC) and nano co-crystals (NCC) are examples of NCM with fascinating
physicochemical properties and have attracted significant attention in drug delivery. NCM are cate-
gorized by advantageous properties, such as high drug-loading efficiency, good long-term physical
stability, steady and predictable drug release, and long systemic circulation time. These properties
make them excellent formulations for the efficient delivery of a variety of active pharmaceutical
ingredients (API). In this review, we summarize the recent advances in drug NCM-based therapy
options. Currently, there are three main methods to synthesize drug NCM, including top-down,
bottom-up, and combination methods. The fundamental characterization methods of drug NCM are
elaborated. Furthermore, the applications of these characterizations and their implications on the
post-formulation performance of NCM are introduced.

Keywords: nanocrystalline materials; physicochemical characterization; vibrational spectroscopy;
X-ray analysis; thermal analysis; critical quality attributes

1. Introduction

There has been an increasing interest in developing drug delivery systems that cir-
cumvent the challenges associated with conventional drug delivery [1]. Among those
challenges are poor drug solubility and formulation stability, low bioavailability, and
undesirable side effect profiles [1]. Solutions to some of these shortcomings have been
suggested and have included the use of nanotechnology. Nanotechnology is defined as
the engineering and manufacture of materials at an atomic or molecular scale resulting in
nanoparticles [2]. The definition of nanoparticles regarding particle size is constantly under
deliberation. This has resulted in different disciplines adopting different definitions. As an
example, colloid chemistry describes nanoparticles as having particle sizes below 100 nm
or and in some instances 20 nm. In the pharmaceutical domain, nanoparticles are identified
as having a size ≤ 1000 nm [3]. Therefore, in this review, we define nanocrystalline (NCM)
as crystalline materials composed of nanoparticles having dimensions <1000 nm [4,5].
Some of the desirable properties of nanoparticles are that they often maintain crystallinity
after their manufacturing process. Crystallinity relates to the extent of structural order
in a solid and is characterized by atomic or molecular arrangement being regular and
periodic—the production of nanoparticles that exhibit crystallinity results in the forma-
tion of NCM. The production of NCM requires a combination of crystal engineering and
nanotechnological approaches.
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Crystal engineering is the manipulation of non-covalent interactions between molecu-
lar or ionic components for the rational design of solid-state structures that may exhibit
desirable electrical, magnetic, and optical properties [6]. Intermolecular hydrogen bonds
can be used to assemble supramolecular structures that, at the very minimum, control or
influence dimensionality [6,7]. Crystal engineering can also be described as the knowl-
edge of intermolecular interactions in the context of crystal packing and the use of such
understanding in the design of new solid materials with desirable physicochemical proper-
ties [8,9].

Co-crystals are single-phase crystalline solids that are composed of two or more
different molecular or ionic compounds, generally in a stoichiometric ratio [10]. Co-crystals
can be constructed using several types of molecular interactions such as hydrogen bonds,
ionic interactions, π–π stacking, and van der Waal’s forces [11–14].

Two general methods are used to manufacture NCM. The first utilizes collision forces
to cause particle size reduction to nanometer dimensions and is called the top-down
approach [15,16], while the second approach makes use of nucleation and crystal growth.
A suitable stabilizer is utilized to prevent crystal growth into the micrometre range and
is termed the bottom-up approach [17,18]. In the broadest sense, NCM used in drug
delivery can be subdivided into organic and inorganic NCM. In this review, we focus on
the characterization of organic NCM for the delivery of active pharmaceutical ingredients
(API). More specifically, we highlight the characterization techniques most applicable to
NC and NCC as models NCM for the delivery of API.

Drug NC are crystals with a size in the nanometre range. This means that they
are nanoparticles that exhibit a high degree of crystallinity [3]. Similarly, drug NCC are
crystalline solids existing as a single phase that is composed of different molecules that have
nanometric dimensions [19]. In the case of both types of the aforementioned NCM, crystal
growth from the nanometer to the micrometre range is inhibited by stabilizers [20–22].

In drug delivery, these NCM have found a broad range of applications in circumvent-
ing the shortcomings of conventional drug delivery while exhibiting flexibility regarding
the routes of administration.

When applied in transdermal delivery, NCM are expected to pack tightly and form
a dense layer that hydrates the skin and improves drug penetration and permeation.
Dissolved NCM may be topically retained for a sufficient period and offer sustained API
release [23]. As a way of example, a formulation of L-ascorbic acid demonstrated long-
term stability as NC dispersed in an oil base. The NC oil dispersion exhibited improved
penetration and stability when compared to conventional technologies [24].

Oral administration remains the most preferred route and is generally considered a
safe and suitable drug delivery route [25]. Dissolution is often the rate-determining step
for absorption, and because NCM generally provide a larger surface area for dissolution,
increase saturation solubility, and ultimately increase the dissolution extent, they have been
shown to enhance API absorption [26]. Rapamune®, a formulation composed of sirolimus
NC blended with additional excipients and directly compressed into tablets, was the
first US FDA-approved nanocrystalline drug launched in 2000 by Wyeth Pharmaceuticals
(Madison, NJ, USA) for oral use. The oral bioavailability of the API from the nanocrystalline
tablets was 21% higher than that of sirolimus delivered in aqueous solution [27]. Similarly,
the advantages of nano-drug delivery have been applied to modulate the pharmacokinetic
profile of aprepitant (Emend®), which requires delivery at an absorption window in the
gastrointestinal tract [28].

Drug delivery to the eye is hindered by pharmacokinetic, physiological, and in some
instance’s environmental factors. Conventional formulations are rapidly cleared from the
site of administration due to rapid eye movement such as blinking and/or lacrimation,
resulting in low ocular bioavailability. Consequently, repeated dosing and subsequent
reduction in adherence results in poor clinical outcomes. Frequent dosing may also lead to
an increase in dose-dependent side effects [29,30]. NCM technologies can play a critical
role in drug delivery to the eye by improving the solubility of poorly soluble API. This was
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explored and showed favourable outcomes when utilized in formulations containing budes-
onide, dexamethasone, hydrocortisone, prednisolone [31], and fluorometholone [31,32].
A technique based on combining microfluidic and milling technologies resulted in the
production of NC of hydrocortisone. The ocular bioavailability of the NC was evaluated
in vivo using albino rabbits. Extended duration of action and a significant improvement in
the area under the curve (AUC) for hydrocortisone delivered using the NC were observed
when compared to coarse hydrocortisone [33].

Parenteral drug delivery ensures a shorter onset of action, higher bioavailability, and
use of reduced doses when compared to oral drug delivery. These benefits are ideal target
parameters for drug delivery; however, the use of the intravenous route is challenging as
only a limited number of solvents and excipients can be used during formulation devel-
opment. This is due to an increased possibility of adverse outcomes in addition to those
caused by the API. NC of ascularine [34], melarsoprol [35], oridonin [36], itraconazole [37],
and curcumin [38] have been successfully developed and resulted in increases in their Cmax
and AUC0–∞.

Targeted delivery approaches have been implemented in combination with NC and
NCC technology for drugs that exhibit low bioavailability, poor aqueous solubility and
stability, and limited in vitro–in vivo correlations (IVIVC) [39,40]. Buparvaquone NC
suspended in a mucoadhesive system of Carbopol® 934, 971, 974, 980 or 0.5 % w/w
Noveon® AA-1 was used for targeting the gastrointestinal parasite, Cryptosporidium parvum,
and resulted in better targeting and greater stability than pure buparvaquone [41].

Surface modification of NCM can also be used to reduce the potential toxicity of API
to selected cell lines. For instance, surface modification of lamivudine-zidovudine NCC
with sodium dodecyl sulphate (SDS) and α-tocopheryl polyethylene glycol succinate 1000
(TPGS 1000) was reported to have reduced cytotoxic effect on HeLa cells [42].

Despite their success in drug delivery, NCM have to undergo rigorous characteriza-
tion prior to their use in humans. Many of these techniques are centred on developing
quality into the product and ensuring that critical process parameters (CPP) do not have a
significant impact on the critical quality attributes (CQA) of the product [43]. Consequently,
the resultant NC or NCC meets the quality target product profile (QTPP) that could lead to
inclusion into suitable dosage forms and subsequent human use.

Formulation and morphology of drug NCM, including fundamental characterizations
and their implications on post-formulation performance are described below.

2. Formulation and Morphology of NCM

Two formulation approaches have been shown to produce NC viz., the top-down tech-
nique that relies on shear forces for particle size reduction into the nanometre range [15,16]
and the bottom-up approach that allows for nucleation and growth of individual monomers,
which remain nanosized because of a stabiliser [17,18].

2.1. Top-Down Production Approaches

High-energy mechanical forces are involved in top-down approaches and are pro-
vided by media milling (MM) techniques, including NanoCrystals® or high-pressure
homogenization (HPH), Insoluble Drug Delivery—Particles (IDD-P™), DissoCubes®, and
Nanopure®, to comminute large crystals into crystals of smaller dimensions [16,44]. Top-
down processes are commonly used for the preparation of crystalline nanoparticles [45]
and are flexible following scale-up production [46]. Consequently, the process has been
widely adopted for commercial scale preparation of nanocrystals. With the exception
of Triglides produced by IDD-P®, the majority of the other products are commercially
produced using NanoCrystals®. However, high-energy input, lengthy operational units,
and the potential to introduce contamination from the use of grinding media are draw-
backs of this technology. For instance, high pressures of up to 1700 bar with 50–100 cycles
of homogenisation are often required to achieve a desired particle size distribution and
size [3,47]. Furthermore, the milling time varies from hours to days depending on the
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properties of the API, milling media, and extent of required particle size reduction [46,48].
Since contamination from grinding media may lead to unexpected side-effects and/or
toxicities, the top-down production method is not a suitable option for the preparation of
parenterally administered NC [49,50].

2.1.1. HPH (IDD-P®, DissoCubes®, and Nanopure®)

During the process of HPH, API-loaded suspensions are introduced into a high-
pressure homogeniser and forced through a narrow orifice in sudden bursts under high
pressure. Owing to this, cavitation, high-shear forces, and particle collisions result in
fracture of API particles. Generally, the HPH method occurs via the following steps: of (i)
crude API powder is dispersed in pure solution or in a solution containing a stabiliser, (ii)
a reduction of particle size occurs by high-speed shearing or homogenization under low
pressure, (iii) HPH is used to achieve the target particle size and size distribution.

Based on the instrumentation and solutions used, HPH processes can be sub-divided
into three patented technologies, including microfluidics for IDD-P® technology, piston
gap homogenisation for DissoCubes® in aqueous media, and Nanopure® for non-aqueous
media. Nonetheless, attainment of formulation optimization requires an investigation into
the effect of various formulation and process parameters.

2.1.2. MM (NanoCrystals®)

In this technique, NC are obtained by subjecting API to a media-milling process.
The media mill consists of a milling chamber, milling shaft, and recirculation chamber [16].
The generation of high energy and shear forces as a result of milling media and API
collisions provide the requisite energy to disintegrate microparticulate drugs into nano-
sized particles. The milling media may be glass, zirconium oxide, or highly cross-linked
polystyrene resin. During this process, the milling chamber is initially charged with milling
media, water or buffer, API and stabiliser. The system is then rotated at a very high shear
rate, and the milling process is performed under controlled temperature conditions in
either batch or recirculation mode. When using the batch mode, dispersions with unimodal
size distribution profiles and mean diameters <200 nm are produced in approximately
30–60 min. The media milling process can successfully process micronized and un-
micronized drug crystals. Following the optimization of formulation and the process
parameters, minimal batch-to-batch variability is observed when evaluating the quality of
resultant dispersion(s).

However, the generation and introduction of milling media residue into the final
product due to media erosion is of major concern. This phenomenon could be problematic
during the production of nanosuspensions intended for chronic administration. However,
the advent of polystyrene resin-based milling media has led to the reduced occurrence of
the aforementioned issue, for which residual polymeric monomers are typically 50 ppb
and the residuals generated during the milling process of not more than (NMT) 0.005 %
w/w of the final product or resulting solid dosage form [50,51].

MM has been used with considerable success to yield NCC containing furosemide and
caffeine, acetamide, urea and nicotinamide as co-formers, carbamazepine, and separately
indomethacin with the co-former saccharin [52]. Initially, the manufacture of micronized
co-crystals of each was performed using liquid assisted grinding (LAG) with methanol,
acetonitrile, or acetone, or using a slurry technique [52]. Subsequently, the resultant co-
crystals were dispersed in a solution containing 0.5 % w/v HPMC and 0.02 % w/v sodium
dodecyl sulphate (SDS) in distilled water and wet-milled using zirconia beads. Wet-milling
was conducted three times at 2000 rpm for 2 min and then 500 rpm for 2 min cycles.
The milling chamber was maintained at –10 ◦C during the process. Lastly, the resulting
suspension and zirconia bead mixture was transferred to a centrifuge filter-mesh chamber
to separate and collect the suspensions at 400 rpm for 1 min [52].

Itraconazole nanosuspensions have also been manufactured using wet-milling with
Tween® 80 dissolved in a 20 mL vial containing 5 mL demineralised water, followed by
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the dispersion of 250 mg itraconazole in this aqueous phase. Different concentrations of
dicarboxylic acid co-formers (maleic, adipic, glutaric, and succinic acid) were dissolved in
the suspension. Zirconium oxide milling pearls (30 g) of 0.5 mm diameter were added to
the suspension. The vials were placed on a roller-mill and grinding performed at 150 rpm
for 60 h after which the nanoparticles were separated from the pearls by sieving [53].

Witika et al. demonstrated the use of (MM) to produce NCC of lamivudine and
zidovudine. The initial step involved the use of solution co-crystallisation to produce
co-crystals. During the second step, NCC were manufactured using a top-down method,
specifically, wet media milling using an in-house modified jigsaw as the milling chamber.
A 115 mg aliquot of the harvested or dried co-crystal was placed in a 1.5 mL stainless steel
milling chamber. The milling liquid comprised of different % w/v TPGS 1000 and SLS
concentrations as defined by experimental design software. Stainless-steel balls were used
as milling media with milling times of 10, 20, or 30 min at a constant milling speed of
65 Hz [54].

2.1.3. Bottom-Up Production Approaches

Bottom-up approaches promote the growth of NC from solution via two crucial
steps viz., nucleation and crystal growth. Nucleation is crucial in the production of small
uniform NC. An increase in nucleation rate results in an increase in the number of nuclei
formed from the supersaturated solution, leading to a decrease in supersaturation and thus
reduced growth for each nucleus [49]. If a large number of nuclei are produced concurrently
during nucleation, a narrow particle size distribution is likely to occur [49]. Therefore,
it is essential to promote rapid and homogeneous nucleation when using a bottom-up
process. In general, the drug solution and an anti-solventare combined using conventional
mixing equipment, e.g., a magnetic stirrer or an agitator blade [55]. Nucleation can be
triggered by mixing with an anti-solvent or removal of solvent [18] or introduction of sonic
waves to induce sonoprecipitation [55,56]. Sonoprecipitation has been used successfully to
develop NCC to produce caffeine-containing co-crystals using a single-solvent approach
by separately adding 60 mg caffeine and 48 mg of 2,4-dihydroxybenzoic acid (DHBA) in
7 mL and 242 mL acetone, respectively. The solutions were rapidly injected into 200 mL
of hexane at approximately 0 ◦C and sonicated for 15 s in a cleaning bath. A two-solvent
approach using the same procedure with 125 mg of caffeine and 99 mg DHBA dissolved
separately in 1 mL chloroform and 600 mL acetone and rapidly injected into 100 mL of
hexane at approximately 0 ◦C was also successful in the production of co-crystals, with
Span® 85 as surfactant stabiliser at a concentration of 5 % w/v in hexane [57].

A phenazopyridine-phthalimide nano-cocrystal suspension was produced by dis-
solving 213 mg phenazopyridine and 147 mg phthalimide in 2 mL of dimethyl sulfoxide
(DMSO) separately, after which the individual solutions were rapidly injected into 50 mL
0.4 % w/v SDS aqueous solution at approximately 2 ◦C using ultrasonic conditions resulting
in the formation of a NCC suspension after 15–30 s [58].

Liu et al. [59] produced NCC using top-down and bottom-up approaches. NCC pro-
duced using a solution approach were obtained by dissolving 311 mg myricetin and 402 mg
nicotinamide separately in 7 mL and 3 mL methanol, respectively [59]. The solutions were
rapidly injected together into a conical flask at 0 ◦C and sonicated for 30 min using an
ultrasonic processor set at a frequency of 40 kHz with a power output of 50 W follow-
ing which the low-temperature control was stopped but ultrasonic agitation maintained.
The resultant precipitate was removed after 10, 20, and 30 min, filtered and dried for 24 h
at 25 ◦C [60].

Witika et al. reported the synthesis of lamivudine and zidovudine NCC using a
bottom-up technique [19,42]. The NCC were manufactured using a pseudo one solvent
cold sonochemical synthesis technique [19,42]. The individual components were dissolved
in methanol and water and injected into a precooled conical flask and sonicated.
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3. Nucleation and Crystal Growth

Supramolecular synthons are defined as structural units within super-molecules which
can be formed and/or assembled by known synthetic operations involving intermolec-
ular interactions. Supramolecular synthons are spatial arrangements of intermolecular
interactions. Therefore, the overall goal of crystal engineering is to recognise and de-
sign synthons that are robust enough to be interchanged between network structures [9].
The Cambridge Structural Database may be used to identify stable hydrogen bonding
motifs with the ambition that the most robust motifs will remain intact across a family of
related structures [61,62].

3.1. Supramolecular Processes in Crystal Growth

Nucleation is a molecular assembly process, where a critical number of molecules are
needed to achieve a phase change from the liquid melt or solution to form a crystalline solid.
The driving force for achieving the critical point of molecular assembly is linked to the
free energy of the process [6]. For solution-based crystallisation, which is predominantly
used in processing API, the free energy required is linked to the solubility behaviour of the
material in a specific solvent. The magnitude of the difference in solubility exhibited by the
molecules that are crystallising from a completely solubilised state at a specified composi-
tion and temperature drives the process. The larger the differential between solubilised
state and the equilibrium state, the greater the supersaturation. The resultant growth of a
crystal is dependent on the solubility behaviour and any competing nucleation, which may
also be taking place because of the degree of supersaturation achieved. It is, therefore, this
phase change process that distinguishes crystallisation from dissolution [63,64].

3.2. Crystal Habit, Morphology, and Growth

Once nucleation has been achieved, crystal growth dominates and is the process,
which leads to the evolution of embryonic crystals into a crystal form of defined size and
shape. The key drivers with regard to the shape of the growing crystal are related to the
crystal lattice of molecular solids and the effects of the choice of solvent and additives on
the process of crystal growth. As such, crystal growth is a layer-by-layer process, with the
evolution of layers being defined by crystal packing of the unit cell. The unit cell, in turn,
describes the critical elements of how a specific molecular species has been assembled in
the crystalline state in three-dimension [6,65].

4. Techniques used in the Physicochemical Characterisations of NCM

The characterization approaches for NCM are a combination of techniques used
to determine crystallinity, particle size, particle size distribution, as well as intra- and
intermolecular interactions. In addition, beneficial characterization of NCM with regard
to chemical composition is often required. Broadly, the characterization of NCM, much
like any other nanometric drug delivery systems, can be classified into in vitro and in vivo
categories [66].

To understand the potential performance of NCM in vivo, physicochemical charac-
terisations need to be carried out, followed by cell-culture studies. The physicochemical
characterisations offer an understanding of how the NCM will perform prior to cell test-
ing [67]. These are often conducted “in-glass”. Cellular testing is less ethically ambiguous,
is easier to control and reproduce, and is less expensive when compared to animal test-
ing [68]. Once a proof of concept for NCM has been demonstrated in vitro, safety and
therapeutic efficacy are then tested in animal models. The results of animal studies play
a fundamental role in decision-making with regard to progression towards clinical trials.
An animal model that reflects the pathophysiology of human disease is invaluable when
predicting therapeutic outcomes in humans [66,69].

A collection of recommendations pertaining to nanomaterial characterization reviewed
a consensus on a large number of nanomaterial properties [67]. A condensed list of
physicochemical parameters for the risk assessment of nanomaterials was compiled based
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on this collection and we concluded that the nanomaterial properties that are listed in at
least half of the 28 sources analysed were [67];

• Specific surface area
• Particle size
• Particle size distribution or polydispersity index
• Crystallinity
• Surface Reactivity
• Solubility
• Agglomeration
• Surface charge
• Elemental/molecular composition
• Surface chemistry

In this review, we will use this list to correlate characterization procedures to the
properties on the list.

4.1. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is commonly used for particle size determination and
measures the Brownian motion of particles in suspension by relating velocity, known as the
translational diffusion coefficient, to the size of particles according to the Stokes–Einstein
equation [70,71].

4.1.1. Particles Size (PS)

Particle size (PS) investigations serve as one of the main determining factors of biodis-
tribution and retention of NCM in target tissues. PS is defined as the size of a hypothetical
hard sphere that exhibits the same diffusion characteristics as the NCM being measured.
The result is reported as mean particle size and homogeneity of size distribution. The latter
parameter is expressed as the polydispersity index (PDI), which is a dimensionless param-
eter calculated from cumulative analysis of the DLS-measured intensity autocorrelation
function [71]. A PDI value in the range <0.25 indicates a desirable homogeneity whereas a
PDI value >0.5 indicates heterogeneous particle sizes [72]. While DLS provides a simple
and rapid estimate of particle size, several studies suggest that DLS exhibits inherent
limitations and is relatively poor at analysing multimodal particle size distributions [72,73].

By way of example, when a mixture of 20- and 100-nm nanometre particles are
measured, the signal for the small particles may be lost because the signal intensity of a
spherical particle of radius r is proportional to r [74]. Therefore, the scattering intensity
of small particles tends to be masked by that of larger particles. Microscopy provides
an accurate assessment of the size and shape of a NCM but often requires complicated
sample preparation steps specific to the microscopic technique used [73], which in turn
may change samples and create artefacts such as NCM agglomeration, which is particularly
observed during drying prior to electron microscopy [75]. Furthermore, due to the limited
throughput capability, it is difficult to obtain an accurate particle size distribution [74], and
the underlying principle is that the sample status in each method is not the same.

4.1.2. Surface Charge

Surface charges, expressed as the Zeta Potential (ZP), critically influences the interac-
tion of NCM with the dispersion media [72]. The ZP is commonly measured using Laser
Doppler Electrophoresis (LDE), which evaluates the electrophoretic mobility of suspended
NCM in a dispersion medium. It is a measure of the energy potential at the boundary of
the outer layer. It is generally accepted that NCM that possess a ZP more positive than +30
mV or more negative than −30 mV exhibit colloidal stability that is maintained by repul-
sion due to electrostatics. Much like with PS measurements, heterogenous samples have
misleading ZP measurements due to the ZP of larger particles dominating the scattering
signal to the detriment of smaller particles [76]. The measurement of the ZP is, in part,
dependent on the ionic strength and valency in an NCM dispersion. High ionic strength
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and valency ions compress the electric double layer, resulting in a reduced ZP. The pH
also has a significant influence on ZP and in alkaline suspensions, the NCM acquire a
negative charge and vice versa. Therefore, ZP should be reported with a corresponding pH
at which the measurement was taken [70]. Additionally, it is recommended that informa-
tion of the suspension be precisely described when reporting the ZP, including the ionic
strength, composition of the dispersion medium, and pH [77,78]. However, the ZP is of
little consequence if the NCM is stored as a solid intended to be redispersed prior to use.

4.2. Thermal Analysis

NCM exhibit many unique properties, which are often superior to those of coarse-
grained materials. Consequently, NCM offer significant potential for use in a variety of
pharmaceutical applications. Solidification of nanosuspensions of NCM has been identified
as a tool to increase patient acceptance/adherence and long-term stability [79].

Due to a high-volume fraction of grain boundaries, NCM have the intrinsic shortcom-
ing of poor thermal stability that significantly limits their use. To aid in understanding this
drawback, thermal stability has become a significant aspect in the field of pharmaceutical
NCM research [80]. It is therefore of utmost importance to conduct thermal analyses on
NCM to determine their suitability in potential secondary or downstream pharmaceuti-
cal applications.

4.2.1. Thermal Gravimetric Analysis (TGA)

TGA is one of the oldest thermal analytical procedures and has been used extensively
in the study of material science. The technique monitors changes in sample weight, usually
nitrogen, as a function of temperature. TGA can be used to facilitate the assessment of
processing temperatures of thermally based secondary manufacturing processes such
as hot-melt extrusion while also finding utility in determining the presence of residual
solvents or moisture. When used as a pre-formulation tool for hot-melt extrusion, TGA is
used to determine the thermal stability of the polymers and nanocrystalline API. It allows
for the determination of a range of operating temperatures in hot-melt extrusion. This
is done in order to avert thermal degradation that may occur during the manufacturing
process. TGA can also be used to determine the moisture or residual solvent contents as
well as the presence of a solvate in NCM, especially in the instances where a crystallization
step was part of the synthetic process of a given NCM.

4.2.2. Differential Scanning Calorimetry (DSC)

DSC is a thermal analytical technique that provides qualitative and quantitative
information as a function of time and temperature in respect of thermal changes in materials
that involve endothermic or exothermic processes, or changes in heat capacity [81].

DSC is used for the determination of melting point, glass transition temperature, and
purity of samples. When applied to NCM products, it is useful in determining changes
in crystallinity, glass transition of stabilizing material, and the presence of more than one
polymorphic form of the API. This is especially important for API that occurs in different
polymorphic forms. Moreover, some top-down techniques like HPH can lead to a batch
with an amorphous fraction. This, in turn, could lead to a significant increase in saturation
solubility. The DSC of a pure drug, a physical mixture of drug and excipients (stabilizer),
and the final formulation, which may be in dried form, is routinely done as pre-formulation
and post-formulation quality tests [82].

Kocbek et al. prepared Pluronic® 68 stabilized ibuprofen nanosuspensions. The study
results indicated the formation of a eutectic mixture of the drug and Pluronic® 68. In
this case, DSC revealed a lower temperature melting peak representing the melting of the
eutectic system, and a second peak representing the melting of the excess ibuprofen. Based
on the position of the second peak, it was estimated that ibuprofen was in excess after
eutectic formation [83].
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Similarly, DSC was used to investigate the changes in the crystallinity of itraconazole
(ITR) after the nanoprecipitation and drying processes or possible interactions between
the API and excipients [84]. The results obtained indicated a small change in melting
temperature of ITR, which were attributable to the reduction in PS and were deemed to not
have been a consequence of CPP. The results also showed the presence of an amorphous
component of ITR and confirmed the presence of both crystalline and amorphous ITR [84].

Although DSC cannot be used to establish the chemical nature of a sample being
tested, the results can be useful for determining whether samples exhibit different thermal
properties and can therefore distinguish differences relating to material identity, specific
solid-state forms, and/or purity [85].

4.3. X-Ray Techniques

X-ray diffraction (XRD) is one of the most widely used techniques for the character-
ization of NCM. Ideally, crystalline structure, phase behaviour, lattice parameters, and
crystallite grain size are derived from XRD [86]. Crystallite grain size is determined using
the Scherrer equation [87]. It utilizes the diffractogram of the sample by analysing the
broadening of the peaks of the highest intensity. XRD has the advantage of resulting in
volume-averaged values while being statistically representative. Despite its applicability,
XRD is often replaced in use by single-crystal X-ray diffraction (ScXRD) as the latter is
a more definitive technique for determining three-dimensional crystal lattice structures.
ScXRD provides an accurate representation of atomic coordinates and thermal parameters.
These are obtained by using parameters such as molecular geometry and intermolecular
distances [88]. ScXRD does have a major disadvantage in that it requires the accessibility
of a single crystal. Unfortunately, in many instances, polycrystallites are formed, especially
when using the top-down methods. In such cases, powder X-ray diffraction (PXRD) is the
obvious alternative to ScXRD [88].

X-ray photon spectroscopy (XPS) capitalizes on the photoelectric effect [89]. In XPS,
following adsorption of incident photons from an X-ray source, core electrons are emitted
from a sample and the kinetic energy determined by conservation of energy. As a result of
inelastic processes from scattering deep in the bulk, only surface electrons escape without
energy loss. Identification of specific elements is accomplished on the basis that each
element has a characteristic set of binding energies. The concentration of the element
directly correlates to the number of photoelectrons and as such, after background removal,
peak areas can be used as a means to quantify specific elements [89].

4.3.1. Powder X-ray Diffraction (PXRD)

PXRD is a non-destructive analytical technique used for the measurement of crystalline
and non-crystalline materials. It is utilized to collect structural data at the anatomic
level to understand phase transitions, determine the degree of crystallinity, and identify
polymorphic and solvatomorphic phases [90,91]. It is an essential tool in pharmaceutical
research as it can be applied to polycrystalline materials in both solid and liquid forms. It
has application in all stages of drug development, production, and quality control testing
of API, excipients, and final products [90,91]. It is an easy-to-use technique, yields reliable
and reproducible results and is relatively inexpensive. Moreover, it is highly sensitive and
has applications in both qualitative and quantitative analyses [90].

PXRD is more difficult to use to determine the crystal morphology or habit of an
API and excipients, and to investigate crystal morphology changes while these substances
maintain crystallinity [92]. Peak broadening for particles below 3 nm in size coupled with
non-suitability for amorphous materials are the main drawbacks of this technique [86].
In research conducted by Upadhyay et al., the PS of magnetite nanoparticles were deter-
mined using X-ray line broadening. The broadening of XRD peaks was mainly caused by
particle/crystallite size and lattice strains other than instrumental broadening [93].
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Similarly, Li et al. used XRD and noticed that after preparing copper telluride nanos-
tructures with different shapes (i.e., cubes, plates, and rods), the relative intensities between
the different XRD peaks varied in relation to the particle shape [94].

The XRD-derived size is often larger than magnetic size. This is due to smaller domains
being present in a particle where all moments are aligned in the same direction, even if the
particle is a single domain. Consequently, the use of microscopy is often preferred for size
determination over XRD [95].

4.3.2. Small Angle X-ray Scattering (SAXS)

For nanomaterials, SAXS is usually the best choice because below a certain particle
size, PXRD is not sufficiently sensitive and the X-rays are scattered in an amorphous halo.

SAXS can be used to elucidate the PS, PDI, and morphology [86]. With regards to PS,
more statistically reliable results are obtained with SAXS when compared to transmission
electron microscopy (TEM). SAXS has been used successfully to study the structural
changes of platinum (Pt) nanoparticles (NP) with changes in temperature [96]. The size
obtained by XRD was different from the corresponding SAXS value at certain temperatures.
This is because XRD is susceptible to the size of the long-range order region while SAXS
is susceptible to the size of the fluctuation region of electronic density [86]. In these
experiments, it was observed that the PS obtained with SAXS were slightly larger than
those obtained using TEM. The reason is that Pt NP were coated with polyvinyl pyrrolidone
(PVP) and the scattering intensity due to the PVP coating could not be easily removed [96].

Cipolla et al. used to SAXS to determine the PS, shape, and asymmetry of liposomes
loaded with NC [97,98]. As part of the study outcomes, SAXS was identified as a useful
and versatile technique to study the solid state of NC loaded in liposomes and dispersions,
as well as to study the behaviour of drug NC in dispersion as a variable of temperature
and pH [98].

SAXS has also found use in the solid-state characterization of doxorubicin sulphate
nanocrystal loaded liposomal dispersions [99,100].

It has to be noted that SAXS is a low-resolution technique and in certain cases, further
studies by XRD and/or electron diffraction techniques are indispensable for the characteri-
zation of NCM.

4.3.3. X-Ray Photon Spectroscopy (XPS)

Due to its ability to determine surface elemental composition and by virtue of being
non-destructive, XPS has become a key characterization technique for NCM [101]. It can
be utilized to provide detailed and qualitative information on chemical elements present
on the surface of materials. This is particularly useful for NCM stabilized by polymers
and/or surfactants. [102]. Recent advances utilizing special sample cells permits the use
of liquid samples and consequently broadens the application of XPS [103], specifically for
dispersed NCM.

Due to the nature of NCM, XPS has taken on more significance in the advancement
of pharmaceutical nanotechnological applications by being capable of detecting the pres-
ence and determining the relative concentrations of elements while also determining the
average thickness of surface coatings in NCM. As such, it is a useful technique for analy-
sis of potential adulteration or impurities arising during nanomaterial synthesis and/or
handling [89].

Through XPS, Qiu et al. conducted an investigation into the difference in reduction
behaviour between nanocrystalline and microcrystalline ceria after Ar+ bombardment or
X-ray irradiation. Despite identical experimental conditions, viz. pellets compacted by
uniaxial pressure of 10 MPa and XPS data being recorded before and after bombardment
experiments, it was observed that the reduction levels of Ce4+ to Ce3+ were lower in
nanocrystalline than microcrystalline ceria [104].
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Chow et al. used XPS to ascertain drug encapsulation and demonstrated that most of
the drug was entrapped within the cores of NPs, and that the particle composition of the
surface was mainly the adsorbed co-stabilizer and polyethylene glycol (PEG) block [105].

Similarly, Dong et al. used XPS to prove the predominant presence of the PEG shell on
the surface of paclitaxel loaded methoxy poly(ethylene glycol)-poly(lactide) (mPEG-PLA)
NP [106].

In a study to analyze the external surface of a novel controlled release formulation
for the anticancer drug paclitaxel (Taxol®) loaded in PLGA nanoparticles and stabilized
by α-tocopheryl polyethylene glycol succinate 1000 using XPS, it is determined that the
outermost layer was composed by a majority of TPGS 1000 molecules [107].

4.4. Vibrational Spectroscopy
4.4.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is used for the physical and chemical characterization of powder
mixtures in the solid state by evaluating functional groups, identifying bond formation,
and comparing bond formation [108,109]. It is a fundamental approach for the study of
API-excipient interactions since it permits rapid and simple elucidation of chemical and
structural attributes of organic materials as it is sensitive to molecular vibrations that are
specific for specific functional groups [108]. Molecular vibrations are categorized based
on the energy related to the functional groups within molecules over the 650–4000 cm−1

wavenumber range [109].
FTIR is mostly used to identify the purity of drug compounds in the crystal, to as-

certain the polymorph in the NCM, and some cases are used to determine whether a
solvate form of the NCM is present. FTIR can be of specific use in the determination of
polymorphic changes during the nanosizing process. For instance, during HPH, piroxicam
demonstrated to undergo polymorphic transformation [110]. The piroxicam nanocrystals
were stabilized using poloxamer 188. FTIR was used in conjunction with other charac-
terization techniques and confirmed that the crystalline form I of piroxicam made up the
majority of the unprocessed piroxicam. A change of colour from white to yellow following
HPH indicated a polymorphic conversion from form I to form III and the monohydrate.
Confirmation using XRD, FTIR, and DSC confirmed that NC were a mixture of form III
and the monohydrate [110].

Lamivudine-zidovudine NCC were synthesized with or without stabilizer [19,111].
The NCC formulation was stabilized with different stabilizers including SDS, TPGS 1000,
Tween® 80, and Span® 80. The FTIR spectrum of the NCC was compared to those of
the individual drug compounds to verify the absence of chemical interactions. The FTIR
spectrum of the NCC revealed the presence of a monohydrate with the presence of a water
peak without any peaks corresponding to the API [19,111].

FTIR was used to identify polymorphic changes in wet-milling using an HPH for
an experimental anti-cancer compound, SN 30191. The process-induced transformations
were studied as a function of time and pressure using infrared spectroscopy, and it was
determined that conversion from form II to form I was pressure-dependent [112].

4.4.2. Raman Spectroscopy (RS)

RS is a versatile analytical technique that can be used in drug and formulation de-
velopment, process control, as well as post-sale analyses [88]. Multivariate data analysis
techniques are valuable for opening spectra to interpretation, allowing quantification of
compounds, and simplification of large spectral data sets. In the pharmaceutical industry,
multivariate techniques, such as partial least squares (PLS) analysis has permitted com-
pounds or properties of compounds to be quantified. API quantification and the ability to
determine interactions between API and excipients are examples of this [88].

RS can be used as a tool to identify the phases and phase transitions of various NCM,
determine which regions of a nanomaterial are amorphous or crystalline [113–115], whether
there are any defects present in the nanomaterial, determine the size (diameter, lateral
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dimensions, etc.) of various types of nanomaterials [116,117], whether the nanomaterial is
homogenous or whether a dispersion of nanoparticles is uniform in size, determine the
shape of nanomaterials (rod, spherical, etc.), and differentiate between different allotropes
of the same material [118].

Spironolactone NC were synthesized with different stabilizers including poloxamers
407 and 188, hydroxypropyl methylcellulose (HPMC), and sodium deoxycholate. Pre-
formulation and post-formulation experiments using RS to compare the drug nanosuspen-
sions and raw materials were used. Peak shifts were not observed in spironolactone NC
stabilised with poloxamer 188, HPMC, and sodium deoxycholate. However, the Raman
spectra revealed API peak disappearance with poloxamer 407 stabilized NC, indicating
that interactions between drug and stabiliser had occurred in that case [119].

A novel bottom-up process to fabricate fenofibrate NCM termed as “controlled crys-
tallization during freeze-drying” (CCDF) was used to synthesize NC. The size of the NC in
this process was influenced by various factors including the freezing rate. To determine the
stage at which solute crystallisation occurred, RS monitoring was used. The in-line Raman
measurements showed that the first two steps, the freezing step, and the crystallization
step are critical steps that determined the final size of the fenofibrate crystals [120].

4.5. Microscopy Techniques

Microscopy imaging is extremely useful when examining the size, shape, and detailed
morphology of particles, and for understanding morphology-related properties of sub-
stances, formulations, and/or dosage forms [121]. The techniques are frequently used in
research and development, especially for solid dosage forms while only a limited number
of examples are referenced here. In the evaluation of pharmaceutical raw materials such as
API and excipients, microscopy images reveal the size, shape, and morphology of parti-
cles, which helps in understanding some processing properties and the pharmaceutical
performance of these materials [122,123]. The impact of different preparation procedures,
such as precipitation or milling methods, on important properties (shape, size, chemical
composition) of the resulting API or excipient particles in NCM can be investigated using
microscopy [124–127].

4.5.1. Scanning Electron Microscopy (SEM)

SEM is an analytical technique used for the characterization of surface morphology of
API and excipients microscopically, in particular, differences in crystal habits and the shape
of the samples [128,129]. SEM does not convey any information in respect of the chemical
structure and/or thermal behaviour of compounds, and is used with other thermal and
spectroscopic methods such as DSC, TGA, and FTIR to identify incompatibilities between
API and excipients [129].

4.5.2. Scanning Electron Microscopy Energy Dispersive X-ray Spectroscopy (SEM-EDX)

Investigation of a sample by SEM does not only produce images but may also provide
specific information in respect of the chemical composition of a sample at specific locations
in the sample. Energy-dispersive X-ray spectrometry (EDX) is based on the generation of
X-rays following the interaction of an electron beam with the atoms in a sample. SEM-EDX
has potential applications in NC and NCC use particularly in determining contamination
that could arise from milling media. EDX has been successfully used for this application.
EDX can also be used to surmise the overall presence of coating agents through determining
the presence of coating agent-specific atoms or by observing an increase or reduction in
atomic % of pure drug elemental components. EDX was specifically used for both of these
applications for the determination of the presence of TPGS 1000 and SDS in NC prepared
using the bottom-up method, and the presence of chromium and iron contamination from
the steel media milling media during the top-down manufacture of lamivudine-zidovudine
NCC [42,111].
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4.5.3. Transmission Electron Microscopy (TEM)

Conventional transmission electron microscopes are electron-optical instruments anal-
ogous to light microscopes [130]. The main difference being that in TEM, the illumination
of the specimen is by an electron beam as opposed to light. An increase in acceleration
voltage of the electrons directly results in an increase in resolution. However, a reduction
in contrast results from increasing acceleration voltage as a consequence of the scattering
of the electrons being decreased at higher velocity [131].

TEM is particularly useful for the study of colloidal and nanostructured drug delivery
systems including NCM [88,132]. Much like SEM, TEM is more useful in determining
surface morphology, differences in crystal habit, and determining particle shape. TEM
is widely the most applied method for evaluation, is used in many characterisation ap-
proaches, and is considered the gold standard for PS determination.

4.6. Quantitative Techniques
4.6.1. (Ultra) High-Performance Liquid Chromatography ((U)HPLC)

During different stages of pharmaceutical development, including synthesis and
isolation of API, dosage form development, and pharmacological testing, gas or liquid
chromatographic methods of analysis are used for quantitative and/or qualitative pur-
poses [133].

High-Performance Liquid Chromatography (HPLC) is based on the principles and
theories of gas chromatography and is a rapid and efficient analytical procedure [134,135].
In the broadest sense, chromatographic separations can be classified as normal (NPC) and
reversed-phase (RPC), where the stationary phase is more polar than the mobile phase for
NPC, whereas the converse is true for RPC [136].

RP-HPLC is the method of choice for in vitro analysis of API due to the stability and
reproducibility of stationary phases used for analyses [137]. A large number of aqueous
components in the mobile phase, in addition to the ease of reproducing analytical methods
in different laboratory settings, make RP-HPLC an ideal analytical method for product
development and quality control purposes in the pharmaceutical industry [137].

The use of stationary phases that have a silica-based backbone chemically bonded
to a variety of different organic functional groups, form the basis for separations in RP-
HPLC [138]. Separation is achieved when the sample to be analysed partitions between an
organic modifier used in the mobile phase and the stationary phase or column [139,140].
In general, non-polar compounds are attracted to hydrophobic stationary phases and
polar compounds preferentially partition into polar mobile phase components [139]. The
specificity and selectivity of an analytical method is the consequence of interaction(s)
between analyte(s) and binding sites of the stationary phase and partitioning in the mobile
phase [141]. Silica-based columns with C3, C4, C8, or C18 alkyl chains bonded to the
backbone are the commonly used non-polar stationary phases in RP-HPLC. Silica-based
phases are compatible, do not swell in water, and some organic solvents are, therefore,
suitable for use with mobile phases comprised of these solvents [139,141,142].

The mobile phase in RP-HPLC is usually water or a buffered solution with an organic
modifier such as methanol or acetonitrile added to the composition in order to reduce
the polarity of the mobile phase, thereby facilitating the achievement of appropriate re-
tention characteristics for the compounds of interest [138]. Other factors that affect the
retention time of analytes include temperature, pH of the buffer and/or mobile phase,
stationary phase properties, polarity of the mobile phase, flow rate, and mobile phase
composition [139,140].

4.6.2. Ultraviolet-Visible Spectrophotometry (UV-Vis Spec)

Spectroscopy is a branch of science which deals with the study of electromagnetic
radiation and its interaction with matter. The UV-visible spectrophotometry specifically is
one of the most often used analytical techniques in the pharmaceutical industry [143,144].
The technique is used to evaluate the concentration of a given organic or biological com-
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pound [145,146]. This process is achieved using UV or visible radiations which are absorbed
by a substance in solution [143–145]. The ratio or function of the ratio of the intensity of two
beams of light in the UV-vis region is measured by instruments known as UV spectropho-
tometers [144]. Absorption of radiation of a specific wavelength, λ, is an indication of the
presence of one or more chromophores [147]. A chromophore is a molecular group that has
a pi, π, bond which when inserted into a saturated hydrocarbon, produces a compound
with absorption between 185 nm and 1000 nm [148]. Temperature and pH may also cause
changes in both the intensity and the λ of the absorbance maxima [149,150].

Analysis of compounds using spectroscopy is governed by the Beer–Lambert law [144].
Beer’s law states that the intensity of a beam of parallel monochromatic radiation decreases
exponentially with the number of absorbing molecules [144,151–153]. Thus, according to
Beer, the concentration of a compound is proportional to the absorbance produced [144,150].
Lambert’s law states that the intensity of a beam of parallel monochromatic radiation
decreases exponentially as it passes through a medium of homogenous thickness [152,154].
As both laws deal with the intensity of monochromatic radiation, a combination of the two
laws has been used to yield the Beer–Lambert law [144,151–154].

Different NCM manufacturing methods and conditions have an influence on the solid
state form while environmental conditions affect the thermodynamic stability of the poly-
morphic form [155]. PXRD, DSC, SEM, FTIR, and RS are the most commonly used methods
to establish and monitor the solid-state forms of NCM. The use of microscopy techniques
is the mainstay of PS, particle shape, and morphology determination. A summary of
techniques and their applications is depicted in Table 1.

Table 1. Characterizations associated with NCM (Adapted from [86]).

Entity to Be Characterized Techniques *

Size and morphology DLS, SEM, TEM
Surface charge ZP

Surface chemical analysis XPS, EDX
Crystal structure SAXS, PXRD, DSC
Growth kinetics SAXS, NMR, TEM, cryo-TEM, liquid-TEM

Agglomeration state ZP, DLS, DCS, UV-Vis, SEM, Cryo-TEM, TEM
Ligand binding/density/mass/surface

composition
/bulk composition

XPS, FTIR, NMR,

Dispersion of NCM in matrices/supports TEM, SEM
Dissolution Testing (U)HPLC, UV

* Physical state of samples: DLS, ZP, TEM, UV-Vis, NMR, and HPLC; liquid state. All other techniques; solid state.

5. Applications of Characterization Techniques on Prediction of NCM Performance
5.1. Prediction of Physical and Chemical Stability of NCM

The success of API delivery to target tissues is largely dependent on the maintenance
of stability by the NCM in systemic circulation. The fate of NCM, in vivo, is in part
determined by the ability to retain size and payload external to target tissues and to release
API to the cells at predetermined rates in appropriate quantities. Ideally, a nanometric
drug carrier must remain stable by resisting aggregation or degradation while maintaining
API concentrations in the blood until it reaches the target site(s). Altered biodistribution
as well as premature drug release can occur as a result of NCM instability, subsequently
compromising the performance and efficacy of the delivery system. As such, it is of
utmost importance to evaluate NCM with regards to estimating the success of the drug
delivery system.

It is important to conduct a series of in vitro tests to investigate the stability of NCM
in different biologically relevant media. It is ultimately desirable to conduct investigations
into the stability of NCM in vivo since these techniques provide reasonable assessments
and prediction of the likely stability of the formulation in physiological environments.
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5.1.1. Suspension Stability

The main role of stabilizers in NCM synthesis is to prevent the growth of crystals
resulting in micro or macroparticles. However, most stabilizers may offer “stealth” prop-
erties, enhance permeation, prevent efflux, enhance cell-targeting, or prevent clearance.
By careful formulation, the dissolution and stability can be enhanced while also improving
permeation. Consequently performance may be altered by the selection of stabilizers as
part of the critical formulation parameters (CFP) [156].

The majority of stabilizing agents are amphiphilic moieties that have the ability to
adsorb to the surfaces of newly formed drug particles by utilizing hydrophilic-hydrophobic
interactions. This results in an enhancement in the wetting of NC or NCC [155]. In its most
classical form, the DLVO theory describes nanoparticle stabilization based on steric and/or
electrostatic interactions. Steric stabilization, by use of polymers or non-ionic surfactants,
has been more commonly utilized, and has an added facet of being temperature sensitive.
Conversely, electrostatic stabilization is achieved with ionic polymers or surfactants. In sys-
tems where stabilization is achieved only by electrostatic forces, the ZP should be higher
than |30| mV. As previously stated, this value is vulnerable to changes in pH, the presence
of ionic species, and changes in hydration (drying) [155].

The physical stability of NCM is usually predicted in the suspension state by the value
of the ZP [76]. The use of ZP as a predictor of stability has been shown to be applicable
in nano-formulations containing nevirapine [157], efavirenz [158], and curcumin [105].
More specifically, NCM nanosuspensions of miconazole [159], indomethacin [160], and
ascorbyl palmitate [161] exhibited ZP-dependent stability.

5.1.2. Phase Behaviour

For crystal cell units, it is important to confirm that the API exists, and in the case of
NCC, co-former exist as a co-crystal by non-ionic interaction using appropriate analytical
techniques [162]. Furthermore, the extent of polymorphism must be considered when
determining the stability of a system and attempting to predict API release from that system.

The most frequently used techniques for investigating the phase behavior of NCM
include the use of DSC, TGA, PXRD, and ScXRD. By investigating the thermal behavior
and crystallinity of such systems, valuable complementary information can be generated
for the characterization and quality control of NCM formulations and technologies [163].

Modulated temperature DSC (MTDSC) is sensitive and has a high separation capac-
ity with overlapping thermal events as quasi-static material properties, and frequency
dependency of thermal events are monitored, whereas TGA measures sample mass dur-
ing the heating process and is convenient for determining the presence of solvates and
hydrates [163].

5.1.3. Determination of Critical Aggregation or Micelle Concentration

The critical micelle concentration (CMC) can be used as a measure of the stability of
self-assembling NC or NCC systems including polymeric or surfactant stabilized NCM
systems. The CMC is defined as the concentration at which self-assembled particles
may form. This is a quantitative measure of the physical stability of NCM in solution.
A relatively low CMC is indicative of more stable NCM systems than those in which a high
CMC is likely. In other words, NCM prepared using stabilizers with a low CMC are more
likely to maintain state as a consequence of dilution in the blood [164–168].

5.1.4. Chemical Degradation Analysis

The most standard approach to monitor and/or detect chemical degradation is anal-
ysis using (U)HPLC. Impurities or degradation products often present as new peaks;
however, recognition of additional products often requires the use of techniques such
as liquid chromatography-mass spectrometry (LC-MS). Degradation of molecules can
be induced using harsh processing conditions, and exact knowledge of the chemistry of
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unwanted products is crucial in order to recognize and avoid potentially problematic
process steps [163].

Vibrational spectroscopic methods may also be used to determine whether a chemical
change has taken place during the process of manufacture and storage. The disappearance
of peaks associated with key frequencies of the API could be an indication of degrada-
tion. FTIR and RS have been used to ascertain that NCM formulated for the delivery of
lamivudine-zidovudine [19,42,111], tadalafil [169], and diclofenac [170] had not undergone
chemical degradation or chemically interacted with the stabilizers.

While less commonly used for the purposes of determination chemical degradation,
SEM-EDX may offer valuable information regarding the state of the NCM within a bulk.
The technique was effectively used to determine whether chemical degradation had oc-
curred by revealing the disappearance of elemental peaks of the appearance of new ones.
In addition, the percentage of abundance was equally used as a determinant of chemical
degradation for the NCM [42].

5.2. In Vitro Dissolution and Kinetics of Drug Release

When NCM is used for delivery of API, the release of the API is evaluated over
time in order to determine the availability of API for absorption and ultimately at target
sites thereby influencing therapeutic outcomes [72]. Three possible mechanisms of release
from NCM can be envisaged viz., desorption of adsorbed API (A), API diffusion from a
polymer/surfactant matrix (B), and/or release following polymer/surfactant erosion (C)
as depicted in Figure 1.
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Figure 1. Possible mechanisms of drug release from NCM; desorption-controlled drug release (A),
diffusion-controlled drug release (B) and erosion-controlled drug release (C).

In the case of matrix-type polymer/surfactant NCM in which the crystalline API is
uniformly distributed or embedded in the matrix, drug release would be predominantly
controlled by diffusion through the matrix and/or erosion of the matrix. Depending on
the API and matrix physicochemical properties, either one of these mechanisms can be the
dominant one. If diffusion occurs more rapidly than matrix/surfactant degradation, diffu-
sion is likely to be the main mechanism of release. In many instances, an initial rapid initial
release is noticed and attributable to the crystalline material fraction adsorbed or weakly
bound to the surface(s) or that is not entirely embedded in the system (Figure 1A) [171].

API release from NCM is investigated in a number of ways. These are by dialysis
membrane diffusion, membrane-less diffusion, sampling and separation, or the use of an
in situ analytical technique [172]. When using the sampling and separation technique,
API release is determined by separating the released API from the sample by filtration,
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centrifugation, or centrifugal filtration, and subsequent quantification using an appropriate
analytical method such as (U)HPLC or UV spectroscopy.

The NCM are augmented with fresh release medium, preferably simulated bodily
fluids and resuspended and incubated further until the next sampling interval. Despite
this method having the capability of being performed with a small sample size and simple
analytical equipment, several drawbacks exist: the separation methods is slow, tedious,
and inefficient, making it inappropriate for studying rapid/immediate release NCM. In
addition, the force of centrifugation or shear stress during filtration required for NCM
separation tends to increase with a reduction in NCM PS. This can ultimately alter the
release kinetics of the API. The main advantage of the dialysis membrane diffusion tech-
nique is that he diffusion of the NCM is continuous across the dialysis membrane and
not subject to destructive separation processes, making sample acquisition simple and
rapid [163,173,174].

The use of dialysis membranes may attenuate API release as it is a diffusion barrier
that may behave as an adsorptive surface. Thus, this approach should be conducted with
control experiments in which free API is used to assess membrane effects. The dialysis
membrane diffusion method typically makes use of large volumes of dissolution media.
While large volumes maintain sink conditions for release, API analysis may be hindered
due to the low concentrations to be tested. An in situ analytical technique is useful for
studying NCM, which are prepared almost exclusively of an API. This technique is used to
analyse the properties of NCM in situ to indirectly determine the quantity of API released.
Various analytical techniques, including electrochemical analysis, solution calorimetry, or
turbidometric and the light scattering techniques have been used for this purpose [172].
These approaches do not need separation of NCM and enable real-time assessment of the
release kinetics of API.

While the aforementioned characterizations may be generally applicable, it may not
always be applicable to use all of them. The role of PS, PDI, ZP, and polymorphism on
NCM performance with regards to processability, content uniformity, and stability of a
drug product is recognizable. The possible effect of PS and polymorphism on solubility,
dissolution, and bioavailability parameters being strictly related to each other is one of the
primary concerns. Definitions of specifications are required particularly when the product
performance is affected by PS and polymorphism. We provide an appropriate decision
tree in Figure 2, that is closely adapted to that in the ICH Q6A guidelines [175], on what
characterization is required and to which performance parameter it relates.
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6. Conclusions

NCM are non-toxic crystalline carriers composed almost entirely of API and very
little excipients.

Unlike other nanoparticle technologies such as solid lipid nanoparticles (SLN), nano
lipid carriers (NLC), and nanocapsules, NCM are suitable for the delivery of hydrophilic
and hydrophobic compounds with very high efficiency. NCM are also relatively easy
to prepare and synthesize when compared to other nanoparticle technologies such as
liposomes and nanocapsules that require multiple steps and use of organic solvents. NCM
have the added advantage of exhibiting better stability than other nanoparticles due to
the crystalline state of the particles. In addition, NCM formulations prevent the accumu-
lation of the payload in cells and tissues of healthy organs and often exhibit improved
bioavailability for some API. The suitability of the carriers has been proven since they are
already on the market (Rapamune® and Emend®). NCM fulfil the key prerequisites for
the introduction of the technology to the clinic trial phases and the market, that is, they
are in line with regulatory requirements and provide the possibility of qualified industrial
large-scale production. Furthermore, NCM exhibit flexibility in terms of the route of ad-
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ministration and have been used for oral, parenteral, ophthalmic, and topical delivery of a
variety of compounds.

The characterization of NCM delivery systems is an area that requires the formulation
development and production of a products of high quality. Ideally, NCM should be in the
nano range with a PDI < 0.500, determined using DLS and Photon Correlation Spectroscopy
(PCS) in combination with Laser Diffraction (LD). However, PCS and DLS cannot be used
to characterize the shape, surface morphology, and elemental composition of NCM and
additional analytical tools are required. Therefore, TEM, SEM, and EDX should be used
to assess the shape and surface morphology of NCM in the solid-state and dispersions.
The crystalline nature and polymorphic transition of NCM are characterised using DSC,
TGA, PXRD, and FTIR/Raman spectroscopy to investigate potential interactions between
the API and excipients to be used. Laser Doppler Anemometry (LDA) is used to establish
electrophoretic mobility and the ZP of NCM, which should be > +30 mV or < −30 mV
in dispersion.

Other characterisations perhaps not considered the most fundamental but worth addi-
tional exploration include two-dimensional (2D) nuclear magnetic resonance (NMR) tech-
niques such as correlation spectroscopy (COSY), diffusion-ordered spectroscopy (DOSY),
and cross-polarization magic-angle spinning (CPMAS). These are used to generate addi-
tional information in terms of the stability of the nanocarriers in solution and solid-state in
addition to the presence of hydrogen bonding.
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