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Abstract

We report the crystallization and single-crystal X-ray analysis of the monohydrate hydrochloride salt
of chloroquine, designed CQCI-H:0, an antimalarial drug (CQ) with the formula CisH2CIN3. The
crystal structure reveals a well-defined supramolecular architecture stabilized by an extensive
hydrogen-bonding network involving CQH* cations, chloride anions, and water molecules. Notably,
this study provides the first crystallographic characterization of a monoprotonated chloroquine salt.
Additionally, our findings demonstrate the feasibility of isolating pseudo-polymorphic forms of a
commercially available CQ salt via heterogeneous crystallization.

Keywords: crystal structure; hydrogen bond; chloroquine; antimalarial; heterogeneous
crystallization

1. Introduction

Chloroquine (CQ) is a well-established antimalarial agent that is also widely used in the
treatment of autoimmune diseases, including rheumatoid arthritis [1]. Along with its derivative
hydroxychloroquine (HCQ), CQ has been extensively studied for potential antiviral activity, with
efficacy demonstrated in both cell-culture systems and animal models. Owing to these properties,
CQ and HCQ were among the earliest compounds investigated as experimental therapeutic
candidates during the initial stages of the COVID-19 pandemic [2,3].

Chloroquine is an amphiphilic weak base that exists in both charged and uncharged forms. The
molecule can adopt three protonation states: the neutral species (CQ?), the monoprotonated species
(CQ"), and the diprotonated species (CQ?*). The two basic ionization sites have pK, values of 8.4 and
10.8 at 20 °C, corresponding to the aromatic nitrogen and the tertiary diethylamino nitrogen,
respectively [4]. Under acidic or neutral conditions, chloroquine is largely protonated; however, at
physiological pH (7.4), approximately 18% of the molecules are already in the monoprotonated form
[5]. In its deprotonated state, chloroquine can undergo prototropic tautomerism between amino and
imino forms [6].

Pharmaceutical compounds as CQ could exist in different chemical and solid-state forms that
can significantly influence the bioavailability and the overall stability of the drug product as well as
impact its manufacturability and storage properties [7]. One common approach is the formulation of
active ingredient as salt which can be produce using a variety of counterions although their choice is
limited by toxicity criteria. For molecules with multiple protonation sites, salts corresponding to
different protonation states can be obtained for each one different distinct hydration levels are
potentially possible.

Chloroquine is typically administered as diphosphate or phosphate salt, and all commercially
available formulations contain the racemic mixture [8]. Bioactivity data have also been reported for
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the sulphate, di sulphate, and hydrochloride salts, these products are usually for in vitro studies and
are not formulated for therapeutic use although the hydrochloride form has been used for
intramuscular injection in cases of malaria-induced coma [9]. Structural characterization has been
carried out exclusively for the diphosphate salt at different degrees of hydration, in which
chloroquine is present in the dicationic state [10-12]. To date, no specific information is available
regarding the protonation state of chloroquine in the other available salt forms.

The title compound CQCI-H,O (7-(Chloro-4-((4-diethylamino)-1-methylbutyl)amino)quinoline
hydrochloride monohydrate), constitutes the first crystallographically characterized salt with
chloride as the counterion and above all featuring monoprotonated chloroquine. Accordingly, its
solid-state characterization is of considerable significance.

2. Results

2.1. Solid-State Structure

Single-crystal X-ray diffraction data show that the CQCI-H,O (7-(Chloro-4-((4-diethylamino)-1-
methylbutyl)amino)quinoline hydrochloride monohydrate) compound  crystallizes in the
monoclinic space group P2;/c, with one mono-protonated chloroquine cation (CQH?*), one chloride
anion (CI"), and one water molecule in the asymmetric unit (Figure 1). In the chloroquine cation, as
expected, the proton resides on the terminal diethylamino group. The chloroquine molecule adopts
a condensed (folded) conformation in which the flexible diamino side chain loops back toward the
aromatic core, creating a cavity (224.90 A% 11.2% unit cell volume, probe 1.2 A) that accommodates
both the water molecule and the chloride anion, thereby maximizing attractive intermolecular
interactions. Volumetric analysis indicates that this region forms isolated pockets within the crystal
framework, lacking any detectable pathways for water molecules egress.

The quinoline double-ring shows a slight distortion from the planarity with a rms deviation from
the best fit plane of 0.0348 A and an out-of-plane deformation, measured by the torsion angle § (C2-
C3- - - C6-C7), of -2.81°.

The nitrogen atom of the secondary amine exhibits near-planarity, with a sum of bond angles
(XN) of 359.74°, closely approaching 360°, and an out-of-plane deviation (AN) of 0.032 A relative to
its bonded atoms. The N-C(pyridyl) bond length of 1.331(8) A is significantly shorter than a typical
single bond indicating partial double bond character arising from imino-type resonance.
Additionally, the amino group is twisted out of the plane of the quinoline ring by an angle (¢) of
14.26°.

Figure 1. A displacement ellipsoid plot (30% probability level) of the structure of CQCI-H,O. Thermal ellipsoids
was drawn at room temperature (RT) and H atoms are shown as small spheres of arbitrary radius. Atoms are
depicted using the conventional colour scheme (C: black; N: blue; Cl: green; O: red; H: white). The classical atom-

labelling scheme for the quinoline ring has been adopted.
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Comparison of the CQ and CQCI'H,O crystal structures shows large conformational
rearrangements upon protonation of the most basic nitrogen atom (4-diethylamino-1-methylbutyl-
amino moiety). In Figure 2 the conformations of unprotonated CQ and the doubly protonated
dihydrogen phosphates of chloroquine (see caption of Figure 2) are depicted with colour coding of
the different crystal structures. Apart from the mono- and di-hydrated dihydrogen phosphate salts,
which share almost the same conformation (red and light green chains in (Figure 2) while having
significantly different crystal structures, all 4-diethylamino-1-methylbutyl-amino chains adopt
different conformations, both in terms of internal C—C—C—C torsional angles and rotation of the
dangling group with respect to the quinoline frame. This happens due to the large number of freely
rotating C—C single bonds that are adjusted for minimizing the lattice energy during crystallization,
that frequently requires the presence of solvent molecules in the crystal structure. Interestingly, the
conformation of the present hydrochloride partly overlaps with the neutral CQ molecule up to the
last butyl carbon atom, leaving only the N(ethyl): terminal moiety with different orientations (with
heavy disorder of the ethyl groups in the monocation).

OO SN

Figure 2. Superposition of chloroquine fragments as observed in the neutral molecule and in various salts in
their pertinent crystal structures. Colours of the alkyl chain are: yellow neutral CQ (refcode CDMQUI [13]); blue
(CQH2*)(H2PO4)2 (refcode HOJLOI [10]); red (CQH2%*)(H2POx)2H20 (refcode CLQUONO1 [11]); light green
CQH2?)(H2POx)22H20 (refcode GEXXAIO2 [12]); green (CQH*)(Cl)-H20 (present paper). The terminal ethyl
groups are ill defined due to disorder. Left: Front view orthogonal to the quinoline rings. Right: Side view to
enhance conformational diversity displacement ellipsoid plot (30% probability level) of the structure of
CQCI'H;0. Thermal ellipsoids was drawn at room temperature (RT) and H atoms are shown as small spheres
of arbitrary radius. Atoms are depicted using the conventional colour scheme (C: black; N: blue; Cl: green; O:
red; H: white).

2.2. Intermolecular Interaction Analysis

The crystal packing of CQCI-H,O is stabilized by a large number of intermolecular O—H- - -N,
O—H: - -Cland N—H:- - -Cl hydrogen bonds generating an extensive bidimensional supramolecular
arrangement extended along the (1 0 -2) plane (Figure 3).

The water molecule functions as a double hydrogen-bond donor to the quinoline nitrogen atom
and the chloride anion (O- - - N and Cl distance (A), O—H- - - N and CI angle (~ ): 2.875(9), 179(1);
3.258(8), 156(1)) (Table S2), and its oxygen atom serves as a hydrogen-bond acceptor in a weak
intermolecular C—H?- - -O contact involving a methyl group of the pendant diethylamine (C—H- - -O
=3.73(2) A) (Figure 4).

Similarly, the chloride anion acts as a proton acceptor from water molecule, the secondary
aniline-type nitrogen of a chloroquine molecule and the protonated tertiary amino nitrogen of a
nearby CQ* species (Figure 4) (N- - - Cl distance (A, N—H---Cl angle (o ): 3.522(9), 163(8); 3.098(8),
174(5) (Table S2). A more detailed analysis further uncovers an array of weak intramolecular C—
H---Cl interactions that engage residues from both the side chain and the aryl ring of three adjacent
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chloroquine molecules. An empirical evaluation of the H-bond strengths in terms of the acid-base
parameters has been performed and reported in ESI.

Figure 3. Views along two different directions of the (1 0 -2) bidimensional supramolecular arrangement of the
title compound established by classical hydrogen-bonding interactions (red dashed lines).

Figure 4. Details of the classic hydrogen bonding (red dashed line) in the title compound.

Around the inversion centres at (Y2, /4, 2) and ('%, 0, 0), pairs of cations are arranged in a parallel
fashion (Figure S1), with a separation of 3.431 A between their least-squares quinoline planes and a
relative orientation angle of 0°. The interring distance and the degree of molecular overlap indicate
substantial m—m interactions, further reinforced by face-on contacts involving the aromatic chlorine
atom. The “Aromatics Analyser” tool in CSD-Materials [14] classify these aromatic interactions as
strong m—mt contacts, with a score of 7 (see ESI).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The analysis of the Hirshfeld Surface (HS) and 2D fingerprints (FP) performed using
CrystalExplorer [15] to study and evaluate intermolecular interactions within the crystal packing of
the compound under examination (Figure 5, S2 and S3) confirmed the above description. The greatest
contribution to the HS comes from the H- - -H contacts (57.8%), due to the large hydrogen content of
the molecule, including the presence of very close contacts between the terminal methyl H atoms at
a shortest distance of ca. 2.0 A (the pointed feature a on the diagonal in Figure 5). The FP displays
two distinct pairs of sharp spikes corresponding to the hydrogen bonds contacts. The outer and
shorter spikes ending at (d, di) = (1.3, 0.7) A (and vice versa) correspond to the N-H- - -Cl hydrogen
bonds while the inner longer ones correspond to the Owater—H: - ‘Npyridinic hydrogen bond with their
tips at de + di ~1.8 A.

A careful inspection of the decomposed fingerprint plots, depicted in Figure S3, pointed out that
there weak 7 - -7t interactions within the crystals, equivalent to C- - -C contacts, that represent only
2.5% of surface area and appear as an arrow-shaped distribution at 1.8 A < (di + de) < 2.1 A,
Furthermore, the role of the oxygen atom of water as an acceptor in a weak intermolecular hydrogen
bond C—H- - -O, with a pendant methyl group, is highlighted by the hidden pair of large peaks with
de + di peaks at =2.6 A.

A detailed discussion and rationalization of the close molecular contacts in the crystal structure,
based on the electrostatic potential, is provided in the Supplementary Information.

Comparison of these results with the Hirshfeld surface analyses conducted separately on CQ*,
chloride anion and water molecule, reveals that hydrogen bonding dominates both the interactions
between the component and the supramolecular assembly together with other short contacts,
involving all components.

24
22
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Figure 5. Left: Hirshfeld surface representations for compound CQCI-H,O with the function dnorm plotted onto
the surface. Colour code: -0.57 A (red) to 1.61 A (blue). The red spots are the result of the Owater—H- * -Npyridinic
hydrogen bonds (labelled 1 and 3) and Niertiary amine—H: + ‘Clanion hydrogen bonds (labelled 2 and 4). Right: Overall
two-dimensional fingerprint plots for the title compound plot de versus di. The labels represent interactions
between different atoms: (a) H- - -H, (b) (O—)H- - ‘N, (c) N—)H- - -Cl. Given that the plots are symmetrical, the
labels can be mirrored through the diagonal.

3. Discussion

For the first time, a chloroquine salt, CQCI-H,O, containing exclusively monoprotonated
chloroquine has been obtained via heterogeneous crystallization and fully characterized
crystallographically. X-ray diffraction reveals protonation of CQ at the tertiary aliphatic nitrogen,
along with an extensive hydrogen-bond network involving all components of the crystal.
Crystallization was achieved by mixing equimolar solutions of neutral CQ in dichloromethane and
iron (II) dichloride in methanol. During this process, the chloroquine molecule underwent
protonation through proton transfer from the solvent environment, which, in the presence of an
appropriate counterion, can favours stabilization of the salt rather than the neutral molecular species.

Spontaneous protonation of the tertiary amine of CQ in methanol in the presence of metal
halides has previously been observed in the synthesis of the zwitterionic complexes [M(CQH*)Cls]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(M =Zn, Cd), in which the metal cation coordinates to the aromatic N-atom of a chloroquinium ligand
[16-18]. The isolation of chloroquine as a simple salt, rather than as a metal complex, is likely
governed by the intrinsic reactivity of CQ toward the metal used and by the relative solubilities of
the species present in solution. Analogous behaviour has also been observed for piperaquine (PIP),
for which both a complex containing a monoprotonated PIP ligand as ligand and a halide salt of
protonated PIP molecules have been isolated in the presence of metal salts and methanol [19].

Beyond direct protonation, the presence of salts can influence the crystallization environment
throughout the entire process, generating alternative solid forms [19]. This phenomenon can be
rationalized in terms of changes in ionic strength, which modulate compound solubility. A notable
example is the selective production of a new dihydrate form of the dihydrochloride salt of
amodiaquine (AQ), another well-known antimalaria, from a mixture containing magnesium chloride
and the previously known form of the AQ salt [20].

Overall, this work highlights the importance of evaluating the effects of excipients on the
resulting solid forms and demonstrates that heterogeneous crystallization can serve both as a
powerful strategy for the discovery of new crystalline phases as an effective alternative for systems
that are otherwise difficult to crystallize [21]. Comparable approaches have been successfully
employed in both pharmaceutical and agrochemical research [22,23].

4. Materials and Methods

4.1. Materials

The Sigma-Aldrich products Chloroquine Diphosphate salt, CQDP, CAS number 50-63-5
(C1sH26CIN3-2HsPOs, 98.5-101.0% EP), Iron (II) Chloride tetrahydrate (FeCl2-4H20, > 99.0%) and
Sodium Hydroxide (NaOH, ACS reagent, >97.0%, pellets) was purchased from Merk Life Science
S.r.l, Milano, Italy. All the solvents (dichloromethane, methanol, n-hexane) were purchased from
commercial suppliers (Merck) and were ACS or HPLC grade with mass purities higher than 99%.
The materials were used as received, without any further purification.

4.2. Synthesis

4.2.1. Free Base CQ

A well-defined procedure was established to obtain highly crystalline chloroquine (CQ) powder
from its salt form. Commercially available chloroquine diphosphate (CQDP, 4.5 to 5 g) was dissolved
in 100 mL of water in a 250 mL beaker under stirring. A 1 M sodium hydroxide solution (60 mL) was
then added very slowly over approximately one hour with continuous stirring until CQ precipitated
as a gel-like substance at the bottom of the beaker. The alkaline supernatant (pH ~9) was removed.
The gel was converted into a powder by adding approximately 100 mL of hexane under vigorous
manual and magnetic stirring. The suspension was subsequently stirred for at least 3 hours. The
resulting white solid was recovered by vacuum filtration or by allowing the solvent to evaporate to
dryness and then dried in an oven at 40 °C for 12 hours. The process yielded the product with an
average yield of 80%. To confirm the purity and crystalline nature of the material, all samples were
ground and characterized by X-ray powder diffraction (Figure S6).

4.2.2. Salt Crystallization

Single crystals of CQCI-H20 were obtained by heterogeneous diffusion crystallization. A
methanolic solution of FeCl>-4H:0 (8.0 mg, 0.042 mmol in 2.5 mL MeOH) was carefully layered over
a dichloromethane solution (2.5 mL) of CQ (23.9 mg, 0.0747 mmol in 2.5 mL CH,CL,) in a glass vial.
A small amount of brown precipitate formed immediately. The vial was stoppered and the solutions
were allowed to diffuse slowly. After several days, the vial was opened and the mixture was allowed
to evaporate at ambient temperature. Slow solvent evaporation to approximately one-third of the
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initial volume afforded pale-yellow single crystals suitable for analysis. Partial oxidation of Fe(II)
during the crystallization process resulted in the formation of a brown precipitate.

4.3. Single-Crystal X-Ray Diffraction

The single-crystal X-ray data collection for CQCI-H20 was performed at ambient temperature
on an air-stable single crystal mounted on a glass fibre at a random orientation on a Bruker SMART
three—circle diffractometer [24] equipped with an Apex II CCD detector. Graphite-monochromated
Mo Ka radiation (A = 0.71073 A) at a nominal power of 50 kV x 30 mA was used in conjunction with
an w-scan collection strategy (width of 0.5° frame™', exposure time of 50 sec. per frame) within the
limits 1.5°< 6 < 20.8°. Cell parameters were retrieved and refined using SAINT software v8.34A [25]
on 1393 reflections (16% of the collected reflections). SAINT and SADABS [25] programs were
employed, respectively, to perform data processing and an empirical absorption correction applying
a multi-scan method. The structures were solved by direct methods (SIR2019) and refined within the
spherical atom approximation refined by full-matrix least squares on F? (SHELX 2018) [26] with the
WINGX (2023.1) interface [27]. The structure pictures were generated using the ORTEPIII (v1.0.3)[27]
and VESTA (v3.5.8) programs [28].

The amino and water H-atoms were located in the difference Fourier map and refined with fixed
individual displacement parameters, using a riding model with Uio(H) =1.2 Ue; (O) and Uiso(H) = 1.5
Ueq (N). All the other hydrogen atoms were placed in calculated positions (HFIX 43 for aromatic rings,
HFIX 13 for methine group, HFIX 23 for methylene groups, HFIX 33 for methyl groups) and were
included in the refinement in the riding model approximation, with Ui values set to 1.5 Ue (parent
atom) for CHs and 1.2 U, (parent atom) for CH and CH: groups. All non-H atoms were refined with
full occupancies and anisotropic displacement parameters except for those corresponding to
disordered entities. The two pendant ethyl groups of the protonated tertiary amine moiety exhibit
positional disorder over two sites, with refined occupancy ratios of 54 : 46% and 72 : 28% respectively.
All disordered N—CH:— and CHs—CH:— distances were restrained to be equal within errors using
the SADI instruction.

Crystal data and refinement details for CQCI-H20: CisH20Cl2N3O, M: = 374.34, T =296(2) K, A =
0.71073 A, Monoclinic, space group P2i/c, a=14.577(4), b = 8.523(2), c = 17.593(5) A, p=112.863(3)°, V
= 2014.0(9) A3, Z = 4, Qeate = 1.235 g-cm3, peate = 0.332 mm-!, F(000) = 800, O range = 1.5-20.8°, 8476
reflections collected, 2107 reflections unique, Rint = 0.1394, observed reflections [I > 20(I)] 1105, 1
restraints, 227 parameters, R: (all data) = 0.1523, wR: (all data) = 0.1504, R: (observed) = 0.0767, wR:2
(observed) = 0.1303, Apmax = 0.224 A3, and Apmin =—0.223 e A=,

4.4. X-Ray Powder Diffraction

Ambient X-ray Powder Diffraction measurements were performed using a Miniflex-600
diffractometer (Rigaku, Japan) with Cu Ka (A = 1.540598 A) radiation, at a formal power of 50 kV x
40 mA, over an angular range of 3°-40° (20), with an incremental step size of 0.02° (20) and a counting
time of 1.5 s'step™. Phase identification was performed by comparing the experimental powder
pattern with that simulated from single-crystal data (CDMQUI from the Cambridge Structural
Database) [13]. The analysis of PXRD data was carried out by using FullProf suite software [29].

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: mt-mt interactions in quinoline dimer; Table S1: Aromatic analyser score
in CQCI-H;O (distances and angles of - and C-H---7t stacking with X as the centre of the aromatics); Table
S2: Hydrogen-bond geometry (A, °) for CQCI-H,O; Empirical evaluation of the Hydrogen Bond strength; Figure
S2: Relative contributions of various intermolecular interactions to the Hirshfeld surface area in CQCI-H,O;
Figure S3: The decomposed fingerprint plots (atom—atom interactions) of the Hirshfeld surface for CQCI-H,O;
Molecular Electrostatic Potential Analysis; Figure S4: Plots of total electron density isosurfaces mapped with
electrostatic potential values; Figure S5. Packing diagram of CQCI-H,O structure down the [010] direction;
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Figure S6: The comparison between the experimental data for deprotonated CQ powder and the simulated

PXRD pattern from the single-crystal X-ray data of neutral chloroquine.
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Abbreviations

The following abbreviations are used in this manuscript:

cQ Chloroquine

CQCI'H20  Chloroquine hydrochloride monohydrate
cQDP Chloroquine diphosphate

AQ Amodiaquine

PIP Piperaquine

HCQ Hydroxychloroquine

PXRD X-ray Powder Diffraction

HS Hirshfeld Surface

FP 2D Fingerprints Plot
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