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ABSTRACT: Despite the previous preparation of aconine hydro-
chloride monohydrate (AHM), accurate determination of the
crystal’s composition was hindered by severely disordered water
molecules within the crystal. In this study, we successfully prepared
a new dihydrate form of the aconine hydrochloride
[CysH;,NOG"Cl7-2(H,0), aconine hydrochloride dihydrate
(AHD)] and accurately refined all water molecules within the
AHD crystal. Our objective is to elucidate both water—chloride and
water—water interactions in the AHD crystal. The crystal structure
of AHD was determined at 136 K using X-ray diffraction and a multipolar atom model was constructed by transferring charge-
density parameters to explore the topological features of key short contacts. By comparing the crystal structures of dihydrate and
monohydrate forms, we have observed that both AHD and AHM exhibit identical aconine cations, except for variations in the
number of water molecules present. In the AHD crystal, chloride anions and water molecules serve as pivotal connecting hubs to
establish three-dimensional hydrogen bonding networks and one-dimensional hydrogen bonding chain; both water—chloride and
water—water interactions assemble supramolecular architectures. The crystal packing of AHD exhibits a complete reversal in the
stacking order compared to AHM, thereby emphasizing distinct disparities between them. Hirshfeld surface analysis reveals that H---
Cl™ and H---O contacts play a significant role in constructing the hydrogen bonding network and chain within these supramolecular
architectures. Furthermore, topological analysis and electrostatic interaction energy confirm that both water—chloride and water—
water interactions stabilize supramolecular architectures through electrostatic attraction facilitated by H---CI™ and H:--O contacts.
Importantly, these findings are strongly supported by the existing literature evidence. Consequently, navigating these water—chloride
and water—water interactions is imperative for ensuring storage and safe processing of this pharmaceutical compound.

—0.3 kcal/mol

=49 kcal/mol

1. INTRODUCTION

The crystalline forms of an active pharmaceutical ingredient
(API), including salts, hydrates, and hydrated salts, offer
numerous advantages over the marketed pharmaceutical
product. These advantages include impurity rejection,
improved processing conditions, enhanced aqueous solubility,
and greater stability.”” The solid-state properties possess the
potential to impact the penetrability, bioavailability, shelf life,

In the supramolecular architecture® of hydrated HCI salt
crystals, the chloride anion occupies a prominent position due
to its distinctive characteristics as the sole spherical anion
found in aqueous solutions and most common organic
solvents. It serves as a Lewis base capable of participating in
diverse supramolecular interactions with various Lewis acids.”
However, in crystalline form, the chloride anion has been
extensively utilized as a hydrogen bond acceptor in the field of
supramolecular assembly” and as a halogen bond acceptor in

and bioactivity of pharmaceutical products, thus significantly
influencing their safety, efficacy, and quality.3 Among various
salt forms investigated, hydrochloride (HCI) salts have been
extensively utilized in the pharmaceutical industry due to their
low toxicity, high biocompatibility, and ability to preserve the
inherent pharmacological properties of drugs.” The hydrous
HCI salts, in which several water molecules are incorporated
into their crystal lattices, represent the hydrated form of these
counterparts. It is evident that hydrated HCI salts exhibit
higher aqueous dissolution rate compared to their anhydrous
counterparts;” however, under normal conditions, anhydrous
forms are thermodynamically more stable than hydrates.
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domains of crystal engineering and supramolecular chemistry.”
In hydrogen bonding, the chloride anion acts as a Lewis base
by participating in H--Cl™ contacts, whereas in halogen
bonding, the o-holes'® on the covalently bonded Br and I
atoms function as Lewis acids to bind with the Lewis base such
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Table 1. Experimental Details for AHD and AHM Crystals”

AHM (previous study)

AHD (present study)

Crystal Data

chemical formula

C,H,,NO,*CI™H,0

CysH,NOy*CI™-2(H,0)

M, 554.06 572.08

crystal system, space group orthorhombic, P2,2,2, orthorhombic, P2,2,2,

temperature (K) 293 136

a, b, c (A) 16(.3)296 (2), 163759 (4), 31.1186  16.3000 (8), 16.4145 (9), 31.2168 (19)
S

V (A%) 8321.5 (3) 8352.3 (8)

VA 12 12

radiation type Mo Ka Mo Ka

u (mm™) 0.19 0.20

crystal size (mm)

0.35 X 0.3 X 0.25

0.35 X 0.3 X 0.25

Data Collection

diffractometer

absorption correction

Xcalibur, Eos Multiscan
CrysAlis PRO 1.171.38.43 (Rigaku Oxford Diffraction, 2015) empirical absorption correction using

spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm

T Trmax 0.798, 1.000

no. of measured, independent, and observed [I > 26(I)] 38668, 16991, 14265
reflections

R, 0.020

sin(0/2) max (A7) 0.625

refinement SHELX

R[F* > 26(F*)], wR(F?), S

no. of reflections 16991
no. of parameters 1080
H atom treatment
APiay AP (e A7)
absolute structure

0.65, —0.54

0.043, 0.103, 1.03

0.454, 1.000
27862, 15243, 10279

0.041

0.625

SHELX_IAM MoPro_IAM MoPro_ ELMAM2

0.048, 0.108, 0.049, 0.100, 0.039, 0.077, 0.84
0.92 1.06

15243 10279 10279

1078 1027 1483

H atoms treated by a mixture of independent and constrained refinement

0.49, —0.40 0.43, —0.40 0.34, —0.32

Flack x determined using 5283 quotients [(I+)-(I-)]/[(I+)+(I-)] (Parsons, Flack and Wagner,

Acta Cryst. B69 (2013) 249-259).

absolute structure parameter 0.003 (15)
CCDC 1920259

0.08 (3)

2296449 2296450 2296364

“Computer programs: CrysAlis PRO 1.171.38.43,” SHELXS,”” SHELXL,”* MoPro*®, Olex2.°

as Cl anion, forming Br--Cl™ and I.--CI” contacts.® Indeed,
halogen bonding bears resemblance to the hydrogen bonding
regarding its rational manipulation of molecular recognition in
the fields of chemistry and biology.""

The presence of water molecule in hydrated HCI salts plays
a pivotal role in supporting its three-dimensional crystal
structure by serving as hydrogen atom donors and participating
in hydrogen bonding,” The distinctive characteristics of water
molecule, including its relatively small size, high polarity, and
ability to form hydrogen bonding network, make it
indispensable building materials in the field of crystal
engineering.'”> Hydrogen bonding interactions involving
water molecule can be classified into three groups: water—
chloride,"” water—water,'* and water—host."”> Among these
interactions, the water—chloride and water—water interactions
are particularly significant in the crystal engineering since they
greatly contribute to the overall supramolecular assembly or
aggregate in hydrated HCI salts.”

The interaction between water and chloride is of great
significance in biological environments, as well as in seawater
and various geological/atmospheric processes.'> However, in
the crystal structure, the water—chloride interaction plays a
crucial role in the nucleation and growth of molecular crystals,
effectively modifying the physicochemical properties of APIs."*
Additionally, calculated interaction energies for H,O---Cl~
clusters confirm that the water—chloride interaction is
primarily the electrostatic attraction.'® Meanwhile, the crucial

role of water molecules in water—water interactions lies in their
ability to form hydrogen bonds with other molecules and
themselves; however, these hydrogen bonds do not always
stabilize the crystal structure. Extensive investigations into
numerous crystal structures have been conducted to probe into
water—water interactions, revealing that approximately 72% of
interactions between water molecules are attractive'” while the
remaining 28% exhibit repulsive interactions.'” It is evident
that favorable water—water interactions significantly stabilize
the crystal structure and vice versa. Coincidentally, both
water—chloride and water—water interactions typically coexist
in crystalline forms of the hydrated HCI salts, forming a
hydrogen-bonded cluster of water and chloride anion.'*
Regarding their effects on host molecules in the solid forms
of hydrated HCI salts, it can be observed that the presence of
water displaces the chloride anions from the cations and
induces conformational changes in cations.'®

Aconine, a Cl9-aminoalcohol diterpenoid alkaloid,"” is
present in WuTou injection.”® It is derived from the
degradation of highly toxic aconitine, a C19-diester diterpe-
noid alkaloid found in Aconiti kusnezoffii radix (known as
CaoWu in Chinese).* The chemical structure of aconine
comprises six rings, including a piperidine ring with a tertiary
nitrogen atom. These six rings constitute the rigid three-
dimensional central framework of aconine adorned with five
alcoholic hydroxyl groups and four methoxy groups. In our
previous study,22 salt formation has been demonstrated as an

https://doi.org/10.1021/acsomega.3c09696
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Figure 1. PLATON Solv Plots show the differences of the recovered electron density in the unit cells between AHM (a) and AHD (b). The large

green spheres represent solvent voids in the unit cell of the AHM.

effective approach to modify the physicochemical properties of
aconine. As a result, we have prepared one solid form of
aconine hydrochloride monohydrate (AHM) in our laboratory,
which effectively eliminates impurities such as residual
aconitine and yellow plant pigments during the crystallization
process. However, accurate determination of the crystal’s
composition poses challenges due to the presence of severely
disordered waters in the AHM crystal.”*

In this study, we investigate the solid-state landscape of
aconine hydrochloride dihydrate (AHD), which represents a
new crystalline form of aconine hydrochloride incorporating
six water molecules within its asymmetric unit. The complete
crystal structure was determined at 136 K using single-crystal
X-ray diffraction and refined with SHELXL-IAM, MoPro-IAM,
and MoPro-ELMAM?2 methods. We compare the experimental
findings of AHD with previous investigations on AHM.
Specifically, the MoPro-ELMAM?2 model is employed to
explore the topological values at (3, —1) bond critical points
(BCPs) in the AHD crystal, achieving multipolar modeling of
low-resolution single-crystal X-ray diffraction data. Simulta-
neously, the modeled electron density is used to calculate
electrostatic energies for both water—chloride and water—
water interactions. Consequently, we provide a more
comprehensive understanding of the solid-state form (dihy-
drate) of this pharmaceutical compound at the molecular level.

2. EXPERIMENTAL SECTION

2.1. General Materials and Methods. All analytical-
grade general reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Acetonitrile of
HPLC grade was purchased from Fisher Fine Chemicals Co.,
Ltd. (Beijing, China). Deionized water in the entire study was
purified on a Milli-Q system (Millipore).

2.2. Aconine Hydrochloride Monohydrate (AHM).
AHM single crystals were prepared by the previously reported
method.”” The severely disordered water molecules are

embedded within the AHM crystals, hindering the refinement
of the final structure and affecting the exact molecular weight.
Therefore, new crystals are prepared with different solvents.

2.3. Aconine Hydrochloride Dihydrate (AHD). Appro-
priately 100 mg of AHM was dissolved in 20 mL of anhydrous
ethanol and added with 60 mL of acetonitrile to crystallization.
The resulting solution was then allowed to concentrate at
room temperature until most of the solvent evaporated,
yielding AHD single crystals suitable for X-ray diffraction data
collection.

2.4. X-ray Crystallography. Single-crystal diffraction for
AHD was performed on an Xcalibur Eos X-ray four-circle
diffractometer” using Mo Ka radiation (0.71073 A) with a
graphite monochromator. X-ray data were collected at 136 K,
avoiding solid-state transformation under a high temperature.
The program ShelXL-2015** was used for the integration of
the reflections. The structure was solved by using ShelXS*” and
refined by full-matrix least-squares technique using the ShelXL-
2015.** The crystallographic data and structural refinement
parameters are summarized in Table 1.

2.5. SHELXL-IAM Refinement. Isotropic displacement
parameters are used for H atoms, and anisotropic displacement
parameters are used for heavy atoms. Carbon-bound hydrogen
atoms were constrained with C—H = 0.96 A for CH; [Uiso(H)
= 1.5Ueq(C)], C—-H = 097 A for CH, [Uiso(H) =
1.2Ueq(C)] and C-H = 098 A for CH [Uiso(H) =
1.2Ueq(C)]. Amino-bound hydrogen atoms were constrained
with N--H = 0.98 A [ Uiso(H) = 1.2Ueq(N)]. Oxygen-bound
hydrogen atoms were constrained with O—H = 0.82 A
[Uiso(H) = 1.5Ueq(0)] or 0.85 A [Uiso(H) = 1.5Ueq(0)]
(water molecules), except for 024, O2B, O2C, OSB, O8B
atoms, which their O—H bonds were independently refined
with different bond lengths. At the end of the SHELXL
refinement, the crystallographic R-factor was 0.047, the weight
R-factor was 0.105, and the goodness of fit was 0.92. The

https://doi.org/10.1021/acsomega.3c09696
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Figure 2. ORTEP-style plots for the asymmetric unit of AHD. Displacement ellipsoids are drawn at the 40% probability level. Red, blue, and green

ellipsoids represent the O and N atoms and Cl anions.

Table 2. Selected Geometric Parameters (deg) for Three Aconine Cations in the AHD Crystal”

MA MB MC
C17A—N1A—C18A—CSA 54.5(8) C17B—N1B-C18B—-C5B 50.3(8) C17C-N1C-C18C-C5C 49.3(8)
C17A—-N1A—C24A—C25A —86.8(8) C17B—N1B-C24B—C25B —161.6(6) C17C—N1C-C24C—C25C —155.7(6)
CI18A-N1A—C17A—-ClA —64.8(8) C18B—N1B-C17B—C1B —62.6(8) C18C—N1C-C17C—C1C —60.5(8)
CI18A—-N1A—C17A—C8A 48.1(8) C18B—N1B-C17B—C8B 50.5(8) C18C—N1C-C17C-C8C 52.5(8)
CI18A—N1A—C24A—C25A 145.5(7) C18B—N1B-C24B—C25B 72.8(8) C18C—N1C—C24C—C25C 78.8(8)
C24A-N1A—C17A—-Cl1A 167.4(6) C24B-N1B-C17B—C1B 171.6(6) C24C-N1C-C17C-C1C 174.7(6)
C24A-N1A—C17A—-C8A —79.8(8) C24B—N1B-C17B—C8B -75.3(7) C24C—N1C-C17C-C8C —72.4(7)
C24A—N1A—CI18A—C5A —176.9(6) C24B—N1B—-C18B—C5B 175.0(6) C24C-N1C-C18C-C5C 174.1(5)

“MA, MB, and MC are three aconine cations.

maximum and minimum electron density peaks were 0.36 and
—0.32 e A73, respectively.

2.6. MoPro-IAM Refinement. The CIF of SHELXL
refinement was imported into MoPro software (version
1805).>® To make the goodness of fit close to unity, the
model was built with a SHELXL-type weighting scheme of w =
1/[2(Fo*) + (0.0516P)*], where P = (Fo* + 2Fc*)/3. First,
only the scale factor was refined until the model converged.
Second, the position and displacement parameters of all
nonhydrogen atoms were refined until the model converged.
At the end of the MoPro-IAM refinement, the crystallographic
R-factor was 0.049, the weight R-factor was 0.098, and the
goodness of fit was 1.06. The maximum and minimum electron
density peaks were 0.43 and —0.38 e A™3, respectively.

2.7. MoPro-ELMAM2 Refinement. The electron density
multipole parameters of the Hansen & Coppens multipolar

pseudoatom model® were transferred from the ELMAM?2
library®® using the built-in options of the MoPro software.”®
The entire asymmetric unit is electrically neutralized after the
transfer with a net charge of zero. First, the scale factor,
position, and displacement parameters of all nonhydrogen
atoms were refined. Second, valence and dipole populations
were refined. Compared with the MoPro-IAM refinement, the
MoPro-ELMAM?2 refinement has a great improvement over
several parameters. The crystallographic R-factor was 0.039,
the weight R-factor was 0.076, and the goodness of fit was 0.84.
The maximum and minimum electron density peaks were 0.34
and —0.32 e A3, respectively.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. We conducted a comparative
analysis of the crystal structures of AHM and AHD,

11928 https://doi.org/10.1021/acsomega.3c09696
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(b)

Figure 3. Overlap diagram depicting the conformational differences in the central framework between aconine cations in AHD and aconine cations
in AHM: (a) MA versus M1 and (b) MB versus M2. Color codes: cyan = MA; yellow = MB; black = M1 or M2. H atoms have been omitted for

clarity.

determined at different temperature conditions using X-ray
diffraction. Our findings indicate that the latter exhibits higher
accuracy in terms of the residual electron density peak heights
(Table 1). The unit cells of the AHM and AHD are depicted in
Figure 1. In the AHM crystal (Figure la), four prominent
solvent cavities with recovered electron density are observed,
while seriously disordered water molecules are eventually
removed during the refinement process using PLATON.”!
Conversely, the AHD crystal (Figure 1b) does not exhibit any
significant solvent cavities as all solvent molecules have been

accurately refined with ideal displacement factors. Evidently,
variations in the crystallographic parameters’ confirm the
discrepancies between the crystals of AHM and AHD.

The proton transfer, similar to that in the AHM crystal,
induces protonation of the tertiary nitrogen atom in free
aconine, leading to the ionization of each molecule (as
depicted in Figure S1) within the AHD crystal. The
asymmetric unit of AHD (as shown in Figure 2) comprises
three aconine cations, three Cl anions, and six water molecules
in a stoichiometric ratio of 1:1:2; MA (Figure Sla), MB

https://doi.org/10.1021/acsomega.3c09696
ACS Omega 2024, 9, 11925—-11941
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Table 3. Hydrogen Bond Geometries (4, °) for AHD”

donor—hydrogen---acceptor

Ol1-HI1D---CI3!
03—H3B--09B!
02A—H2A---CI2!
0OS5C—H5C---ClI3t
06C—H6C---Cl3"
Ol1-HI1E--04C"
O1-H1E--C22(C!
C4A—H4A---O8A™
06B—H6B---CI2
O5A—HSA--Cl1
09A—H9A--02
09B—H9B--05
O8A—HB8A---02
09C—H9C---01
NIA-H1A--O1A
N1A-HI1A--O2A
02—H2D--04B
02—H2E--CI2
06A—H6A--06
08C—H8C--01
N1B—-H1B--O1B
N1C—HI1C--01C
04—H4E---O8B
04—H4E--C12B
C20A—H20F--04A
C20A—H20F---C22A
C17C-H17C--C11C
C18B—H18A--O4B
C18B—HI18A--09A
C17B—H17B--C11B
C17A-H17A--Cl11A
C13B—H13A--O1B
C18A—HI8E--04A
C18C—H18C---04C
C20B—H20B--04B
C20B—H20B---C22B
C13A—HI13E--O1A
C20C—H20D---04C
C20C—H20D---C22C
C24A—H24F---06A
C13C—H13C--01C
C22A—H22G--03A
C22C—H22E--03C
C22B—H22B--03B
C25B—H25C--O5A
C21C—H21F---OSB
06—H6D--Cl1
06—HG6E--03
02C—H2C--Cl3
O8B—H8B--05
02B—H2B---Cl1
OSB—HSB--Cl2
C18C—H18C--09C"
C18C—H18D---0O5C"
C24C—H24C--09C"
C25C—H25E--05C"
03—H3A--04"
C21B—H21C--O54A"
O5—HSD---Cl1%
O5—HSE---04A"
CI19B—H19A---O6A™

don—hyd
0.87
0.72
0.98
0.98
0.98
0.83
0.83
1.10
0.98
0.98
0.98
0.98
0.98
0.98
1.04
1.04
0.86
0.86
0.98
0.98
1.04
1.04
0.81
0.81
1.09
1.09
1.10
1.09
1.09
1.10
1.10
1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.08
1.08
1.08
1.08
1.08
0.80
0.93
0.98
0.98
0.98
0.98
1.09
1.09
1.09
1.08
0.82
1.08
0.90
0.84
1.08

hyd—acc
2.38
2.25
2.20
2.26
2.22
2.03
2.73
2.37
2.21
2.22
1.83
1.78
2.63
1.80
1.98 (2)
2.13
2.00
2.50
1.79 (2)
2.47
1.92 (2)
1.86 (2)
2.01
2.75
2.26
2.56
2.59
2.33 (2)
2.51
2.53
2.60
245 (2)
2.27
2.28
2.26
2.57
2.44
2.27
2.64
2.59
2.53
261 (2)
2.56 (2)
2.51 (2)
2.46
2.46
2.37
2.19 (2)
2.20
2.13
2.23
2.25
2.55
2.47
2.62
2.30
2.06 (2)
2.57
2.36
2.02
2.47

11930

don---acc

3.241 (14)
2.81 (2)

3.179 (9)
3.230 (9)
3.182 (10)
2.84 (2)

3.537 (18)
3294 (12)
3.169 (9)
3.184 (10)
2.801 (15)
2.756 (15)
3.308 (15)
2.775 (16)
2.761 (18)
2.858 (13)
2.838 (19)
3.330 (12)
2.63 (2)

3.240 (17)
2.69 (2)

2.620 (18)
2.815 (19)
3.423 (17)
2.973 (14)
3.323 (12)
3.466 (9)
3.050 (16)
3.184 (13)
3.410 (8)
3.456 (9)
3231 (17)
3.005 (15)
2.999 (14)
2.951 (15)
3.285 (12)
3211 (14)
2.962 (14)
3.353 (11)
3.493 (14)
3.323 (16)
3.506 (19)
3.38 (2)

339 (2)

3.521 (11)
3.341 (14)
2.87 (2)

3.03 (3)

3.172 (10)
3.011 (16)
3.190 (11)
3215 (9)
3.297 (13)
3.474 (10)
3.481 (14)
3.374 (12)
2.81 (3)

3.574 (16)
3.240 (13)
2.842 (19)
3.413 (18)

don—hyd---acc

173
135 (2)
174
168
166
165
164
141
165
170
170
171
127
174
130
125
163
161
142
135
129
127
172
142
121
126
136
122
119
136
134
128
123
121
119
122
127
119
122
139
128
140
133
139
169
139
122 (2)
150
172
149
168
168
125
153
135
177
151
155
168
165
146
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Table 3. continued

donor—hydrogen---acceptor don—hyd hyd—acc don---acc don—hyd---acc
C19B—H19B--C25A™ 1.08 2.76 3.565 (17) 132
04—H4D--0O5B"™ 0.84 2.06 2.885 (17) 169

“Symmetry codes: (i) x — 1,3, z; (ii) x — 1/2, —y + 1/2, —z + 1; (iii) x—1/2, =y + 3/2, =z + ;; (iv) x + 1/2, =y + 1/2, —z+ L; (v) —x + 1,y —
1/2, =z +3/2; (Vi) x + 1,9, z; (vii) —x + 1, y + 1/2, — z + 3/2; (viii)) —x + 2, y + 1/2, —z + 3/2.
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Figure 4. Supramolecular architectures with the key hydrogen bonds occurring in the AHD crystal. (a) Supramolecular architecture for AHD built
from O—H--O and O—H---Cl™ hydrogen bonds (dotted lines) between MA and MB. (b) Supramolecular architecture for AHD built from the O—
H--O and the O—H:--Cl” hydrogen bonds (dotted lines) among MC. (c) Water chains for AHD built from the O—H:-+-O and O—H--Cl~
hydrogen bonds (dotted lines) among MB. For symmetry codes, see Table 3.
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Figure 5. Crystal with the molecular stacking of AHD, showing (a) the packing structure for the bc plane, (b) a fragment of the two-dimensional
layer (MC/MC-MA/MB-MA/MB-MC/MC), along with the lower % be plane [below the red dashed line in (a)], and (c) another fragment of the

two-dimensional layer (MA/MB- MC/MC-MA/MB), along with the upper % be plane [above the red dotted line in (a)].

(Figure S1b), and MC (Figure Slc) cations represent three
conformers with significant conformational differences ob-
served in torsion angles surrounding nitrogen atoms (Table 2).
Detailed analysis reveals that MA exhibits apparent dissim-
ilarity from MB or MC, while MB and MC adopt nearly
identical conformations. Furthermore, a comparison is made
between the three aconine cations in AHD and those in
AHM?™* through overlapping central frameworks (Figure 3). It
is observed that the MA cation in AHD crystal closely
resembles the M1 cation in AHM crystal (Figure 3a and Table
2), while the MB and MC cations in AHD exhibit almost
identical conformations to the M2 and M3 cations,

respectively, in AHM (Figure 3b and Table 2). Hence, it can
be inferred that both AHD and AHM possess identical aconine
cations within their respective crystal structures.

In this case of AHD, water molecules serve as donors and
establish O—H--CI” hydrogen bonds with chloride anions,
resulting in water—chloride interactions (Figures 2 and 3).
Consequently, the Cl anions do not participate in the
formation of intermolecular N*—H---Cl~ hydrogen bonds in
MA, MB, and MC cations, which is consistent with previous
findings for AHM.”> Conversely, in another instance of
albendazole hydrochloride® without water molecules present
in its crystal structure, the Cl anions are involved in the

https://doi.org/10.1021/acsomega.3c09696
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Figure 6. Hirshfeld surface (a—c) and fingerprint plot (d—f) for three Cl anions: (a, d) Cl1 anion; (b, e) CI2 anion; (¢, f) CI3 anion.

formation of intermolecular N*—H---Cl™ charge-assisted
hydrogen bonds.

The aconine cation structure in AHD is superimposed onto
that of lappaconitine, a nonaddictive analgesic used in China
for various psychological and chronic pain conditions.” It has
been found that the central framework of the aconine cation is
identical to that of the lappaconitine cation in lappaconitine
hydrobromide monohydrate (CCDC accession 241693). This
similarity is also evident in neoline (CCDC accession 828610),
which belongs to an active ingredient of the aconite family and
exhibits ameliorative effects on mechanical hyperalgesia in
diabetic mice.***® Based on the structure—activity relationship,
this aforementioned identical central framework confirms that
AHD is likely to demonstrate similar pharmacological effects as
lappaconitine® and neoline.*® Indeed, experimental studies
have validated the comparable analgesic effects of AHD and
lappaconitine hydrobromide, although the corresponding data
are not presented in this context.

3.2. Supramolecular Architecture. The hydrogen
bonding geometry of AHD is summarized in Table 3, while
the supramolecular architectures featuring key hydrogen bonds
in the AHD crystal are depicted in Figure 4. The CII and CI2
anions and H,02 water molecule serve as pivotal connecting
hubs, engaging in interactions with both MA and MB cations
(Figure 4 and Table 3), thereby establishing three-dimensional
hydrogen bonding networks that contribute to the supra-
molecular architecture of MA to MB (MA/MB) (Figure 4a).
Likewise, the CI3 anion and H,01 water molecule act as
connecting hubs through their interactions with MC cations,

resulting in three-dimensional hydrogen bonding networks that
contribute to the supramolecular architecture of MC to MC
(MC/MC) (Figure 4b). Comparable supramolecular archi-
tectures can be observed in the crystal structure of AHM.”

The hydroxyl group H8B—OS8B serves as a bridge,”
connecting CI1 anion and H,0S water with three waters
(H,04, H,03, and H,06) to form a one-dimensional
hydrogen bonding chain (Figure 4c and Table 3). This chain
establishes interactions among supramolecular architectures of
MA/MB. The hydrogen bonding interactions O6—H6D---Cl1,
05—HS5D---Cl1", 06—H6E--03, O3—H3B---O9B' and O9B—
H9B---O5 contribute to the formation of cyclic motif of S(1);
the hydrogen bonding interactions O3—H3B:--O9B, 03—
H3A:-04" and O4—H4D--OSB" contribute to the formation
of cyclic motif of S(2); the hydrogen bonding interactions
O8B—HS8B---O5 and O9B—H9B---O5 contribute to the
formation of cyclic motif of S(3). Notably, this type of one-
dimensional hydrogen bonding chain is absent in the AHM
crystal structure.”” In addition, the O3B atom in the MB cation
accepts an H21F atom in the MC cation (Figure S2 and Table
3), forming an intermolecular C21C—H21F---OSB hydrogen
bond that facilitates interactions between supramolecular
architectures of MA/MB (Figure 4a) and MC/MC (Figure
4b).

3.3. Crystal Packing. The crystal packing of AHD is
illustrated in Figure 5, depicting the arrangement of the
supramolecular architectures. The supramolecular architec-
tures of MC/MC, MA/MB, MA/MB, and MC/MC are

organized into sheets along with the lower % be plane (Figure
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Figure 7. Hirshfeld surface (a—f) and fingerprint plot (g—1) for six water molecules: (a, g) H,01; (b, h) H,02; (¢, i) H,03; (d, j) H,04; (e, k)

H,05; (£ 1) H,06.
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Sa), forming a fragment of the two-dimensional layer (Figure
5b). Similarly, along with the upper% bc plane (Figure Sa), the

supramolecular architectures of MA/MB, MC/MC, and MA/
MB are arranged into sheets to generate another fragment of
the two-dimensional layer (Figure Sc). These two fragments
are then stacked in the crystallographic b direction to extend
into a three-dimensional crystal structure. In contrast to the
AHM crystal, where M3/M3, M1/M2, M1/M2, and M3/M3

supramolecular architectures™” are aligned along the upper% be
plane, while M1/M2, M3/M3, and M1/M2 supramolecular

architectures”” are arranged along the lower % be plane. In the

AHD crystal, however, the stacking order of the crystal packing
is completely reversed. This highlights once again the distinct
disparities between the AHD and AHM crystals.

3.4. Hirshfeld Surface Analysis. The quantitative
contributions® of various short contacts within the crystal
structure were investigated using Hirshfeld surface analysis
(Figures S3, 6, and 7) generated with CrystalExplorer (version
21.5).”” Hirshfeld surface analysis (Figures S3a—h, 6a—c, and
7a—f) yields comprehensive three-dimensional maps, while its
corresponding fingerprint analysis (Figures S3i—I, 6d—f, and
7g—1) presents concise two-dimensional plots.*” The utiliza-
tion of Hirshfeld surface analysis allows for more detailed
insight into the key contacts in the supramolecular
architectures of the AHD crystal.

In the Hirshfeld surfaces of the asymmetric unit of AHD
crystal (Figure S3), the blue regions correspond to H--H
contacts (Figure S3a,e) with distances longer than the van der
Waals radii;*' the red spots represent Cl™---H/H--Cl~ (Figure
S3b,f), O-+-H/H:--O (Figure S3¢,g), and O--O (Figure S3d,h)
contacts with the distances shorter than the van der Waals
radii; and the white areas indicate weaker contacts with the
distances equal to the van der Waals radii. The size of the red
spots reflects the intermolecular forces and provides insights
into proportions of different forces between molecules or
ions.*” In terms of total surface, H---H (Figure S3i) contacts
constitute a major proportion of relative interactions,
accounting for approximately 71.8%; Cl™---H/H---Cl~ (Figure
S3¢g) and O--H/H--O (Figure S3k) contacts contribute 9.8
and 18.4%, respectively; besides the contacts involving H
atoms, AHD also exhibits an O--O contact (Figure S3I)
comprising only 0.1%. The Cl™---H/H:--Cl” contacts externally
manifested as two sharp spikes, while the O--H/H:-O
contacts internally displayed two sharp spikes as well,
indicating high hydrogen bonding interactions”” in the crystal
packing. Considering the asymmetric unit of the AHD crystal,
it is important to note that the red spots observed on Hirshfeld
surfaces provide only a partial representation of the key
intermolecular contacts. However, it should be emphasized
that the current supramolecular architecture of the AHD
crystal lacks information regarding the connecting hubs.
Therefore, separate Hirshfeld surfaces will be generated for
three chloride anions (Figure 6) and six water molecules
(Figure 7) in order to further elucidate these pivotal
intermolecular contacts.

The Hirshfeld surfaces (Figure 6) enclosing three Cl anions
exhibit noticeable deformations due to the existence of short
contacts (Figure 6a—c). The d,,,, surface of the Cll anion
(Figure 6a) distinctly displays regions with red spots, which
correspond to the short contacts between the CII anion and
MA and MB cations, as well as H,O5 and H,06 water

molecules (Figure 4a), for the CI2 anion (Figure 6b), which
participates in the short contacts with MA and MB cations
alongside the H,02 water molecule (Figure 4a), and for the
CI3 anion (Figure 6¢), which is involved in the short contacts
with MC cations together with the H,01 water molecule
(Figure 4b). Consequently, distinctive feather-like patterns are
discernible on fingerprint plots (Figure 6d—f). The Cl1 anion
engages in both CI™--H/H--CI” and CI™---O/O---Cl” contacts,
collectively accounting for 100% of the surface (Figure 6a). In
contrast, the CI2 and CI3 anions only participate in the CI™-
H/H---Cl” contact (Figure 6b,c), each contributing equally at a
rate of 100%. Additionally, the contribution of the CI17---O6/
06---Cl1™ contact is small and negligible in the supramolecular
architecture of MA/MB (Figure 4a). Undoubtedly, water—
chloride interactions (H,0S and CI1 anion; H,06 and Cl1
anion; H,02 and CI2 anion; H,01 and CI3 anion) play a
significant role in stabilizing'® the cohesive crystal lattice
structure of AHD.

Likewise, the Hirshfeld surfaces of six water molecules
exhibit anomalous behaviors, as anticipated due to the
presence of short contacts (Figure 7a—f). Comparable
observations have been reported in the case of 2,6-bis(1H-
imidazol-2-yl) pyridine hydrochloride trihydrate.** The d,,,
surface vividly depicts the regions where hydrogen bonding
interactions involving the O and H atoms occur, which are
visually emphasized by red spots. The participation of all water
molecules in these H---O contacts can be classified into three
distinct groups: the first group encompasses interactions
between water molecules and cations (H,O1 and MC; H,02
and MA; H,02 and MB; H,0S and MA; H,05 and MB); the
second group comprises interactions between water molecules
themselves as well as cation (H,04 and H,03; H,04 and
MB); and the third group solely involves interactions between
water molecules themselves (H,03 and H,04; H,03 and
H,06). These specific types of hydrogen bonding interactions
contribute to the Hirshfeld surfaces within a range of 38.2—
49.4% (Figure 7g—l). Among six water molecules, H,01,
H,02, and H,0S also engage in the H:--Cl™ contacts with
contributions ranging from 9.3 to 11.3% (Figure 7gh,k). The
involvement of H,03 in an O---O contact is negligible (Figure
7i) due to the absence of BCP. Clearly, water—water
interactions play a crucial in shaping the crystal structure
stability'” of AHD; however, their precise influence remains
yet unknown.

In this context, the correlation between Hirshfeld surface
analysis and topological analysis may be limited due to their
reliance on different partitioning schemes.*’ Specifically,
Hirshfeld surface analysis is conducted using the spherical
atom model, whereas Bader’s Quantum Theory of Atoms in
Molecules (QTAIM)* utilizes an aspherical multipolar model.
A study has highlighted the discrepancies between these two
approaches.”” The subsequent section will delve into a
comprehensive examination of short contacts, employing
Bader’s QTAIM approach to derive their topological proper-
ties for both quantitative and qualitative analyses.

3.5. H+O and H--CI~ Contacts. Due to the limited
resolution (sin /1 around 0.625 A™') of our diffraction
experiment, multipole refinement was not feasible. Therefore,
we employed the electron transfer-based MoPro-ELMAM2™°
model to gain insights into the electron density, strength, and
nature of short contacts.”® Furthermore, several studies’”*’
have confirmed that both multipole refinement and MoPro-
ELMAM?2 models exhibit a consistent trend in the topological
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Figure 8. Three-dimensional plots for short contacts with Cl anions (a—c: Cl1 to CI3) and water molecules (d—i: H,01 to H,06) from the
Mopro-ELMAM?2 model. Blue area indicates positive iso-surfaces, and the red area indicates negative iso-surfaces. Blue line indicates the key BCP
paths around Cl anions and O atoms. Green cross indicates the key BCPs; red cross indicates O atoms; and cyan cross indicates Cl anions. The
positive and negative iso-surfaces are drawn at intervals of 0.05 e A~ For symmetry codes, see Table 3.

values at the BCPs and demonstrate excellent quantitative and
qualitative agreement. In this study, our primary focus lies in
investigating hydrogen bonding interactions involving the H---
O and H--CI” contacts. Currently, direct analysis of electron
density is utilized as a prominent method for obtaining

valuable information regarding short contacts.’® Detailed

information on the topological analysis can be found in Tables
S1 and S2.

According to the theory of atoms in molecules,” the
presence of a critical point along the H---O path classifies it as a
hydrogen bond.”” Likewise, this theory also applies to identify
other short contacts such as H---Cl™. The investigation of (3,
—1) BCPs within the asymmetric unit (Table S1) has revealed
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Figure 10. Electrostatic interaction energies for water—chloride (a—d) and water—water (e, f) interactions from the Mopro-ELMAM?2 model.

a total of 17 hydrogen bonds. Moreover, upon examination of
the (3, —1) BCPs without considering the asymmetric unit
(Table S2), it has been suggested that there exist 16 hydrogen
bonds. Analysis of Tables S1 and S2 reveals that positive
contributions dominate in the H--O and H---Cl” contacts
involving chloride anion and water molecule for the AHD
crystal with \/2p(BCP) > 0.

The stabilization of the crystal structure is critically
influenced by three Cl anions (Figure 8a—c, Tables S1 and
S2), which act as acceptors and engage in multiple strong H---
Cl™ contacts (Figure 4). The electron densities of these
contacts range from 0.023 to 0.198 e A3, These contacts
exhibit Laplacian values within the range of 0.43 to 1.29 e A~
indicating their distinctive closed-shell nature. The electrostatic
energy between donor and acceptor ranges from 0.2 to 8.8
kcal/mol (Figure 9), suggesting that these attractive H---Cl~
and O-- CI” contacts play a significant role in the
supramolecular architectures of MA/MB or MC/MC (Figure
4). However, each Cl anion plays a distinct role in the crystal
lattice. First, the Cl1 anion acts as an acceptor in five H---Cl™
contacts (Tables S1, S2 and Figures 8a, 9a,b), with bond
lengths ranging from 2.215 to 3.262 A. The iso-surface at the
ClI anion displays a red-to-blue area ratio of 0.24, while the
total electrostatic energies between donor and acceptor are
—19.9 kcal/mol. Second, the CI2 anion functions as an
acceptor in six H---Cl~ contacts (Tables S1, S2, and Figures 8b,
9a,b), with bond lengths ranging from 2.203 to 2.920 A, ared-
to-blue area ratio of iso-surface at CI2 anion being 0.0033, and
a total electrostatic energy of —24.1 kcal/mol. Finally, the CI3
anion serves as an acceptor in six H---Cl™ contacts (Tables S1,
S2 and Figures 8¢, 9a,b) with bond lengths ranging from 2.198
to 2.880 A. The iso-surface at the CI3 anion has a red-to-blue
area ratio of 0.0012, and the total electrostatic energies are
—25.1 kcal/mol. Given all H---Cl~ contacts involved in
stabilizing the supramolecular architectures of AHD, the
H2C---CI3 contact (Figure 9a) between CI3 and MC cation
exhibits a remarkably strong attractive electrostatic energy of
—7.1 kecal/mol. Similarly, the H6D---Cl1 contact (Figure 9a,c)
between H,06 water and Cl1 anion exhibits an attractive
electrostatic energy of —4.1 kcal/mol, while the H2E---CI2
contact (Figure 9a,d) between H,02 water and CI2 anion

11938

displays an attractive electrostatic energy of —2.7 kcal/mol.
Taken collectively, among these three studied Cl anions, both
CI2 and CI3 anions exhibit comparable strengths; however, it is
observed that the attractive force exhibited by the Cl1 anion is
relatively weaker. Additionally, H---Cl™ contacts resulting from
the interactions between chloride anions and cations show
significantly greater strength compared to those formed
between water molecules and chloride anions.

Water molecules not only play an essential role in the
recognition between biomolecules™ but also act as pivotal
connectors, facilitating the assembly of diverse molecules or
ions to build the crystal.** In addition to the H---Cl~ contacts
that interact with water molecules, numerous H---O contacts
are observed in the surrounding water molecules (Figure 4).
These H---O contacts exhibit separations ranging from 1.784 to
2.707 A, with pBCP(r) values varying within the reported
range of 0.029—0.292 e A™3, consistent with previous literature
findings.** Their Laplacian values range from 0.344 to 1.485 e
A7S, indicating that a closed-shell nature is present in these
interactions. The electrostatic energy between donor and
acceptor ranges from —0.4 to —8.8 kcal/mol (Figure 9a,b),
suggesting all H---O contacts display attractive forces (Figures
4 and 5). Among these H--O contacts, the H9B---OS contact
(Figure 9a) between H,0S and the MB cation exhibits a
remarkably strong attractive electrostatic energy of —8.8 kcal/
mol. Similarly, the H6E--O3 contact (Figure 9a,e) between
H,06 and H,03 displays an attractive electrostatic energy of
—2.3 kcal/mol, while the H3A--O4 contact (Figure 9b,f)
between H,03 and H,04 demonstrates an attractive electro-
static energy of —3.5 kcal/mol. In general terms, the six water
molecules can be categorized based on their total electrostatic
energies. The first category consists of H,06 and H,03 water
molecules (Figure 8f,g), which possess electrostatic energies of
—6.8 and —6.7 kcal/mol, respectively. The second category
includes H,01, H,02, H,0S, and H,04 water molecules
(Figure 8d,e,h,i) with electrostatic energies of —17.3, —15.5,
—15.9, and —11.8 kcal/mol, respectively. Among these water
molecules, the CI3 anion significantly enhances the electro-
static energies of H,01 (Figure 8d) while the CI2 anion clearly
strengthens the electrostatic energies of H,02 (Figure 8e).
Additionally, the presence of the Cl1 anion simultaneously
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enhances the electrostatic energies of both H,0S (Figure 8h)
and H,06 (Figure 8i).

A fundamental characteristic of water and chloride anion is
their ability to form hydrogen bonds, which are strong
interactions with other polar molecules and themselves. The
stability of hydrogen bonds can range from —0.2 to —40 kcal/
mol, depending on the specific O and Cl species involved as
well as the geometry of the hydrogen bond.”* Our findings
clearly indicate that all H---O contacts play a crucial role in
stabilizing the crystal structure of AHD. It is worth noting that
H--O contacts between water molecules and cations exhibit
significantly greater strength compared to those formed among
water molecules. Additionally, each water molecule assumes a
distinct function in facilitating the assembly of anions or
cations for crystal formation.

3.6. Water—Chloride and Water—Water Interactions.
Regarding the water—chloride interactions, the electrostatic
energies range from —3.1 to —6.3 kcal/mol (Figure 10a—d).
The interaction between H,06 and Cl1~ (Figure 10a)
demonstrates the highest level of attraction, followed by
those between H,0S and Cl1~ (Figure 10b), as well as those
between H,01 and CI3~ (Figure 10d). Conversely, the
interaction between H,02 and CI2~ (Figure 10c) shows a
comparatively lower level of attraction within this system.
Remarkably, our computational results align with previous
experimental investigations on water—chloride interactions.'

Meanwhile, in terms of the water—water interactions, an
attractive electrostatic energy of —4.9 kcal/mol exists between
H,04 and H,03 water molecules (Figure 10e), while there is
also an attractive electrostatic energy of —3.3 kcal/mol
observed between H,03 and H,06 water molecules (Figure
10f). These attractive energies for water—water interactions fall
within the range (—0.3 to —6.0 kcal/mol)'” calculated for
crystal structures reported in the Cambridge Structural
Database.

The stability of AHD in its solid-state form is supported by
electrostatic energy calculations, which demonstrate the
electrostatic attraction of both interactions between water
and chloride anions as well as interactions among water
molecules. This theoretical basis will contribute to future
investigations on AHD storage and safe processing.3

4. CONCLUSIONS

The present study focuses on the structural analysis of a new
dihydrate form of aconine hydrochloride, which can serve as an
alternative to the monohydrate form for enhancing the
preparative technology of WuTou injection. Both AHD and
AHM exhibit identical aconine cations within their crystal
structures; however, significant differences exist between their
respective crystal structures, primarily related to water
molecules. In the AHD crystal, ideal displacement factors
were employed during refinement to accurately determine the
positions of water molecules, while in the AHM crystal,
squeezed procedures were applied to remove several
disordered water molecules.

Due to the involvement of multiple water molecules in the
constitution of AHD crystal, the Cl anions do not participate in
the formation of intermolecular N*—H---Cl” charge-assisted
hydrogen bonds in MA, MB, and MC cations; instead, they
contribute to fulfilling the strongest intramolecular N*—H:--O
charge-assisted hydrogen bonds within the cations. Three CI
anions are involved in water—chloride interactions and stabilize
the crystal structure through intermolecular H---CI™ contacts.

Similarly, three water molecules engage in water—water
interactions and enhance the stability of the crystal structure
by means of the intermolecular H--O contacts. Notably, the
support of the literature adds value to the present work.

Taken with the existing evidence from this work, this study
quantitatively evaluates the topological properties of H---Cl~
and O--Cl” contacts as well as the electrostatic energies
resulting from both water—chloride and water—water inter-
actions. The future research focus will be directed toward
investigating the stability properties of AHD to facilitate drug
development.
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